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Environmental contamination with compounds containing oxyanions of chlorine, such as perchlorate or
chlorate [(per)chlorate] or chlorine dioxide, has been a constantly growing problem over the last 100 years.
Although the fact that microbes reduce these compounds has been recognized for more than 50 years, only six
organisms which can obtain energy for growth by this metabolic process have been described. As part of a study
to investigate the diversity and ubiquity of microorganisms involved in the microbial reduction of (per)chlor-
ate, we enumerated the (per)chlorate-reducing bacteria (CIRB) in very diverse environments, including pris-
tine and hydrocarbon-contaminated soils, aquatic sediments, paper mill waste sludges, and farm animal waste
lagoons. In all of the environments tested, the acetate-oxidizing CIRB represented a significant population,
whose size ranged from 2.31 x 10° to 2.4 X 10° cells per g of sample. In addition, we isolated 13 CIRB from
these environments. All of these organisms could grow anaerobically by coupling complete oxidation of acetate
to reduction of (per)chlorate. Chloride was the sole end product of this reductive metabolism. All of the isolates
could also use oxygen as a sole electron acceptor, and most, but not all, could use nitrate. The alternative
electron donors included simple volatile fatty acids, such as propionate, butyrate, or valerate, as well as simple
organic acids, such as lactate or pyruvate. Oxidized-minus-reduced difference spectra of washed whole-cell
suspensions of the isolates had absorbance maxima close to 425, 525, and 550 nm, which are characteristic of
type ¢ cytochromes. In addition, washed cell suspensions of all of the CIRB isolates could dismutate chlorite,
an intermediate in the reductive metabolism of (per)chlorate, into chloride and molecular oxygen. Chlorite
dismutation was a result of the activity of a single enzyme which in pure form had a specific activity of
approximately 1,928 pmol of chlorite per mg of protein per min. Analyses of the 16S ribosomal DNA sequences
of the organisms indicated that they all belonged to the alpha, beta, or gamma subclass of the Proteobacteria.
Several were closely related to members of previously described genera that are not recognized for the ability
to reduce (per)chlorate, such as the genera Pseudomonas and Azospirllum. However, many were not closely
related to any previously described organism and represented new genera within the Proteobacteria. The results
of this study significantly increase the limited number of microbial isolates that are known to be capable of
dissimilatory (per)chlorate reduction and demonstrate the hitherto unrecognized phylogenetic diversity and

ubiquity of the microorganisms that exhibit this type of metabolism.

Environmental contamination with compounds containing
oxyanions of chlorine, such as perchlorate (C1O, ) or chlorate
(ClO;57) [(per)chlorate], chlorite (ClO, ), and chlorine diox-
ide (ClO,), has been a constantly growing problem over the
last 100 years (45, 46). In general, these compounds are not
formed naturally and have been introduced into the environ-
ment in large quantities in the form of disinfectants, bleaching
agents, and herbicides (1, 17, 38). Historical legal discharge of
perchlorate-containing waste streams from munitions manu-
facturing and handling facilities has recently been identified as
the predominant source of the perchlorate found in major
drinking water supplies in the United States (32, 46). Chlorate
is often a by-product of disproportionation reactions and pho-
todecomposition of chlorine dioxide, chlorine, and chlorite
used by drinking water suppliers and paper industries (4, 17,
39). In addition, the United States military, due to downsizing
and periodic replacement of active military inventory having a
limited shelf life, is expected to have more than 164 million
pounds of perchlorate-containing rocket propellant that will
require disposal over the next decade (49).

Perchlorate has been shown to affect iodide accumulation in
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the thyroid gland (40), while chlorate is toxic to brown algae at
concentrations greater than 20 pg/liter. Both chlorate and
chlorite have been shown to cause hemolytic anemia in labo-
ratory animals (14, 15, 42). In 1992, the U.S. Environmental
Protection Agency reviewed the health effects of perchlorate
administered to patients with hyperthyroidism and found that
doses of 6 ng per kg per day or more over a 2-month period
resulted in fatal bone marrow changes (45). In 1998, using
these data, workers at the California Department of Health
Services calculated an action level of 18 pg/liter for drinking
water supplies, which if exceeded required that water usage
had to be stopped and remediation efforts had to begin (8, 45).
This action level has now been increased by the U.S. Environ-
mental Protection Agency to 32 ng/liter (33). Most perchlorate
contamination found in the environment is the result of dis-
charge of unregulated ammonium perchlorate-containing
waste streams from rocket fuel-manufacturing plants and from
the periodic servicing and maintenance of military inventories
(45, 46). Perchlorate has been found in surface water and
groundwater in Texas, Arkansas, Maryland, New York, Cali-
fornia, Utah, and Nevada (46). In 1997, following the devel-
opment of a highly sensitive analytical technique for determin-
ing perchlorate contents, monitoring studies revealed that
perchlorate was a contaminant of major drinking water sources
in the southwestern United States (32, 46). Perchlorate con-
tamination has significantly affected California, Utah, and Ne-
vada.
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Although it has been recognized for more than 50 years that
microbial reduction of chlorine oxyanions under anaerobic
conditions is possible (5-7, 9, 19, 20, 23, 28, 29, 34, 41, 43, 50),
relatively little known is known about the microorganisms in-
volved in this type of respiratory metabolism. Generally, it is
assumed that these organisms use either chlorate or perchlor-
ate as a terminal electron acceptor (24), although this has been
demonstrated in only a few isolated cases (5, 41, 50). The end
product of the reductive metabolic process is innocuous chlo-
ride (5, 34, 50). Early studies revealed that microorganisms
rapidly reduced chlorate as a competitive reaction for the ni-
trate reductase pathway (19, 20, 43). Chlorite was the end
product, and growth was not associated with this reaction (16,
36). Until recently, only six microorganisms which can grow by
dissimilatory (per)chlorate reduction had been described (5,
29, 34, 37, 41, 50). Only four of these six organisms, strain CKB
(5), strain GR-1 (34), Ideonella dechloratans (29), and
Wolinella succinogenes HAP-1 (50), have been studied in de-
tail.

