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Abstract: Here we report the results obtained for a strain isolated from a polluted site and classified
as Azospira sp. OGA 24. The capability of OGA 24 to utilize perchlorate and nitrate and the
regulation of pathways were investigated by growth kinetic studies and analysis of messenger RNA
(mRNA) expression of the genes of perchlorate reductase alpha subunit (pcrA), chlorite dismutase (cld),
and periplasmic nitrate reductase large subunit (napA). In aerobic conditions and in a minimal medium
containing 10 mM acetate as carbon source, 5.6 ± 0.34 mmol L−1 perchlorate or 9.7 ± 0.22 mmol
L−1 nitrate were efficiently reduced during the growth with 10 mM of either perchlorate or nitrate.
In anaerobiosis, napA was completely inhibited in the presence of perchlorate as the only electron
acceptor, pcrA was barely detectable in nitrate-reducing conditions. The cell growth kinetics were
in accordance with expression data, indicating a separation of nitrate and perchlorate respiration
pathways. In the presence of both compounds, anaerobic nitrate consumption was reduced to 50%
(4.9 ± 0.4 vs. 9.8 ± 0.15 mmol L−1 without perchlorate), while that of perchlorate was not affected
(7.2 ± 0.5 vs. 6.9 ± 0.6 mmol L−1 without nitrate). Expression analysis confirmed the negative effect
of perchlorate on nitrate respiration. Based on sequence analysis of the considered genes and 16S
ribosomal gene (rDNA), the taxonomic position of Azospira sp. OGA 24 in the perchlorate respiring
bacteria (PRB) group was further defined by classifying it in the oryzae species. The respiratory
characteristics of OGA 24 strain make it very attractive in terms of potential applications in the
bioremediation of environments exposed to perchlorate salts.

Keywords: perchlorate respiring bacteria (PRB); strain Azospira sp. OGA 24; emerging pollutants;
bioremediation; Reverse transcriptase-polymerase (RT-PCR); periplasmic and membrane nitrate reductase

1. Introduction

Perchlorate (ClO4
−) is a ubiquitous ion released into the environment by anthropogenic and

natural sources. Military and commercial applications of perchlorate salts as oxidizers in propellants,
flares, munitions, matches, fireworks, blasting agents are the main anthropogenic perchlorate sources,
while the natural ones are the nitrate salts from Chilean deposits, phosphorus-bearing minerals
founded in arid locations, potash ore from New Mexico and Canada [1]. Some studies have moreover
demonstrated that relative significant quantities of perchlorate are naturally formed in the atmosphere,
especially during thunderstorms [2,3]. Nowadays, perchlorate is being found as a nearly ubiquitous
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contaminant in water, beverages, fresh produce, and other sources of human exposure all over the
world [4], and its toxicity raises public health concerns. The main effect on human beings is its
action on the thyroid gland by inhibiting iodide uptake and synthesis of thyroid-stimulating hormone,
with serious impairments of growth, metabolism, and reproduction [5–8]. Acute exposure has been
shown to affect the reproductive, nervous, and immune systems [9]. It has also been related to thyroid
cancer and teratogenesis during the first trimester of pregnancy [10]. Because of its toxicity, the US
Environmental Protection Agency (US EPA) included perchlorate in the Drinking Water Contaminant
Candidate List [11] and in 2011 announced a decision to regulate perchlorate under the Safe Drinking
Water Act (US EPA, 2011).

In this scenario, the decontaminating processes of the environments exposed to perchlorate salts
are becoming a growing challenge, especially in the case of water for drinking and agricultural uses.

Perchlorate is a strong oxidizing agent, but it is a non-reactive ion because of the high activation
energy required for its reduction. Accordingly, its high stability makes inefficient the traditional
physico-chemical treatment processes of removal and destruction and causes its diffusion and
permanence in the environment [11–13]. Nevertheless, perchlorate can be biologically reduced
to chloride by native soil and groundwater bacteria; its high reduction potential (E◦ = 1.287 V) makes it
a favorable electron acceptor under anaerobic conditions.

Bacteria able to transform perchlorate into harmless chloride (PRB or DPRB: Perchlorate Reducing
Bacteria/Dissimilatory Perchlorate Reducing Bacteria) by respiratory reduction processes are widely
distributed in the environment and in the last two decades a lot of them have been isolated and
characterized. Almost all isolated PRB, with few exceptions, belong to the Proteobacteria class (α, β,
γ and ε) [14], and most of them fall into the Rhodociclaceae family of beta-Proteobacteria, in the genus
Azospira [15,16] and Dechloromonas [17–19]. They are Gram negative bacteria, facultative anaerobes or
microaerophilic, not fermentative, and almost all of them are facultative denitrifiers [17,20–24]. In very
few cases, the ability to respire perchlorate has been described among the phylum of Firmicutes and
the domain of Archaea [25].

Perchlorate respiration occurs through the complete reduction of the chlorine atom according to
the sequence ClO4

−, ClO3
−, ClO2

−, Cl− + O2 [26]. The reduction process is mediated by a periplasmic
perchlorate reductase (Pcr) that reacts with both perchlorate and chlorate releasing chlorite ion (ClO2

−),
and a chlorite dismutase (Cld), localized in the outer membrane, that reduces chlorite to chloride and
oxygen [27,28]. Due to the ability of Pcr to recognize both substrates, PRB can also grow anaerobically
with chlorate as electron acceptors. However, in a specific group of chlorate respiring bacteria (CRB),
only the reduction of chlorate occurs because the Pcr is absent and the chlorate reductase is unable to
react with perchlorate [19,29,30].

