
Introduction

Concern about increasing environmental contami-

nation with oxyanions of chlorine, especially per-

chlorate (ClO–
4), chlorate (ClO–

3), chlorite

(ClO–
2), and chlorine dioxide (ClO–

2), is a result of

increasing presence of these chemicals in the envi-

ronment for the last 100 years (Urbansky 1998;

O’Connor et al. 2002). Although perchlorate oc-

currence could be naturally traced to the desert re-

gions of northern Chile (Erickson 1961; Konnert

et al. 1994; O’Connor et al. 2002), they are essen-

tially man-made compounds, generated as a result

of rapid strides in the area of rocket fuel technol-

ogy (Renner 1998; Urbansky 1998; Renner 2003;

Waller et al. 2004). In one study, several geo-

graphical locations in the USA were found to be

extensively contaminated with this group of

chemicals (Urbansky 1998). Since the increasing

contamination of ground and drinking water with

perchlorate is a serious health threat, there has been

a significant interest in microbial remediation of

this compound ( Renner 1998; Urbansky 1998;

O’Connor et al. 2002).

Perchlorate is known to interfere with hormone

production by the thyroid. It binds to the so-

dium-iodide symporter and consequently compet-

itively inhibits the uptake of iodide by the thyroid

gland. It is well known that thyroid hormones are

synthesized from iodide and are responsible for

regulating mammalian metabolism. Long-term re-

duction of iodide uptake by a mammalian adult

leads to hypothyroidism (Wolff 1998; Clark

2000). Further, given the fact that this hormone is

required for normal metabolic growth, its pro-

longed deficiency by way of exposure to thyroid
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inhibitors may lead to retarded mental and physi-

cal growth and also exert direct impact on foetal

and infant neuropsychological development

(Porterfield 1994; Howdeshell 2002; ). Several

other associated human toxicology studies are cur-

rently in progress (Urbansky and Schock 1999).

In microbes, the perchlorate reduction pathway

consists of 2 important enzymes: perchlorate

reductase and chlorate dismutase. In the first enzy-

matic step, perchlorate reductase reduces per-

chlorate to chlorate, while in the second step, the

toxic chlorate is converted to chloride and oxygen

by chlorate dismutase (Coates and Achenbach

2004).

During the last 50 years, over 50 strains of bac-

teria that can reduce oxyanions of chlorine were

isolated (Aslander 1928; Coates et al. 1999; Okeke

et al. 2002; Coates and Achenbach 2004). These

bacteria have been shown to be phylogenetically

diverse (Wallace et al. 1996; Coates et al. 1999;

Coates and Achenbach 2004) and comprise mem-

bers from �, �, and � subclasses of Proteobacteria

(Erickson 1961; Coates et al. 1999; Coates and

Achenbach 2004).

All these microbes are facultative anaerobes or

are microaerophilic, a phenomenon that is antici-

pated in view of the fact that molecular oxygen is

produced as a transient intermediate during the

microbial reduction of perchlorate (Coates et al.

1999). Although metabolic capability of process-

ing both perchlorate and chlorate by a perchlor-

ate-reducing microbe is not observed as a rule,

such as in the case of Ideonella dechloratans

(Malmqvist et al. 1994), one property reported to

date that is common to all these perchlor-

ate-reducing strains is the effect of oxygen, which

inhibits perchlorate reduction in all kinetic studies

performed (van Ginkel et al. 1995; Logan et al.

2001; Chaudhuri et al. 2002).

Molybdenum is an important micronutrient

that is required for the reduction of perchlorate by

all perchlorate-respiring bacteria reported so far.

This is important from the point of view of

bioremediation, since molybdenum is not avail-

able in sufficient quantities in many soils (Doerge

et al.1985; Coventry et al. 1987), particularly in

acidic ones, since availability of molybdenum is

smaller at lower pHs (Graham 1998). Recent mo-

lecular studies show that genetic systems associ-

ated with perchlorate reduction indicated the

presence of a molybdenum-dependent chaperone

gene in association with the genes encoding chlo-

rate dismutase (CD) and perchlorate reductase in

at least 2 strains of dissimilatory (per)chlo-

rate-reducing bacteria (DPRB): Dechloromonas

aromatica strain RCB and Pseudomonas sp. strain

PK (Chaudhuri et al. 2002; Coates and Achenbach

2004).

In the present study, we report 3 perchlor-

ate-reducing bacteria capable of molybde-

num-independent perchlorate reduction under

aerobic conditions, and their phylogenetic classifi-

cation based on conventional biochemical tests as

well as 16S ribosomal RNA gene sequence analy-

sis.

Materials and methods

Sample collection

Five soil samples were collected from a perchlor-

ate-manufacturing factory situated at Alwaye,

Kerala (South India). The samples were taken

from 5 different sites in the vicinity of this factory,

in pre-autoclaved jars, transferred to the labora-

tory at room temperature, and labelled as A, B, C,

D & E, respectively.