In order to determine the ubiquity and diversity of organ-
isms capable of dissimilatory (per)chlorate reduction, we enu-
merated (per)chlorate-reducing bacteria (CIRB) in a broad
spectrum of environments. We isolated 13 new CIRB from
these environments. Several of the isolates obtained represent
new genera in the class Proteobacteria. Our results demonstrate
that dissimilatory reduction of (per)chlorate is a much more
ubiquitous and diverse metabolic process than was thought
previously.

MATERIALS AND METHODS

Sources of soils and sediments. Soil samples were collected from the top 6 cm
of an uncontaminated soil in Thompson Woods on the Carbondale campus of
Southern Illinois University and also from a hydrocarbon-contaminated soil at
Tulsa Tape Incorporated in Carbondale, Ill. In addition, sediment samples were
collected from campus lake and farm swine lagoons at Southern Illinois Univer-
sity in Carbondale, I11.; from the Potomac River (Pohic Bay) in Virginia; from the
Mississippi River in Chester, Ill; from gold mine drainage sediment in
Hotsprings, S.D.; and from swamp lands in Reston, Fla. All samples were freshly
collected and transported directly to the lab, where they were immediately
assayed to determine whether CIRB were present.

Medium and culture conditions. Standard anaerobic culture techniques were
used throughout this study (2, 22, 30). The medium was boiled under N,-CO,
(80:20) to remove dissolved O, and then dispensed into anaerobic pressure tubes
or serum bottles under N,-CO,; the tubes and bottles were closed with thick
butyl rubber stoppers and sterilized by autoclaving. The basal medium used was
the bicarbonate-buffered freshwater medium that was used previously to grow
strain CKB (5). Unless otherwise noted, sodium salts of acetate and chlorate (10
mM each) were used as the electron donor and acceptor, respectively, and were
added from sterile anoxic stock solutions.

Alternative electron donors were added from sterile anoxic aqueous stock
solutions. Pure aromatic hydrocarbons (benzene, hexadecane, and toluene) were
added directly (1 pl per 10 ml of medium). Electron acceptors were also added
from anoxic aqueous stock solutions. Soluble Fe(IIT) was supplied as Fe(IIT)
chelated with nitrilotriacetic acid (10 mM) (35). Mn(IV) was supplied as syn-
thetic MnO, that was prepared as previously described (26), and the final con-
centrations were 10 to 30 mM. Sulfur was supplied as a polysulfide solution
prepared as described previously (51). All other electron acceptors were pre-
pared as anoxic aqueous stock solutions of sodium salts, and the final concen-
tration of each was 10 mM.

Isolation of CIRB. (Per)chlorate-reducing enrichment cultures were estab-
lished by transferring 1-g subsamples from each of the freshly collected soil and
sediment samples into 9 ml of prepared anoxic medium under an N,-CO, gas
stream. Acetate (10 mM) was the electron donor, and chlorate (10 mM) was the
electron acceptor. The preparations were incubated at 30°C in the dark. Positive
enrichment cultures were identified on the basis of an increase in optical density
(determined visually) and by microscopic examination. Once a positive enrich-
ment culture was established, the (per)chlorate-reducing culture was transferred
(10% inoculum) into 9 ml of fresh anoxic medium. Isolated colonies were
obtained from transfers of positive enrichment cultures by the standard agar
shake tube technique described previously (5, 52); acetate was the sole electron
donor, and ClIO;~ (10 mM) was the sole electron acceptor.