In situ and ex situ decontamination processes for perchlorate have primarily focused on biological
technologies based on the use of PRB [27,31,32] since they do not generate toxic products and are
also practical to use. The possibility of employing these microorganisms in bioremediation plans is
connected to the knowledge of their physiology and of the main environmental factors that regulate the
respiration of perchlorate. Currently, little is known about the latter, but a key role has been defined for
oxygen, perchlorate, and nitrate. Aerobiosis inhibits the respiration pathway in all characterized strains,
both at level of perchlorate reductase and chlorite dismutase enzymes [20,23,29,33,34]. The perchlorate
in anoxic conditions is an inducer of the pathway; however, concentrations of ~30 mM have been
described to be toxic to most PRB [35,36]. In addition, the induction of the “energy taxis”, attraction
toward the electron acceptor for energy production, and an oxygen inhibition of this physiologic
response have also been reported for perchlorate [37]. Variable action was found for nitrate, and several
regulatory mechanisms were hypothesized. Most of PRB are denitrifiers [17,21,24,38], and commonly
an inhibitory effect has been reported for nitrate on the perchlorate pathway [21,34,37,39]. The absence
of inhibition, although less frequently, was also described, with capability of simultaneous consumption
of perchlorate and nitrate [33,40]. A further complication in defining the role of nitrate is that the two
dissimilation processes have often been molecularly related at the level of terminal reductase, that is,



Water 2020, 12, 2220 3 of 18

the nitrate reductase of denitrifying bacteria and the perchlorate reductase of PBR can reduce both
perchlorate and nitrate [33,34,37,40,41].

While the inhibitory effect of the nitrate on the perchlorate pathway is well known, to date no
effects of the perchlorate on nitrate respiration have been observed in environmental isolated PRB.

In this paper, we investigate the molecular mechanism involved in the perchlorate respiration
of Azospira sp. OGA 24, a PRB previously isolated in our research group from a highly polluted site
through an enrichment procedure and characterized for its interesting denitrification capability [42–44].
We present new elements regarding the regulation of perchlorate and nitrate respiration in PRB,
which are potentially interesting for applications in bioremediation programs. Furthermore, through a
comparative phylogenetic analysis based on sequenced genes of respiratory pathways of perchlorate
and nitrate and on 16S rRNA, we clarify the taxonomic position of the strain OGA 24 in the PRB group.

2. Materials and Methods

2.1. Materials and Bacterial Strains

For the growth and characterization of Azospira sp. OGA 24, a minimal VG medium [23,26,45]
was utilized, modified by the addition of a mixture of B vitamins [42]. Media were solidified
with 15 gL−1 bactoagar (Difco). Azospira oryzae PS (DSM 13638 T) was purchased from DSMZ
microorganisms collection (http://www.dsmz.de/). Escherichia coli (strain JM109) was purchased from
Promega (http://www.promega.com/products; cat. No P 9751). Pseudomonas fluorescens strain was
derived from the bacterial collection deposited in the laboratory of microbiology directed by G. Vigliotta.
Acetate (CH3COONa), perchlorate (NaClO4), chlorate (NaClO3), and nitrate (KNO3) were purchased
from Aldrich (Milan, Italy). For the preparation of microbiological media, molecular tests and all
solutions, we used water for Ion Chromatography Supelco with conductivity ≤ 2 µS/cm. This water
was used for all ion chromatography analysis and did not present any anion measurable in our
chromatography experiment.

2.2. Growth Conditions

Kinetic analysis of the growth and utilization of electron acceptors were conducted in a modified
VG medium in the presence of 10 mM sodium acetate as carbon source. Briefly, pre-inoculated samples
in VG medium were grown to the exponential phase in aerobic conditions with constant shaking at
200 rpm. After that, they were diluted to an OD600 (optical density at 600 nm) of 0.005 [about 5 × 106

unity forming colonies (CFUs) mL−1] in fresh VG medium containing sodium acetate and incubated
aerobically or anaerobically in the presence of 10 mM each of appropriate electron acceptor (sodium
perchlorate, potassium nitrate, chlorate), with constant shaking (200 rpm) at 40 ◦C. At the indicated
times, aliquots of culture were collected, both for growth monitoring by OD600 measurement and for
perchlorate, nitrate, chlorate, and nitrite concentration evaluation. A linear regression analysis of the
natural logarithms of the OD600 values was performed to estimate the growth rates (R2

≥ 0.9). For the
growth of the controls with only oxygen, after the dilution to 0.005 OD600 in VG medium, 10 mM
sodium acetate, the samples were incubated in aerobiosis without the addition of perchlorate or nitrate.

The medium for anaerobic growth was brought to the boil, to remove O2, and then, it was
dispensed in serum bottles that were capped with thick butyl rubber stoppers, crimped with an
aluminum seal, and autoclaved 20 min at 121 ◦C for sterilization. All the anaerobic manipulations
were performed using an anaerobic Glove box under a N2/CO2 (80:20, v/v) atmosphere.

Perchlorate tolerance was evaluated by growing bacteria on agarized VG medium supplemented
with concentrations of perchlorate ranging from 5 mM to 4.0 M, in aerobiosis or in anaerobiosis.
All experiments were produced in triplicates.

http://www.dsmz.de/
http://www.promega.com/products
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2.3. Perchlorate and Chlorate Determination

Perchlorates and chlorates were determined using a Liquid Chromatography-Mass
Spectrometry (LC-MS).