Growth media

(1) Nutrient broth (NB) medium was prepared by

mixing peptic digest (1.0 g L–1), yeast extract

(1.0 g L–1) and NaCl (1.5 g L–1) in deionized water,

followed by appropriate sterilization, and was

used for growth of all viable microbial populations

present in the soil samples.

(2) Nutrient broth agar (NBA) medium was pre-

pared by amending NB medium with 1.5% agar,

sterilized and dispensed into Petri plates of 90 mm

in diameter.

(3) Enrichment growth (EG) medium comprised

175 mg of dipotassium hydrogen phosphate,

50 mg of potassium dihydrogen phosphate,

12.5 mg of trisodium citrate, 5 mg of magnesium

sulphate, 23 mg of glucose, and 25 mg of sodium

acetate in 100 mL of deionized water, and was

amended with varying concentrations of perchlor-

ate, ranging from 0.2 to 34 mM.

(4) Perchlorate reducer isolation (PRI) medium

was prepared by supplementing the EG medium

with 1.5% agar and 8.5 mM perchlorate.

Cultivation experiments

Accurately weighed samples (A, B, C, D and E),

consisting of 1 gram of freshly sieved soil, were

added to 100 mL of sterile distilled water in

250 mL conical flasks and dispersed by stirring
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with Teflon-coated magnetic bars (8 mm in diam-

eter, 50 mm long) for 15 min at approximately 200

rpm. This was followed by preparation of 100, 10–1

and 10–2 dilution of each of the 5 culture consortia

(A, B, C, D and E) in NB medium, followed by

their inoculation into 10 mL of NB medium for

further growth. In order to measure the total bacte-

rial count, 200-µL aliquots from 10–2 dilution

(in NB medium) were transferred to NBA plates

and incubated at 37°C. An identical protocol was

followed for enriching the consortia with per-

chlorate-reducing microbes, except that the NB

medium and NBA plates were substituted by EG

and PRI plates. In all cases, aerobic conditions of

respiration and growth were maintained.

Growth studies

All growth experiments were performed in tripli-
cates, with culture in pure EG medium for 72 h, ro-
tated continuously (200 rpm) at 37oC. Optical
density at 600 nm (OD600) was measured every
6 h, up to 72 h. For inoculation, a single colony of
each isolate was aseptically added to 3 mL of EG
medium, grown overnight, and optical density
(OD600) adjusted to 0.5 with sterile EG medium
prior to inoculating 25 mL of medium in order to
maintain uniform inoculum density in all repli-
cates of the experiment.

Biochemical characterization

Biochemical characterization of the bacterial iso-

lates was done as described by Garrity et al.

(2004).

Ion chromatographic estimation of perchlorate

Dionex ICS 3000 Ion Chromatography system

consisted of a gradient pump, CD20 conductivity

detector, 4-litre plastic bottle assemblies (2 each

for external water mode) and PeakNet® Chroma-

tography Workstation.
The stock 1M perchlorate standard solution

was prepared by dissolving 118 g of ammonium
salt of perchlorate in 1000 mL of deionized water,
stored at 4oC, and was used within a month.
Working standards were prepared by diluting the
stock perchlorate solution to generate dilutions of
desired concentration. The eluent solution com-
prised 100 mM sodium hydroxide, prepared by
dissolving 4 g in 1000 mL of deionized water in an
eluent bottle, followed by degassing of the reagent
for approximately 5 min. IonPac AS11 Analytical
Column, 4 mm × 250 mm (Dionex P/N 044076),
and IonPac AG11 Guard Column, 4 mm × 50 mm
(Dionex P/N 044078) were used. The run time was

adjusted to 12 min with a flow rate of 1 mL min–1

and sample volume of 10 µL. The detection was
done through suppressed conductivity, using An-
ion Self Regenerating system (ASRS®; 4 mm) and
an AutoSuppression® external water mode sys-
tem. This method depends upon retention time of
anions in the column and is compared with the
standard to identify and quantitate the perchlorate
peak. The perchlorate peak was further confirmed
by the spiking-up technique.

For this study, cultures were inoculated in EG
media, containing 2.0–12.8 mM ammonium per-
chlorate. Samples were withdrawn every 24 h
(up to 72 h) for estimation of perchlorate, centri-
fuged at 10 000 rpm for 10 min to separate the

supernatant, which was passed through a 0.2-�m
filter, and finally injected into the system at a vol-
ume of 1 mL. All other operational procedures
were as described by the manufacturer.