MPN. counts. The numbers of dissimilatory CIRB in soil and sediment sam-
ples were determined by three-tube most-probable-number (MPN) counting
performed with 10 mM acetate as the electron donor. The results were expressed
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as the number of CIRB per gram (wet weight) of sample. The medium contained
(per liter) 0.25 g of NH,CI, 1.03 g of NaClO3, 1.36 g of CH;COONa, 0.60 g of
NaH,PO,, 0.1 g of KCl, and 2.5 g of NaHCOj;. Vitamins (10 ml/liter) and trace
metals (10 ml/liter) were added from stock solutions prepared as previously
described (5). MPN series preparations were incubated at room temperature in
the dark for 60 days prior to analysis. Positive results in the MPN analysis were
identified on the basis of an increase in optical density (determined visually) and
also by microscopic examination.

Chlorite dismutase purification and determination of activity. Washed cell
suspensions of each of the CIRB isolates were examined for chlorite dismutase
activity by using a Clark O, electrode as previously described (5, 10). In addition,
chlorite dismutase was purified to homogeneity from the soluble fraction of lysed
cell preparations of the previously described (5) (per)chlorate-reducing organism
strain CKB. Each lysed cell preparation was prepared from a washed pellet (10
g, wet weight) of strain CKB cells grown with chlorate and acetate as the electron
acceptor and electron donor, respectively. The cells were harvested by centrifu-
gation (10,000 X g, 10 min, 4°C). The resulting cell pellet was resuspended in 14
mM phosphate buffer (pH 7.2) supplemented with 0.5 mM phenylmethylsulfonyl
fluoride. The cells were broken by three passes through a French pressure cell at
20,000 1b/in?> and were treated for 60 min at room temperature with a DNase
solution (10 mg/ml of homogenate; 0.1% DNase in 50 mM MgCl, buffer). The
lysed cells were centrifuged at 26,000 X g for 5 min to remove the cell debris, and
the resulting supernatant was fractionated into soluble and membrane-bound
protein portions by ultracentrifugation (110,000 X g, 1 h, 4°C). The pink cell
extract was stored at 4°C until it was analyzed.

The enzyme was purified from the cell extract by using sequential chromatog-
raphy. At each step of the purification protocol, the fractions were examined for
chlorite dismutation specific activity by microassay. A 30-ml sample of cell extract
was loaded onto a column (2.5 by 10 cm) packed with Q-Sepharose Fast Flow
(Amersham Pharmacia Biotech, Piscataway, N.J.) medium, and the column was
developed with a 0 to 300 mM KCI gradient in 50 mM Tris-HCI (pH 7.5).
Fractions with chlorite dismutase activity were identified and pooled. The pooled
active fractions were loaded onto a column (2.5 by 20 cm) that was packed with
hydroxyapatite (Bio-Rad Laboratories, Richmond, Calif.) and was developed
with a potassium phosphate buffer gradient (10 to 250 mM; pH 7.2). The result-
ing fractions with chlorite dismutase activity were pooled and supplemented with
ammonium chloride (final concentration, 2 M) before they were loaded onto a
Phenyl Sepharose high-performance column (1 by 1 cm). The Phenyl Sepharose
column was developed with a descending ammonium chloride gradient (2 to 0
M) in 50 mM Tris-HCI (pH 7.5). Chlorite dismutase eluted as a pale pink
fraction, which was concentrated by ultrafiltration (molecular weight cutoff,
30,000). The resulting concentrated fraction was passed through a column (1.6 by
60 cm) that was packed with Superdex 200 medium (Amersham Pharmacia
Biotech) and was developed with 150 mM NacCl in 50 mM potassium phosphate
buffer (pH 7.2). The pure chlorite dismutase was collected and stored at 4°C until
it was analyzed.

SDS-PAGE. Throughout the purification protocol, the purity of chlorite dis-
mutase fractions was routinely determined by using sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE). The 1.5-mm 15% polyacryl-
amide gels were prepared by using (per gel) 15 ml of a 30.8% acrylamide-2.7%
bisacrylamide monomer solution, 7.5 ml of 1.5 M Tris-HCI (pH 8.8), 0.12 ml of
25% SDS, 7.0 ml of water, 0.15 ml of 10% ammonium persulfate, and 0.10 ml of
N,N,N',N'-tetramethylethylenediamine. The gel was poured vertically, and when
it was set, a 4% acrylamide stacker gel was laid on top of it. The samples were
treated with an equal volume of a buffer containing 0.125 M Tris-HCI (pH 6.8),
4% SDS, 20% (vol/vol) glycerol, 0.2 M dithiothreitol, and 0.02% bromophenol
blue. The treated samples were boiled for 3 min and loaded immediately. The
gels were electrophoresed at 10 mM for 16 h with a tank buffer containing 0.025
M Tris, 0.192 M glycine, and 0.1% SDS (pH 8.3). The gels were typically stained
with Coomassie blue, and the final purity was confirmed by silver nitrate staining.

Molecular mass determination. The molecular mass of chlorite dismutase was
determined by gel filtration performed with a column packed with Superdex 200
(Amersham Pharmacia Biotech). The Superdex 200 column was calibrated by
using the following molecular mass standards: beta-amylase (200,000 Da), alco-
hol dehydrogenase (150,000 Da), and bovine serum albumin (66,000 Da).