Liquid Chromatography: a 1525 binary pump (Waters, Milford, MA, USA) was used for all the
analyses. The samples were separated using a 100 × 2.1 mm kinetex C18 column with a 2.6 µm pore
size (Phenomenex, Torrance, CA, USA). Isocratic elution at 50% B was run at a flow rate of 0.2 mL
min−1.

Eluent A was water-acetonitrile-formic acid (94.9:5.00:0.10 v/v/v), and eluent B was
water-acetonitrile-formic acid (5:95:0.1 v/v/v). The injection volume was 5 µL. Under these conditions,
the retention time of perchlorate was 1 min.

Mass Spectrometry: a Quattro micro API (Micromass, Manchester, UK) triple quadrupole tandem
mass spectrometer operating in the MRM negative ion mode was used. Data acquisition was
accomplished by MassLynx version 3.5 software (Micromass, Manchester, UK). Optimal conditions
and instrument calibration are reported elsewhere [46].

2.4. Nitrites and Nitrates Determination

Nitrites and nitrates were determined using a Dionex DX 120 ion chromatograph (Dionex,
Sunnyvale, CA, USA), equipped with an Ion Pac AS14 column (4 × 250 mm). The eluent was 1.8 mM
Na2CO3:1.6 mM NaHCO3 at a flow rate of 2 mL min−1 at a pressure of 970 psi.

2.5. DNA Procedure for Genes Analysis

Research and sequencing of specific genes were based on DNA genomic analysis by Polymerase
chain reaction (PCR). To extract genomic DNA, OGA 24 strain was inoculated in 20 mL of VG
modified medium containing 10 mM acetate, in aerobiosis until the exponential phase of growth.
DNA was extracted as described in [47] and used in PCR experiments with specific universal
primers for genes of rRNA 16S, pcrA, cld, narG, napA reported in Table S1 of Supplementary
Materials. 16S rDNA was produced by primers F8 and 1525R as specified by [48] while for the
other genes, heterologous and degenerate (narG-v) primers were constructed in highly conserved
regions present along the coding sequences from different Proteobacteria. Databases of the National
Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) and Ribosomal Database
Project II (RDP) (http://rdp.cme.msu.edu/) were utilized as sequence sources and the CLUSTAL
W program from the European Bioinformatics Institute, Cambridge, UK (http://www.ebi.ac.uk/),
for multiple sequence alignment. To improve research of the genes, different combinations of
specific oligonucleotide pairs (Table S1) were utilized. All PCR reactions were performed in a
25 µL reaction mixture containing approximately 20 ng of total genomic DNA and 0.5 U of Taq
polymerase (AmpliTaq® DNA polymerase, Applied Biosystems), according to the manufacturer’s
instructions, as follows: 5 min of initial denaturation at 94 ◦C, followed by 35 cycles at 94 ◦C
for 1 min, 55–65 ◦C for 1 min, and 72 ◦C for 1 min. The final extension was set at 72 ◦C for
7 min. Annealing temperatures were dependent on primer pairs: 55 ◦C for cld-v1-ATG/cld-v2-909
and narG-v1-R/narG-v6-R; 60 ◦C for pcrA-v1/pcrA-v4, pcrA-v9/pcrA-v6, narG-v1-R/narG-v2-S,
narG-v3-S(W)/narG-v4, narG-v3-S(W)/narG-v6-R, and napA-v1/napA-v2, napA-v3/napA-v4; 65 ◦C
for napA-v1/napA-v4. PCR products were separated by electrophoresis on 1% agarose gels
and recovered using the Qiaex II DNA purification kit (QIAGEN) before sequence analysis.
Sequencing was conducted with Sanger method by Eurofins Genomics custom DNA sequencing
(http://www.eurofinsgenomics.eu/en/home/) on both strands, using primers indicated in Table S1.
16S rRNA (1495 bp), pcrA (2364 bp), cld (846 bp), and napA (526 bp) genes sequences of OGA 24 strain
were deposited in the GenBank database of the National Center for Biotechnology Information (NCBI)
with accession numbers GU294119 (16S), HQ697933 (pcrA), JF923467 (cld), and HQ840712 (napA).

http://www.ncbi.nlm.nih.gov/
http://rdp.cme.msu.edu/
http://www.ebi.ac.uk/
http://www.eurofinsgenomics.eu/en/home/
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2.6. Analysis of Gene Expression

Total RNA was isolated from bacteria using RNeasy Mini Kit (QIAGEN) according to the
manufacturer’s instructions with 3.0 OD600 of bacteria for each extraction. The RNAs were treated with
DNase I (Ambion) to clear genomic DNA, and 1 µg of total RNA was reverse transcribed with 100 U
Super Script III Reverse Transcriptase (Invitrogen) in a volume of 40 µL, using 200 ng random hexamer
primers (Roche), according to the manufacturer’s instructions. The PCR reactions were optimized for the
number of cycles to ensure product intensity to be within the linear range of amplification. To determine
PCR linearity condition, 5 nanograms of complementary DNA (cDNA) were amplified with each pair of
primers varying the number of cycles from 28 to 35, with an increment of two cycles for each variation.
Following electrophoresis of PCR amplification products, we identified the number of cycles far from the
plateau conditions. Semiquantitative PCR reactions were then carried out using 5 ng cDNA as template
(except for the more expressed 16S rRNA, whose amplification was carried out using 2 pg of cDNA)
and the DreamTaq enzyme (Fermentas), in a total volume of 25 µL, under the following conditions:
one cycle at 94 ◦C for 5 min, followed by 25–35 cycles of 20 s at 94 ◦C, 30 s at 60 ◦C, and 40 s at 72 ◦C,
with a final cycle at 72 ◦C for 7 min. The amounts of PCR cycles were 35 for napA, 30 for pcrA and cld,
and 25 for 16S. To verify the absence of DNA template contamination a parallel, no reverse trascriptase
reaction (containing all components including template RNA, except for the reverse transcriptase)
was carried out for each reverse transcriptase reaction and used as a template for subsequent PCR
negative controls (data not shown). 16S RNA expression was used as controls for loading. cDNAs were
amplified using the specific primer pairs reported in Table S1: pcrA-OGA-RT1/pcrA-OGA-RT2,
napA-OGA-RT1/napA-OGA-RT2, cld-OGA-RT1/cld-OGA-RT2, 16S-OGA-RT1/16S-OGA-RT2, for pcrA,
napA, cld and 16S rRNA genes, respectively.