Isolation of genomic DNA

Genomic DNA was isolated by using Prepman Ul-
tra sample preparation reagent (Applied
Biosystems, Calif., USA). Briefly, a single iso-

lated colony was added to 200 �L of Prepman Ul-
tra reagent, and incubated at 99oC for 20 min,
followed by centrifugation at 10 000 rpm for
10 min. Then 1 µL of the precipitate was added to
99 µL of sterile deionized water (Milli Q,
Millipore India) and 15 µL were used as template
DNA solution for polymerase chain reaction
(PCR).

Amplification and automated fluorescent

nucleotide sequencing of the 16S ribosomal

DNA fragment

Bacterial ribosomal gene analysis was performed
as described by Weisberg et al. (1991), with minor
modifications. The PCR products were purified by
using a nucleotide removal kit (Qiagen, Germany)
and the sequencing products were purified accord-
ing to the manufacturer’s protocol. Base calling
was performed with Applied Biosystems Se-
quence Analysis Software (version 5.2) and a
quality value bar above 40 was considered to be
acceptable for further analysis. DNA sequence
similarity search was performed using the BLAST
algorithm (Altschul et al. 1994,1997).

Results and discussion

The location of soil sample collection was chosen

because of possibility of occurrence of perchlor-

ate-reducing microbes as a result of effluence from
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perchlorate-processing industry. Sampling was

done at various sites, in order to maintain uniform

representation of the microflora in and around the

factory.

For initial growth of the microflora, NB me-

dium was used, because of its rich composition

coupled with the fact that perchlorate reducers are

facultative anaerobes and are capable of utilizing

alternative sources of energy. Visibly distinct tur-

bidity was observed in all the NB tubes inoculated

with 5 different soil consortia irrespective of inoc-

ulate dilution (100, 10–1 or 10–2). This was fol-

lowed by conventional dilution plating on NBA

plates, in order to isolate single colonies. A con-

centration of 1.5% agar adequately maintained the

desired texture of the solid medium, while simul-

taneously retaining enough moisture to promote

microbial growth. Before plating, cell agglomer-

ates were dispersed by vigorous stirring. In the 5

soil samples analysed, the average number of CFU

(colony-forming units) on NB plates was 7.5 × 106

(standard deviation: 3.45 × 106).

After enrichment of the culture in perchlor-

ate-containing medium (EG medium), mixed cul-

tures inoculated with each of 5 samples were

subjected to determination of residual perchlorate

reduction by using ion chromatography. We mea-

sured the highest (46.0 ± 0.7%) degradation of

0.85 mM perchlorate in consortium C, and this

consortium was used in further studies.

We isolated 20 potential perchlorate reducers

from this consortium. Each strain was then tested

for the ability to grow in increasing concentrations

of perchlorate, ranging from 0.2 to 34 mM. From

10 isolates that were able to grow in the presence

of 25.6 mM perchlorate, we chose 3 fast-

est-growing strains. They were labelled as A1, A2

and A3 (A for Aerobic perchlorate reducer).

16S ribosomal RNA gene analysis generated

1351, 1335 and 1332-bp sequences from A1, A2

and A3, respectively. The sequences were depos-

ited in the GenBank (National Centre for Biologi-

cal Information, USA) with accession numbers

EU327524, EU327525 and EU327526, respec-

tively. The sequence from isolate A1 showed the

highest similarity (99%) to rDNA from Pseudo-

monas stutzeri isolate Fe31, from deep subsurface

oil-bearing rocks in Taiwan (GenBank accession

number DQ289057). Isolates A2 and A3 showed

the highest similarity (99%) to rDNA from

Arthrobacter atrocyaneus strain SMW-1, a

metacrate-degrading strain isolated from China

(GenBank accession number AY605543), and

Arthrobacter sp. TD2, a 2,4,6-trinitrotoluene-de-

grading bacterium isolated from China (GenBank

accession number EF379937), respectively. Fol-

lowing this, the isolates were renamed as

PseudoaeroA1, ArthroaeroA2 and ArthroaeroA3

(for A1, A2 and A3, respectively).

Perchlorate reduction capability of the isolates

was estimated as a function of gradual loss of the

compound in the medium after growth of the re-

ducing microbe under aerobic conditions

(Table 1). Our results indicate that there is a loga-

rithmic increase in the rate of perchlorate reduc-

tion in the growth medium up to a concentration of

17 mM, followed by a gradual decrease in the effi-

cacy of perchlorate reduction at higher concentra-

tions.

In isolate Pseudoaero1, the maximum amount

of perchlorate reduced was 3.2 mM, when its con-

centration in the substrate was 17 mM. Isolate

ArthroaeroA3 showed a maximum reduction of

4.0 mM. The highest reduction was observed in

isolate ArthroaeroA2, which degraded 4.7 mM

perchlorate. However, a further increase in the

concentration in perchlorate in the medium re-

sulted in a gradual loss of degradation efficacy.

This may be due to cellular toxicity at higher con-

centrations of this compound.