Cytochrome content. In a preliminary investigation of the cytochrome contents
of the (per)chlorate-reducing isolates, dithionite-reduced-versus—air-oxidized
difference spectra were obtained for washed cell suspensions of acetate-chlorate-
grown cells suspended in anoxic bicarbonate buffer (2.5 g/liter) that was sparged
with N,-CO, (80:20, vol:vol), as previously described (5, 11-13, 25).

The abilities of potential electron acceptors to oxidize type ¢ cytochromes were
determined as previously described (13). Briefly, cell suspensions (2 ml) were
placed into two sealed glass cuvettes under N,-CO,. The suspensions were
bubbled with H,-CO, (80:20) for 2 min to reduce the cytochromes and then
bubbled with N,-CO, for 1 min. An aliquot (0.5 ml) of an anoxic 2.5 mM stock
solution of a potential electron acceptor in bicarbonate buffer was added to one
cuvette, and 0.5 ml of the anoxic bicarbonate buffer was added to the second
cuvette. Difference absorbance spectra for the two treatments were recorded
with a scanning spectrophotometer.

16S rRNA gene sequencing and analysis. Cells from 2-ml cultures of CIRB
were harvested by centrifugation, resuspended in 40 .l of sterile water, and lysed
by adding 5 pl of chloroform and incubating the preparations for 10 min at 95°C.
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TABLE 1. MPN counts of acetate-oxidizing (per)chlorate reducers
in different environments

Environment Counts (cells per g)

(240 = 1.74) x 10°

Swine waste lagoon
Pristine aquatic sediment .... (4.62 = 1.75) x 10°
Mississippi river sediment (427 £ 2.14) X 10°
PriStine SOil.......cocuveuvicviiciiiriicicc s (231 = 1.33) x 10°
Gold mine drainage sediment (427 = 2.14) X 10°
Petroleum-contaminated soil . (933 £ 4.17) X 10°
Pohic Bay... ..(1.49 £ 0.60) x 10*
Florida swamp (2.31 = 1.33) x 10*

Primers specific for bacterial 16S ribosomal DNA (rDNA) (primer 8F [5'-AGA
GTTTGATCCTGGCTCAG-3'] and primer 1525R [5'-AAGGAGGTGATCCA
GCC-3']) were used in 50-pl PCR mixtures that contained 10 mM Tris-HCI (pH
9.0), 50 mM KCl, 0.1% Triton X-100, 1.2 mM MgCl,, each deoxynucleoside
triphosphate at a concentration of 0.2 mM, 75 ng of each primer, 0.5 pl of Taq
polymerase (Gibco/BRL), and 1 pl of lysed cells. Amplification was performed
by using the following conditions: 94°C for 3 min, followed by 30 cycles consisting
of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, and a final step consisting
of 10 min at 72°C. The amplification products were gel purified (GeneClean II;
Bio 101) and cycle sequenced (ThermoSequenase; Amersham) by using internal
primers. Some of the amplification products were cloned (TOPO TA cloning kit;
Invitrogen) and then sequenced. Sequence entry and manipulation were per-
formed with the MacVector 6.1 sequence analysis software program for the
Macintosh (Oxford Molecular). Sequences of select 16S rRNAs were down-
loaded from the Ribosomal Database Project (27) and GenBank (3) into the
computer program SeqApp (18). CIRB 16S rDNA sequences were manually
added to the alignment by using secondary structure information for proper
alignment. Distance, parsimony, and maximum-likelihood analyses of the aligned
sequences were performed with a G3 computer by Power Macintosh using
PAUP*, version 4.0d65 (44). A bootstrap analysis with 100 replications was
conducted by using a heuristic search strategy to assess the confidence levels of
various clades. The GenBank accession numbers for the sequences used to
prepare Fig. 3 are as follows: Treponema pallidum, M88726; Magnetospirillum
magnetotacticum, Y10110; strain WD, AF170352; Azospirillum lipoferum, X79730;
strain TTI, AF170353; Comamomas testosteroni, M11224; I dechloratans,
X72724; Rhodocyclus tenuis, D16209; Ferribacterium limneticum, Y17060; strain
SIUL, AF170356; strain MissR, AF170357; strain CKB, AF047462; strain CL,
AF170354; strain NM, AF170355; strain PS, AF170348; strain Isol, AF170350;
strain Iso2, AF170351; strain SDGM, AF170349; gill symbiont of Thyasira
flexosa, LO1575; strain NSS, AF170359; Pseudomonas stutzeri, U26415; strain PK,
AF170358; Escherichia coli, J01859; W. succinogenes ATCC 29543, M26636; and
Helicobacter pylori, M88157.