2.7. Phylogenetic Analysis

All sequences were analyzed with a similarity search utilizing the BLAST function (Basic Local
Alignment Search Tool) of GenBank on the NCBI electronic site (http://www.ncbi.nlm.nih.gov/),
while rDNA was analyzed by the Seq Match tool of the Ribosomal Database Project II (http://rdp.
cme.msu.edu/). The phylogenetic and molecular evolutionary analysis was conducted analyzing
early complete sequences present in databases using MEGA version 6 [49]; CLUSTAL W program
(Cambridge, UK) was used for multiple sequence alignments; the Kimura two-parameter algorithm
and the neighbor-joining method were applied for the phylogenetic tree construction. The robustness
of the inferred phylogenies was determined by bootstrap analysis based on 1000 resamplings of data.

3. Results

3.1. Anaerobic Perchlorate and Nitrate Utilization

The capability of OGA 24 strain to use perchlorate was tested by kinetic studies in batch
experiments. Azospira sp. OGA 24 was pre-grown aerobically in VG minimal medium containing
acetate as carbon source and electron donor, and then, it was inoculated, at exponential phase in
anaerobic conditions, in the fresh medium supplemented with 10 mM acetate and 10 mM perchlorate
as the only electron acceptor. As evidenced in Figure 1A, the growth was biphasic with a slow increase
of the population during the first three days followed by a rapid exponential phase. In these conditions,
the bacteria population had a total of 5.3 cycles of duplication, reaching the stationary phase after about
six days, with a growth rate, calculated during the faster phase, of 1.3 generations per day (Table 1 and
Figure 1A). Similarly to growth, the perchlorate concentration was characterized by a slight initial
reduction followed by a faster one during the second growth phase, decreasing by 70% (from 10 mM
to about 3 mM) after six days, with a maximum of 80% in the advanced stationary phase.

http://www.ncbi.nlm.nih.gov/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
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Figure 1. Growth, perchlorate and nitrate reduction. Aerobically grown strain at exponential phase 
was inoculated (0.005 OD600 mL−1) under anaerobic conditions in fresh minimal medium and grown 
with perchlorate (A), nitrate (B) or both ions (C) as electron acceptors. Growth was monitored by 
OD600 measurement at indicated time. Each value represents the average of three experiments. 

  

Figure 1. Growth, perchlorate and nitrate reduction. Aerobically grown strain at exponential phase
was inoculated (0.005 OD600) under anaerobic conditions in fresh minimal medium and grown with
perchlorate (A), nitrate (B) or both ions (C) as electron acceptors. Growth was monitored by OD600
measurement at indicated time. Each value represents the average of three experiments.
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Table 1. Parameters of the growth calculated in VG modified medium with 10 mM acetate as
carbon source.

Growth Parameters
Anaerobiosis Aerobiosis

Perchlorate Nitrate Per. + Nit. Perchlorate Nitrate Ox a

Time (days) to reach stationary phase (S. P) 6 3 6 1.8 1.7 1.5
Biomass produced at S. P. (µg mL−1) b 117 ± 10 114 ± 15 116 ± 8 198 ± 12 173 ± 18 197 ± 15

Growth rate (generations days−1) 1.3 ± 0.15 1.6 ± 0.20 0.8 ± 0.06 3.15 ± 0.20 3.10 ± 0.28 3.62 ± 0.22
Total perchlorate reduced (mmol L−1) 6.9 ± 0.60 / 7.2 ± 0.50 5.6 ± 0.34 / /

Total nitrate reduced (mmol L−1) / 9.8 ± 0.15 4.9 ± 0.40 / 9.7 ± 0.22 /

Specific consumption (nmol µg−1 cells) b 59 ± 2.6 / 62 ± 2.2 11 ± 1.6 / /
Perchlorate nitrate / 86 ± 4.3 42 ± 2.4 / 51 ± 2.1 /

Chlorate accumulation in S. P. (mmol L−1) ud / ud 3.5 ± 0.2 / /

Nitrite accumulation in S.P. (mmol L−1) / ud ud / ud /

a Growth in aerobiosis, without either perchlorate or nitrate. b Biomass are reported as dry weight. ud: undetectable
in the medium. The values are reported as average of three determinations ± SD.

In the presence of nitrate as the only acceptor, the bacterium reached the stationary phase faster
than with perchlorate (three days) and reduced the nitrate concentration by more than 99% (from 10 mM
to about 0.22 mM) (Figure 1B and Table 1). Total generations and biomass produced were similar
to those observed with perchlorate and the average growth rate was 1.6 days−1. Kinetic data on
nitrate utilization are in agreement with a previous study where, by a suitably designed reactor,
we characterized the ability of OGA 24 to denitrify [43].