Zhang et al. (2002) demonstrated a reduction of

around 3 mM perchlorate after 28 days of incuba-

tion of a chemolithoautotrophic hydrogen-oxidiz-

ing enrichment culture incubated with hydrogen

and carbon dioxide. In a similar study, Chaudhuri

et al. (2002) demonstrated that Dechlorosoma

suillum exhibited marginal reduction of perchlor-

ate after 17 h, but it increased to reduction of 5 mM

perchlorate after 24 h. Thus the efficacy of reduc-
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Table 1. Rate of perchlorate reduction in perchlorate-

containing medium (EG) by PseudoaeroA1, ArthoraeroA2,

and AthroaeroA3

Initial
perchlorate
concentra-
tion (mM)

Reduction in perchlorate concentration (mM)

PseudoaeroA1 ArthroaeroA1 ArthroaeroA2

0.20 0.18 ± 0.010 0.19 ± 0.013 0.16 ± 0.011

0.40 0.32 ± 0.019 0.37 ± 0.012 0.31 ± 0.017

0.80 0.63 ± 0.015 0.73 ± 0.018 0.61 ± 0.014

1.20 0.93 ± 0.018 1.02 ± 0.014 0.89 ± 0.016

1.70 0.78 ± 0.017 0.88 ± 0.014 0.83 ± 0.016

2.50 0.90 ± 0.016 1.10 ± 0.014 1.02 ± 0.014

4.20 1.20 ± 0.016 1.50 ± 0.015 1.30 ± 0.017

8.50 2.10 ± 0.017 2.60 ± 0.016 2.30 ± 0.019

17.0 3.20 ± 0.018 4.70 ± 0.011 4.00 ± 0.011

25.6 2.50 ± 0.015 4.00 ± 0.018 3.30 ± 0.014

34.0 2.00 ± 0.016 3.00 ± 0.014 2.70 ± 0.016



tion of perchlorate appears to be similar in the iso-

lates reported in this study when compared to its

close metabolic neighbours. Isolate ArthroaeroA2,

reported in this study, indicates an edge in the

turn-around time for degradation of 4.7 mM per-

chlorate that occurred within 72 h under aerobic

conditions.

The lack of inhibition of perchlorate reduction

by oxygen in isolates PseudoaeroA1, ArthroaeroA2

and ArthroaeroA3 is encouraging, since they are in

contrast with the observation of Chaudhury et al.

(2002), who demonstrated increased cell mass

growth coupled with decreased perchlorate reduc-

tion in a perchlorate-reducing microbe due to oxy-

gen-mediated inhibition. Several other studies (van

Ginkel et al. 1995; Logan et al. 2001) also indicate

that the inhibitory effect of oxygen on perchlorate

reduction is common to all DPRB strains in all

forms of kinetic studies.

The pattern of growth after 72 h for ArthroaeroA2

and ArthroaeroA3 was found to be similar (Figure 1).

However, PseudoaeroA1 indicated trails of a second

lag phase in the growth curve. This may be due to

preferential usage of different sources of carbon made

available in the mineral medium, in accordance with

their chemical complexity and biological availabil-

ity. All the 3 isolates reached the highest level of

detectable growth after 55 h of incubation at 28oC.

Isolate ArthroaeroA3 demonstrated marginal su-

periority in growth, followed by PseudoaeroA1

and ArthroaeroA2 (Figure 1).

Biochemical test indicated that all the 3 isolates

are not capable of nitrate reduction. This is consis-

tent with the general observation that some but not

all DPRB strains respire nitrate (Bruce et al. 1999;

Coates et al. 1999 ). Further, all 3 isolates failed to

support anaerobic growth. While no pigmentation

was observed in PseudoaeroA1, lemon yellow

pigmentation was observed in ArthroaeroA2 and

ArthroaeroA3. Perchlorate reduction of all the 3

isolates was found to be independent of the pres-

ence of molybdenum. All the biochemical and

morphological characteristics of the 3 isolates

used in this study are summarized in Table 2.

Demonstrating perchlorate metabolism activ-

ity by ArthroaeroA2 and ArthroaeroA3 is signifi-

cant, since to our knowledge this is the first report

of Actinobacteria shown to reduce perchlorate un-

der aerobic conditions.

The ability of all the 3 isolates to degrade per-

chlorate under aerobic conditions is promising.

Apart from identifying newer isolates for per-

chlorate reduction, this study unrevealed further

genetic diversity within microbes having this par-

ticular perchlorate metabolism pathway. It raises

prospects for using artificial consortia, such that

phylogenetically diverse microbes collectively

participate in the perchlorate reduction pathway,

thus attributing different ranges and abilities to

perform under challenging conditions. This study

also suggests that perchlorate reduction may be

addressed by mixed cultures of microbes without

an apparent domination of Dechloromonas and al-

lied bacteria of the phylum Proteobacteria.
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