Analytical techniques. Acetate concentrations were determined by high-per-
formance liquid chromatography with UV detection (Shimadzu model CDD-6A
instrument) by using an HL-75H™" cation-exchange column (Hamilton model
79476). The eluent was 0.016 N H,SO,, and the flow rate was 0.4 ml per min.
Perchlorate, chlorate, and chloride concentrations were determined by high-
performance liquid chromatography with conductivity detection (Shimadzu
model CDD-6A instrument) by using a PRP-X100 anion-exchange column
(Hamilton model 79434). The eluent was 4 mM p-hydroxybenzoic acid in 2.5%
methanol with the pH adjusted to 8.5, and the flow rate was 2.0 ml per min.
Growth of cultures on soluble electron acceptors was determined by measuring
the increase in optical density at 600 nm. The oxygen concentrations resulting
from chlorite dismutation were determined with an O, electrode (model 5300;
Yellow Springs Instrument Co.). Chlorite dismutase enzyme activity was deter-
mined by performing a microassay with horseradish peroxidase (Sigma Chemical
Co., St. Louis, Mo.) coupled to dianisidine as the electron donor. In the presence
of chlorite a yellow-brown color was produced, which could be read spectropho-
tometrically at a wavelength of 450 nm (8a). Protein concentrations were deter-
mined colorimetrically at 595 nm by performing a Bradford assay.

RESULTS

MPN studies. The MPN counts obtained when chlorate was
the electron acceptor indicated that acetate-oxidizing CIRB
are present in many diverse environments. The (per)chlorate-
reducing microbial community was significant in all of the
environments tested (Table 1). The numbers of CIRB ranged
from 2.31 X 10° = 1.33 X 10° to 2.40 X 10° = 1.74 X 10° cells
per g. The highest MPN counts obtained were the counts
obtained for swine waste lagoons.
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FIG. 1. Growth curve for (per)chlorate-reducing strain PK with when acetate
was the electron donor and chlorate (10 mM) was the sole electron acceptor. The
data are averages based on triplicate determinations. OD g, Optical density at
600 nm.

CIRB isolates. After 2 weeks of incubation good growth was
observed in the primary enrichment cultures prepared from all
of the environments sampled. Enrichment cultures were trans-
ferred into fresh basal medium (10% inoculum). Good growth
was observed in the resulting preparations after 24 h, as de-
termined by increases in optical density and by microscopic
examination. Highly enriched (per)chlorate-reducing cultures
were obtained after sequential transfers during the following
week prior to serial dilution into agar tubes. Small colonies
with consistent morphology were apparent in the higher-dilu-
tion agar tubes obtained from each enrichment culture after 1
week of incubation. The colonies were generally pink, wet,
doomed, entire, smooth, and small (diameter, 1 to 4 mm).
Several of the colonies were selected from each of the enrich-
ment series cultures, and (per)chlorate-reducing isolates were
obtained from all of the environments sampled.

Phenotypic characteristics. All of the CIRB isolates were
completely oxidizing, gram-negative, nonfermenting faculta-
tive anearobes. Morphologically, most of the isolates were
short motile rods that were 0.5 wm in diameter and 2 wm long.
However, some of the isolates, such as strain WD, which was a
spirillum whose cells were 0.2 by 7 um, had different morphol-
ogies. Spores were not visible in wet mounts of any of the
isolates when phase-contrast microscopy was used, and no
growth was observed in fresh acetate-chlorate medium after
pasteurization at 80°C for 3 min. All of the isolates could grow
aerobically on L-broth, and colonies on L-broth agar plates
were generally white, smooth, and approximately 0.5 mm in
diameter.

All of the CIRB isolates were strict respirers and could not
grow on anoxic basal media amended with glucose (10 mM),
yeast extract (10 g/liter), and Casamino Acids (10 g/liter) in the
absence of a suitable electron acceptor. All of the CIRB iso-
lates could couple the complete oxidation of acetate to the
reduction of chlorate in defined basal medium (Fig. 1). The
increases in cell numbers coincided with the oxidation of ace-
tate and the production of chloride (Fig. 1). Chlorate was
reduced to innocuous chloride by all of the isolates tested
(strains PK, WD, NSS, and PS). Oxidation of 7.9 mM acetate
resulted in reduction of 9.3 mM chlorate, giving a stoichiom-
etry of 1.18, a value which, when assimilation into biomass was
considered, was in close agreement with the theoretical value
according to the following equation:

3CH;COO™ + 4ClO;™ + 3H" — 6CO, + 4CI™ + 6H,0.
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TABLE 2. Compounds used as electron donors by (per)chlorate-reducing isolates when chlorate (10 mM) is the electron acceptor
(Per)chlorate-reducing isolates
Electron donor Concn

NM CL MissR PS Isol Iso2 SDGM WD
Acetate 10 mM + + + + + + + +
Propionate 10 mM + + + + + + + +
Isobutyrate 10 mM + + + + + + + +
Butyrate 10 mM + + + + + + + +
Valerate 10 mM + + + + + + + +
Formate 10 mM - - + - - - - -
Methanol 5 mM - - - - - - - -
Ethanol 5 mM - - + + + + + -
Catechol 1 mM - - - - - - - -
Glycerol 5 mM - - - - - - - -
Benzoate 0.5 mM - - - - - - - -
Pyruvate 5 mM + ND ND + ND ND ND ND
Citrate 5 mM - - - - - - - -
Succinate 1 mm + + - + - - - +
Lactate 10 mM + + + + + + + +
Glucose 10 mM - - - - - - - -
Casamino Acids 1 g/liter + - + + + + + +
Fumarate 5 mM + + + + + + + +
Malate 1 mM + + + + + + + +
Hydrogen 101 kPa - - - - - - - -
Fe(II) 5 mM ND ND ND + ND ND ND +

“ +, electron donor utilized; —, electron donor not utilized; ND, not determined.