The effects of simultaneous presence of perchlorate and nitrate were also evaluated. As showed in
Figure 1C, growth kinetics was similar to that observed with only perchlorate as it reached stationary
phase after about six days, but the slow phase in the first three days was not evident. Final biomass
was not changed by the co-presence of acceptors (Figure 1 and Table 1). The kinetics of perchlorate
utilization was comparable to that observed without nitrate; on the contrary, the kinetics of nitrate was
very influenced by perchlorate. In fact, total decrease of nitrate at the end of exponential phase was
only 50% compared to the 99% observed without perchlorate, and it occurred almost completely in the
first three days of growth (Table 1). In all experimental conditions for the entire duration of the kinetic
tests, no value of chlorate concentration, as product of perchlorate reduction, was ever detected in
the medium.

3.2. Respiratory Nitrate Reductase Genes

In order to throw light into the mechanism which regulates the use of nitrate and perchlorate in
the strain Azospira sp. OGA 24, the presence of genes involved in nitrate respiration was first assessed,
focusing on periplasmic nitrate reductase (Nap), since we had already demonstrated in a previous
study the absence of membrane nitrate reductase (Nar) [42]. Several pairs of specific heterologous
and degenerate primers (Table S1, Supplementary Materials) were constructed on proteobacterial
conserved regions present along the coding sequences of the large subunit of periplasmic nitrate
reductase (napA) and tested by PCR analysis. As evidenced in Figure 2, napA gene was specifically
amplified. Partial fragment nap-v3/4 (526 pb) was sequenced, and the sequence deposited at GenBank
of National Centre for Biological Information with accession numbers HQ840712.

3.3. Expression Analysis of pcrA and napA Genes

Successively, we assessed the regulation of mRNA expression of pcrA, napA, and cld genes from
oxygen, nitrate, and perchlorate. Azospira strain OGA 24 was grown in VG medium with acetate
in aerobic condition up to the middle of the exponential phase; then, an aliquot of cell culture was
used directly for total RNA extraction, while a second one was inoculated into fresh VG medium
containing either or both nitrate and perchlorate and growth anaerobically up to middle of exponential
phase before RNA extraction. Expression analysis was performed by semi-quantitative RT-PCR.
In anaerobiosis, napA and pcrA genes were induced by the correspondent compounds, with napA
mRNA absent when perchlorate was the only electron acceptor and pcrA mRNA barely detectable in
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nitrate reducing conditions (Figure 3), indicating a pathway separation for two reduction processes,
at least at terminal reductases level. With both acceptors, perchlorate greatly reduced the nitrate
reductase expression, while that of pcrA was unaffected by nitrate, in accordance with kinetic data
(Figure 1C). In aerobic conditions, both pcrA and napA genes were expressed, but unlike napA, pcrA was
further induced under anaerobic conditions with perchlorate, also in association with nitrate.Water 2020, 12, x FOR PEER REVIEW 8 of 20 

 

 
Figure 2. PCR analysis of large subunit of periplasmic nitrate reductase (napA). Lanes a and b indicate 
amplification by nap-v 1/2 and nap-v 3/4, respectively. M: molecular marker. Escherichia coli, 
Pseudomonas fluorescens, and A. oryzae PS were used as positive control. Expected length for PCR 
fragments: 591 bp for nap-v 1/2 and 541 bp for nap-v 3/4. 

3.3. Expression Analysis of pcrA and napA Genes 

Successively, we assessed the regulation of mRNA expression of pcrA, napA, and cld genes from 
oxygen, nitrate, and perchlorate. Azospira strain OGA24 was grown in VG medium with acetate in 
aerobic condition up to the middle of the exponential phase; then, an aliquot of cell culture was used 
directly for total RNA extraction, while a second one was inoculated into fresh VG medium 
containing either or both nitrate and perchlorate and growth anaerobically up to middle of 
exponential phase before RNA extraction. Expression analysis was performed by semi-quantitative 
RT-PCR. In anaerobiosis, napA and pcrA genes were induced by the correspondent compounds, with 
napA mRNA absent when perchlorate was the only electron acceptor and pcrA mRNA barely 
detectable in nitrate reducing conditions (Figure 3), indicating a pathway separation for two 
reduction processes, at least at terminal reductases level. With both acceptors, perchlorate greatly 
reduced the nitrate reductase expression, while that of pcrA was unaffected by nitrate, in accordance 
with kinetic data (Figure 1C). In aerobic conditions, both pcrA and napA genes were expressed, but 
unlike napA, pcrA was further induced under anaerobic conditions with perchlorate, also in 
association with nitrate. 

Analysis of cld gene expression was in accordance with pcrA regulation in this strain, with a 
basal activation in aerobiosis conditions and a further stimulation by perchlorate in anaerobiosis; 
however, differently from pcrA, in the presence of nitrate as the only electron acceptor, it was 
expressed at similar levels compared to the aerobic conditions. 

Expression data showed that in Azospira sp. OGA 24, there are two distinct pathways for 
perchlorate and nitrate respiration, each induced in anaerobiosis by the respective electron acceptor, 
and that the key enzymes of the two pathways are expressed also in aerobiosis. 

Figure 2. PCR analysis of large subunit of periplasmic nitrate reductase (napA). Lanes a and b
indicate amplification by nap-v 1/2 and nap-v 3/4, respectively. M: molecular marker. Escherichia coli,
Pseudomonas fluorescens, and A. oryzae PS were used as positive control. Expected length for PCR
fragments: 591 bp for nap-v 1/2 and 541 bp for nap-v 3/4.