Chlorite, the potential intermediate in chlorate reduction,
was not detected in the culture broth. In addition to acetate,
the CIRB isolates tested used short-chain volatile fatty acids
and simple dicarboxylic acids as alternative electron donors
(Table 2). None of the CIRB isolates could use H, or hydro-
carbons as alternative electron donors, although some could
use inorganic electron donors, such as Fe(II) (Table 2). The
CIRB isolates were relatively limited in the range of electron
acceptors used. In addition to perchlorate, chlorate, and O,,
some of the isolates, but not all of them, could use nitrate for
anaerobic growth (Table 3). A broad range of alternative elec-
tron acceptors were not used by the CIRB isolates (Table 3).

Cytochrome content and oxidation by potential electron ac-
ceptors. Air-oxidized—-minus—dithionite-reduced spectra of
washed whole-cell suspensions of all of the CIRB isolates
grown with chlorate as an electron acceptor had absorbance
maxima close to 425, 525, and 552 nm, which are indicative of
type ¢ cytochrome(s) (Fig. 2). A hydrogen-reduced type ¢ cy-
tochrome(s) in anoxic washed cell suspensions of one of the
previously described isolates (strain CKB) (5) was reoxidized

by compounds that are known to act as electron acceptors for
this organism, such as chlorate or perchlorate (Fig. 2). A hy-
drogen-reduced cytochrome(s) was not reoxidized by com-
pounds such as sulfate, Fe(III), and fumarate, which are not
used by this organism as electron acceptors for anaerobic
growth (Fig. 2).

Phylogeny of the CIRB. Analyses of the 16S rDNA se-
quences indicated that all of the isolates were members of the
class Proteobacteria of the Bacteria (Fig. 3). The new CIRB
isolates belonged to three subgroups (the alpha, beta, and
gamma subclasses) of the Proteobacteria, which demonstrated
that this type of metabolism is widespread in the class (Fig. 3).
Some of the isolates, such as strain PK, were closely related to
members of previously described genera that are not known
for the potential to grow by dissimilatory (per)chlorate reduc-
tion, while others, such as strain NSS, had no close relatives
and represented novel genera in the Proteobacteria (Fig. 3).
The majority of the isolates obtained were closely related to
each other and to the phototrophic Rhodocyclus species in the
beta subclass of the Proteobacteria.

TABLE 3. Compounds used as electron acceptors by (per)chlorate-reducing isolates when acetate (10 mM) is the electron donor

(Per)chlorate-reducing isolates

Electron acceptor Concn
NM CL MissR PS Isol Iso2 SDGM WD
Chlorate 10 mM + + + + + + + +
Nitrate 5 mM - - + + + + + +
Sulfate 10 mM - - - - - - - -
Selenate 2 mM - - - - - - - -
Fumarate 25 mM - - - - - - - -
Malate 5 mM - - - - - - - -
Mn(1V) 2 mM - - - - - - - -
Fe(III) 10 mM - - - - - - - -
5 101 kPa + + + + + + + +
AQDS? 5 mM - - - - - - - -
Fermentation - - - - - — - -
“ +, electron acceptor utilized; —, electron acceptor not utilized.

> AQDS, 2,6-anthraquinone disulfonate.
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FIG. 2. Difference absorbance spectra of H,-reduced washed whole-cell sus-
pensions of (per)chlorate-reducing strain CKB in the presence of various poten-
tial electron acceptors.

Chlorite dismutase. Washed whole-cell suspensions of all of
the CIRB isolates could dismutate chlorite to chloride and
molecular oxygen. At room temperature, O, evolution was
rapid, linear, and proportional to the chlorite concentration
(data not shown). No O, production was observed in the ab-
sence of cells or if the CIRB was heat killed. At a higher
chlorite concentration (10 mM), O, evolution was so extensive
that a copious amount of froth was observed in each cell
suspension.

A single enzyme with chlorite dismutase activity was purified
to homogeneity from a previously characterized strain (strain
CKB) (5) (Fig. 4 and Table 4). The specific activity of the
purified enzyme was 1,928 pmol of chlorite per mg of protein
per min (Table 4). A comparison with molecular mass stan-
dards in SDS-PAGE denaturing gels indicated that the molec-
ular mass of the denatured protein was 32 kDa, while size
exclusion chromatography indicated that the molecular mass
of the native protein was 120 kDa. These data suggest that the
enzyme is a homotetramer with a molecular mass of approxi-
mately 120 kDa.

DISCUSSION

The results of this study demonstrate the hitherto unrecog-
nized ubiquity of microbial (per)chlorate reduction and the
broad phylogenetic diversity of the organisms capable of this
type of metabolism. Contamination of drinking water, ground-
water, and surface water by oxyanions of chlorine, especially
chlorate and perchlorate, has only recently been recognized as
a potentially serious health risk (32, 45, 46). Although the fact
that microbial reduction of (per)chlorate occurs has been rec-
ognized for the last 50 years and although microbial reduction
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FIG. 3. Phylogenetic tree based on 16S rDNA sequence data resulting from
a distance analysis performed with the Jukes-Cantor correction. The same to-
pology was obtained by using either parsimony or maximum likelihood and was
supported by bootstrap analysis.

of (per)chlorate has been identified as a potentially important
metabolic process for the treatment of perchlorate and chlor-
ate contamination in the environment (45, 46, 49), very little is
known about the microorganisms involved in (per)chlorate

1 2 3 4 56

<= 35 kD

== 29 kD

FIG. 4. SDS-PAGE gel containing the chlorite dismutase active fractions
from strain CKB. Lane 1, cell lysate fraction; lane 2, chlorite dismutase active
pool from the Q-Sepharose column; lane 3, active pool from the hydroxyapatite
column; lane 4, chlorite dismutase active fraction from the Phenyl Sepharose
column; lane 5, purified chlorite dismutase from the Superdex 200 column; lane
6, molecular mass standard.
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TABLE 4. Purification and specific activity of chlorite dismutase
from (per)chlorate-reducing strain CKB

Protein Total

. Sp act  Purification
Prepn Vol (ml) (;?gr;;-ﬁ) pzront;n (Ufmg)* (fold)
Cell extract 30.0 2772 831.6 35.0 1
Q-Sepharose 120.0 0.777  93.24 398.0 11.4
Hydroxyapatite 144.0 0.200  28.80 640.0 18.3
Phenyl-Sepharose 48.0 0.080 3.84  1,102.0 32.0
Superdex 200 10.0 0.307 3.07 1,928.0 55.0

“ One unit was defined as 1 pmol of sodium chlorite dismutated per min.

reduction. Several organisms, including Proteus mirabilis (16),
Rhodobacter capsulatus, and Rhodobacter sphaeroides (36),
have been shown to be capable of reducing chlorate to chlorite.
However, no growth is associated with this type of metabolism,
and the chlorite end product is generally toxic to the organ-
isms. The MPN counts obtained in this study indicate that
significant levels of CIRB occur in very diverse environments,
many of which have not been exposed to chlorine oxyanions.
This finding supports and expands the observations made in a
previous investigation (48), in which it was shown that chlorate
reduction was prevalent in several diverse environments. This
is, however, unexpected as there are no known natural sources
of these compounds (21) and they have been introduced into
the environment only in the last 100 years due to human
activity (45). Early studies suggested that microbial (per)chlor-
ate reduction may simply be a competitive reaction for the
nitrate reductase system of denitrifying bacteria in the envi-
ronment (19, 20, 43), but this suggestion does not explain the
presence of chlorate reductase enzymes, such as the chlorate
reductase C purified from P. mirabilis, which can only use
chlorate as a substrate (31).

Only six dissimilatory (per)chlorate-reducing organisms
have been identified previously, and only four of these have
been studied in detail. Thus, the true diversity of microbial
(per)chlorate reduction is still not known. Our findings signif-
icantly increase the number of (per)chlorate-reducing isolates
that have been described. All of the isolates which we obtained
are members of the Proteobacteria, and they represent three of
the five subclasses of this class. Although in this study we did
not obtain any CIRB isolates which are members of the epsilon
or delta subclass of the Proteobacteria, a previously described
CIRB, strain HAP-1 (50), was identified as a new strain of W.
succinogenes, which is a member of the epsilon subclass. Thus,
the ability to reduce (per)chlorate is widespread in the Pro-
teobacteria. The broad phylogenetic diversity of organisms ob-
served in this study which are capable of this type of metabo-
lism has some interesting evolutionary implications due to the
relatively short time in which (per)chlorate reduction could
have evolved.