Water 2020, 12, x FOR PEER REVIEW 9 of 20 

 

 
Figure 3. Expression analysis by RT-PCR. mRNAs expression was evaluated in VG medium 
containing 10 mM sodium acetate as carbon source. At exponential phase cells grown in aerobiosis 
(Ox) with oxygen as only electron acceptor were inoculated in anaerobic conditions at the presence of 
perchlorate (PE), nitrate (NA), and both perchlorate and nitrate (PE + NA) as electron acceptors. 16S 
rRNA expression was used as control for loading. The analysis was performed in triplicate with 
similar results. A typical experiment is shown. 

3.4. Aerobic Perchlorate and Nitrate Respiration 

Expression data indicated the possible presence of perchlorate and nitrate reduction activities in 
aerobiosis (Figure 3). In order to verify such a possibility, kinetic tests were performed in VG medium 
in presence of oxygen, 10 mM acetate, and 10 mM either nitrate or perchlorate. An only-acetate 
control was also inserted. As reported in Figure 4 and in Table 1, in these experimental conditions, 
both anions were efficiently reduced with a perchlorate and nitrate consumption of 5.6 mmol L−1 and 
more than 9.7 mmol L−1, respectively, measured at the entrance in stationary phase. In aerobiosis, 
perchlorate reduction was accompanied by accumulation of chlorate (3.5 mmol L−1), while after the 
reduction of nitrate, N2O was developed, and nitrite was undetectable, indicating an aerobic 
denitrification. The presence of functionally active perchlorate reductase in aerobiosis was also 
confirmed by evaluating the growth in the presence of chlorate. Under these conditions at the 
beginning of the stationary phase, the concentration of the latter was reduced from 10 mM to 6.5 mM. 

Figure 3. Expression analysis by RT-PCR. mRNAs expression was evaluated in VG medium containing
10 mM sodium acetate as carbon source. At exponential phase cells grown in aerobiosis (Ox) with
oxygen as only electron acceptor were inoculated in anaerobic conditions at the presence of perchlorate
(PE), nitrate (NA), and both perchlorate and nitrate (PE + NA) as electron acceptors. 16S rRNA
expression was used as control for loading. The analysis was performed in triplicate with similar
results. A typical experiment is shown.

Analysis of cld gene expression was in accordance with pcrA regulation in this strain, with a basal
activation in aerobiosis conditions and a further stimulation by perchlorate in anaerobiosis; however,
differently from pcrA, in the presence of nitrate as the only electron acceptor, it was expressed at similar
levels compared to the aerobic conditions.
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Expression data showed that in Azospira sp. OGA 24, there are two distinct pathways for
perchlorate and nitrate respiration, each induced in anaerobiosis by the respective electron acceptor,
and that the key enzymes of the two pathways are expressed also in aerobiosis.

3.4. Aerobic Perchlorate and Nitrate Respiration

Expression data indicated the possible presence of perchlorate and nitrate reduction activities in
aerobiosis (Figure 3). In order to verify such a possibility, kinetic tests were performed in VG medium
in presence of oxygen, 10 mM acetate, and 10 mM either nitrate or perchlorate. An only-acetate control
was also inserted. As reported in Figure 4 and in Table 1, in these experimental conditions, both anions
were efficiently reduced with a perchlorate and nitrate consumption of 5.6 mmol L−1 and more than
9.7 mmol L−1, respectively, measured at the entrance in stationary phase. In aerobiosis, perchlorate
reduction was accompanied by accumulation of chlorate (3.5 mmol L−1), while after the reduction
of nitrate, N2O was developed, and nitrite was undetectable, indicating an aerobic denitrification.
The presence of functionally active perchlorate reductase in aerobiosis was also confirmed by evaluating
the growth in the presence of chlorate. Under these conditions at the beginning of the stationary phase,
the concentration of the latter was reduced from 10 mM to 6.5 mM.Water 2020, 12, x FOR PEER REVIEW 10 of 20 
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Figure 4. Aerobic perchlorate and nitrate utilization. Aerobically grown strain at exponential phase was
inoculated at 0.005 OD600 in fresh minimal medium in aerobiosis at presence of either perchlorate (A)
or nitrate (B), and kinetics of the growth and perchlorate/nitrate utilization were calculated. Each value
represents the average of three experiments.
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As a conclusion of this analysis, results of anaerobic and aerobic conditions were compared
(Table 1). In aerobiosis, specific consumptions (nmol µg−1 dry cell weight) of perchlorate (net of
chlorate accumulation) and nitrate were about 5 and 1.5 times, respectively, lower than that measured
under anoxic conditions. As expected, for facultative anaerobes [50], the growth was favored in the
presence of oxygen. The growth rates, comparable at the presence of either perchlorate or nitrate,
were respectively more than 2.4 and 1.9 times higher than the corresponding rates evaluated in
anaerobic conditions. Similarly, final biomass was approximately 1.7 times higher for cells grown both
in perchlorate and nitrate. By considering positive effects of oxygen on the growth, the decrease on
nitrate measured in one liter of medium was similar to that in anoxic conditions (about 9.7 mmol L−1),
while that of perchlorate was 1.2 times lower (5.6 vs. 6.9 mmol L−1), with a complete reduction to
chloride of about 2 mmol L−1 (net of chlorate accumulation). Under aerobic conditions, growth with
only acetate produced biomass comparable to that of samples grown in the presence of perchlorate
or nitrate; however, the growth rate was slightly higher, and the times to reach the stationary phase
were shorter.

3.5. Taxonomic Characterization of OGA 24

On the basis of the sequence of 16S rDNA strain, OGA 24 was previously identified as Azospira
genus [42]. Here, we further characterized this strain molecularly at species level through a
comparative analysis based on the sequences of 16S perchlorate reductase alpha subunit (pcrA),
chlorite dismutase (cld), and periplasmic nitrate reductase large subunit (napA) (GenBank numbers
GU294119, HQ697933 JF923467, and HQ840712, respectively). Blast search by the almost full-length
16S rDNA (1495 bp) confirmed that strain OGA 24 is a β-proteobacterium belonging to Azospira genus
(syn. Dechlorosoma) [15,16,51]. The closest relative was Dechlorosoma sp. PCC, 100% identity of 16S
rDNA (1511 bp, GenBank no. AY126453), while at species level the nearest strains were Azospira oryzae
6a3T (1436 bp, AF011347), Azospira oryzae PS (syn. Dechlorosoma suillum PS) (1532 bp, AF170348)
and Azospira oryzae GR-1 (1486 bp, AY277622), with 99.9%, 99.9%, and 99.7% of identity, respectively.
Comparison with Azospira restricta SUA2T, another characterized species included in this genus [52]
resulted in 96.5% of identity, below accepted molecular limits for species definition (≥97.5%) [53].
The phylogenetic analysis based on 16S rDNA clearly indicated the relationship of identified strain
with Rhodocyclaceae family of β-proteobacteria, placing strain OGA 24 within the group of oryzae species
(Figure 5), in accordance with phylogenetic characteristics reported by [51]. High value of bootstrap
also supported separation of OGA 24 strain from A. restricta species (Figure 5B).

Blast analysis of nearly full coding sequence (2364 bp) of alpha subunit of perchlorate reductase
indicated that the closest genes were those of Dechlorosoma sp. PCC (2206 bp, EU022027) and
Dechloromonas sp. PC1 (2206 bp, EU022026), both with 99% identity at DNA level and 99% of
identity at level of translate proteins. In addition to pcrA of Dechloromonas sp PC1, the closest
sequences of phylogenetically distinct Dechloromonas genus were molybdopterin oxidoreductase of
Dechloromonas aromatica RCB (2784 pb, YP285785.1) and alpha subunit of perchlorate reductase of
Dechloromonas agitata CKBT (full coding sequence of 2784 pb, AY180108), respectively, with DNA
sequences identity of 80% and 76% and of 91% and 82% at protein level (97% and 92% of homology).
The phylogenetic analysis of PcrA of the OGA 24 indicated a relationship with PcrA of Azospira genus
(Dechlorosoma sp. PCC); however, it did not show a distinct clustering in Azospira or Dechloromonas
genus (Figure 6A).

The closest sequences (846 bp) for chlorite dismutase were those of Azospira oryzae GR-1 (full coding
sequence of 849 bp, GU003876), Dechlorosoma sp. KJ (849 bp, EU571095) and Azospira oryzae PS
(849 pb, AY540960), respectively with 96%, 96%, and 95% identity at DNA level and 99%, 99%,
and 98% identity at protein level (99.3%, 99.3%, and 98.9% homology). The closest chlorite dismutase
sequences of Dechloromonas genus were those of Dechloromonas sp. MissR (849 bp, GU003878) and
Dechloromonas hortensis DSM 15637 strains (849 pb, EU436749), both with 92% identity at DNA level
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and 96% at protein level (98% homology). Phylogenetic analysis evidenced a distinct clusterization of
Cld enzyme of OGA 24 within Azospira oryzae group (Figure 6B).
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Figure 5. Phylogenetic analysis based on 16S rDNA sequences. Relationship of OGA 24 strain
with Rodociclacea family of β-Proteobacteria (A) and with Azopira oryzae species (B). For the analysis,
only nearly complete sequence (>1300 pb) were considered. In bold Azospira sp. OGA 24, in brackets
GenBank accession numbers of the sequences. In (B) asterisk indicate species not perchlorate reducing.
Wolinella succinogenes ATCC 29543 (ε-Proteobaterium) was introduced as an example of unrelated PRB
proteobacterium. Bootstrap values (expressed as percentages of 1000 replications) > 50 are shown at
branching points.
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PcrA (A) and Cld (B) of OGA 24 strain (bold) with correspondent amino acids sequences of related
Proteobacteria are indicated. In (B) both PRB and CRB (*) are reported. For the analysis, only coding
sequences present in database > 2000 bp and >800 bp for PcrA and Cld, respectively, were considered.
Bootstrap values (expressed as percentages of 1000 replications) > 50 are shown.

Finally, we extended blast analysis to partial coding region (526 pb) of periplasmic nitrate
reductase large subunit (GenBank no HQ840712). Among PRBs, the closest relatives were napA
genes of Azospira oryzae PS (HQ840711) and Dechloromonas aromatica RCB (CP000089), with identity at
DNA level of 98% and 79% and at protein level of 99% (100% homology) and 75% (89% homology),
respectively. The closest relative strains unable to respire perchlorate were Magnetospirillum magneticum
AMB-1 (AP007255) and Pseudomonas aeruginosa PA7 (CP000744). In these bacteria, the napA genes had a
greater identity than those of Dechloromonas aromatic RCB but a lower identity at peptide level, 82% and
80% at DNA level and 74% (85% homology) and 75% (84% homology) at peptide level, respectively.
The stronger relationship with the NapA of Azospira oryzae PS strain further confirmed the belonging
to the oryze species.