Several of the isolates which we obtained were representa-
tives of previously defined genera not recognized for the ability
to reduce (per)chlorate. When some of the previously de-
scribed close relatives of the CIRB isolates, such as P. stutzeri,
the closest known relative of strain PK (99.4% similarity, as
determined by 16S rDNA sequence analysis), were tested for
(per)chlorate reduction, no growth was observed, and none of
the organisms could dismutate chlorite. This result is similar to
previous observations made with the CIRB W. succinogenes
HAP-1, which is 99.3% similar (as determined by 16S rDNA
sequence analysis) to the type strain of W. succinogenes (strain
ATCC 29543), which cannot grow by (per)chlorate reduction
(50).
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Comparison with other CIRB. Many of the CIRB isolates
obtained in this study were not closely related to any previously
described organism and represented new genera in the Pro-
teobacteria. All of the CIRB isolates contained type ¢ cyto-
chromes, which in the case of the previously described CIRB
(5) strain CKB were reoxidized in the presence of physiological
electron acceptors used by this organism. Other compounds,
such as sulfate, fumarate, and Fe(III), which were not reduced
by this organism in anaerobic culture, also did not reoxidize the
reduced cytochrome(s). Although not conclusive, this data sug-
gests that type ¢ cytochromes may be involved in the transport
of electrons to perchlorate or chlorate.

Only four of the previously described dissimilatory (per)
chlorate reducers, strain GR-1 (34), L. dechloratans (29), W.
succinogenes HAP-1 (50), and strain CKB (5), have been well
characterized. Strains CKB (5) and GR-1 (34) and I. dechlo-
ratans (29) are members of the beta subclass of the Proteobac-
teria. I. dechloratans is phylogenetically distinct from any of the
CIRB isolates obtained in this study. Similar comparisons with
strain GR-1 could not be made as the 16S rDNA sequence of
this isolate is not available. W. succinogenes HAP-1 is a mem-
ber of the epsilon subclass of the Proteobacteria and as such is
very distantly related to the CIRB isolates which we obtained
(50). All of the CIRB isolates are similar to strain GR-1 (34)
and I. dechloratans (29) in terms of their ability to couple
growth to the oxidation of acetate when chlorate is the sole
electron acceptor. As previously observed with other dissimi-
latory (per)chlorate reducers (29, 34, 50), chlorate is com-
pletely reduced to chloride.

Similar to strain CKB (5) and in contrast to previously de-
scribed (per)chlorate reducers (29, 34, 41, 50), the new CIRB
isolates were relatively limited in terms of the range of electron
donors or acceptors used. None of the isolates utilized carbo-
hydrates, which are used by I. dechloratans (29). In addition,
none of the new CIRB isolates could oxidize H,, an important
end product of fermentation which serves as an electron donor
for (per)chlorate reduction by W. succinogenes HAP-1 (50).
The only electron acceptors tested that were utilized by the
CIRB isolates were O,, perchlorate, chlorate, and (in some
cases) nitrate. The ability of the new isolates to grow aerobi-
cally is similar to the ability of the previously described CIRB,
and this finding suggests that all CIRB are facultative anaer-
obes. This conclusion is supported by the fact that all of the
CIRB isolates obtained dismutate chlorite into chloride and
0O,, which would be toxic to strict anaerobes. Although it was
originally suggested that W. succinogenes HAP-1 is a strict
anaerobe (50), a recent study indicates that this organism is in
fact a microaerophile (49). The fact that not all of the CIRB
isolates can use nitrate also supports the hypothesis that the
chlorate reduction pathway and the nitrate reduction pathway
are unrelated pathways and is in contrast to suggestions made
in previous studies (19, 20, 43).

All of the CIRB isolates exhibit chlorite dismutase activity.
Transformation of chlorite by these isolates, like transforma-
tion of chlorite by strain GR-1 (34), is not dependent on the
presence of acetate. As in strain GR-1, a single enzyme is
responsible for the dismutation activity in strain CKB. The
purified enzyme has a high specific activity, which is the same
order of magnitude as the specific activity of the enzyme iso-
lated from strain GR-1 (47).

Environmental significance. The role of CIRB in environ-
ments that have not been exposed to chlorine oxyanions has yet
to be determined. Although a few dissimilatory (per)chlorate
reducers have been described (5, 29, 34, 41, 50), all of the
isolates were obtained from contaminated sediments or waste-
water treatment sludges. This study is the first study in which it
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was demonstrated that organisms with (per)chlorate-reducing
ability can be readily isolated from pristine environments.

Although (per)chlorate reduction has been recognized for
more than 50 years, the presence of oxyanions of chlorine in
the environment is the result of human activity over the last
100 years. Thus, the evolution of a phylogenetically diverse
group of organisms with the ability to couple growth to the
reduction of (per)chlorate was not expected. This metabolic
ability appears to be centered around the unique ability of the
organisms to dismutate chlorite into chloride and oxygen. Al-
though chlorite dismutation has not been demonstrated yet for
all of the known dissimilatory CIRB, it was shown previously
for strain GR-1 (34) and strain CKB (5, 9, 10) and in this study
for 13 CIRB isolates, suggesting that it is a characteristic of all
CIRB. The fact that the purified chlorite dismutase enzymes of
strains GR-1 and CKB are similar in terms of general struc-
ture, molecular mass, and specific activity suggests that a single
gene coding for this enzyme may be conserved in these (per)
chlorate-reducing organisms and that (per)chlorate reduction
may be the result of horizontal gene transfer events.
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