4. Discussion

4.1. Role of Oxygen on Perchlorate Respiration Pathway

Most of PRB are facultative anaerobes with few microaerophilic strains [20,54], and oxygen
is utilized preferentially with respect to perchlorate, due to higher released energy
(∆Go = −1844 kJ mol acetate−1) respect to dissimilation of perchlorate (∆Go = −801 kJ mol acetate−1).
Aerobic conditions inhibit the enzymes of perchlorate respiration, while anaerobiosis and perchlorate
(or chlorate) are both required for their activation [20,23,25,29,34,45]. These regulatory aspects have
been described in different PRB strains. For Azospira oryzae PS the dissolution of oxygen (2 mg L−1)
during anoxic growth caused inhibition of perchlorate consumption and reduction of chlorite dismutase
activity. In anaerobiosis Cld activity was only detected in the presence of perchlorate, and in aerobiosis
it was not inducible [34]. In Dechloromonas agitata CKB, the gene of alpha subunit of perchlorate
reductase was induced under anaerobic conditions in the presence of either chlorate or perchlorate,
while expression was completely inhibited by oxygen [27]. Cld enzyme was only expressed in
anaerobiosis in the presence of perchlorate [55]. Azospira sp. KJ, grown aerobically, when transferred
under perchlorate-reducing conditions entered in a lag periods of 2 days before the growth started



Water 2020, 12, 2220 13 of 18

again using perchlorate (0.3 days for chlorate), and in anaerobiosis, chlorite dismutase activity was
induced specifically by perchlorate and chlorate [33].

In this study, differently from previously well characterized PRB, we identified a strain that in
aerobiosis presents activated pathway of perchlorate respiration, as shown by mRNA analysis of the
genes pcrA and cld and by aerobic consumption of perchlorate and chlorate. The pathway is not
constitutive since in anaerobic conditions it is up regulated specifically by perchlorate, as evidenced
by expression of both pcrA and cld genes after the switching from aerobiosis to perchlorate-, but not
nitrate-, reducing conditions (Figures 1 and 3).

Aerobic perchlorate dissimilation has been reported for some strains isolated from soil
of South India and identified by 16S rDNA as belonging to genus Pseudomonas and to more
phylogenetically distant Gram positive Arthrobacter [56]. All strains are fermentative, incapable
of anaerobic respiration and do not have nitrate-reducing activity, showing metabolic characteristics
completely different from those of the PRB. Furthermore, perchlorate reductase so far characterized
are molybdenum-dependent [34,41], and the authors reported that in isolated strains perchlorate
consumption was a molybdenum-independent process, suggesting that different reductases
are involved.

4.2. Nitrate Reduction and Relationship with Perchlorate Pathway

Almost all described PRB can grow oxidizing acetate by a denitrification pathway [17,21,24,38],
and since the energy yield is comparable with respect to perchlorate dissimilation
(∆Go =−792 kJ mol acetate−1 and ∆Go =−801 kJ mol acetate−1, respectively) [57], nitrate and perchlorate
are potential competitors. Except few cases [26,58,59], an inhibitory effect of nitrate reduction on that of
perchlorate has been reported, but mechanisms of this regulation and molecular relationships between
the two pathways are still not well known. In this scenario, a further complication is given by the
ability of some (per)chlorate- and nitrate-reductases to recognize nitrate and perchlorate, as substrate
analogues [25,33,41]. D. agitata CKB [34], Wolinella succinogenes HAP-1 [35] and Perc1ace [40] can reduce
nitrate and perchlorate simultaneously, but only Perc1ace can develop with nitrate. The growing rate
of D. agitata at the contemporary presence of perchlorate and nitrate ions and the extent of perchlorate
utilization were slightly lower than those observed without nitrate and accumulation of nitrite in
medium was detected. The nitrite accumulation was ascribed to the ability of the perchlorate reductase
to recognize also nitrate as substrate [34,37]. Perchlorate reductase purified from Azospira oryzae GR-1
strain was also able to reduce nitrate [39]. Relevant inhibitory effects of nitrate dissimilation were
observed in the case of Dechlorospirillum anomalous JB116 [60] and Azospira aryzae PS. This latter can
grow with nitrate whereas, when both compounds are present, perchlorate utilization starts only after
the complete removal of nitrate [34,39]. In accordance, chlorite dismutase activity was not found
in the presence of nitrate. Several evidences have suggested for this strain two separate pathways
for perchlorate and nitrate respiration [34,37,39]. Distinct pathways were also described in Azospira
sp. KJ [33], Dechloromonas aromatica RCB, and Perc1ace. In the case of D. aromatica RCB, perchlorate
grown cells reduced both perchlorate and nitrate with nitrite accumulation, but nitrate grown cells
only reduced nitrate. In Perc1ace either nitrate or perchlorate stimulated reduction of both compounds,
and the presence of separate terminal reductases, each with both nitrate and perchlorate reduction
activity, was reported [40]. On the basis of these experimental observations, it is possible to affirm
that molecular relationship and co-regulation of nitrate and perchlorate respiration pathways are
highly variable and depending on the isolated bacterial species. The OGA 24 strain can grow in
the presence of nitrate as only electron acceptor, through denitrification mediated by periplasmic
nitrate reductase (Nap). Expression analysis of napA and pcrA genes in accordance to kinetic results
(Figure 1) indicated a separation of perchlorate and nitrate respiration pathways at least to level of
upstream reductases (Figure 3). The strain can reduce nitrate and perchlorate simultaneously, but the
extent and the rate of nitrate respiration are significantly decreased by equimolar levels of perchlorate,
while perchlorate consumption results unaffected by nitrate presence. Expression analysis displayed a
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similar trend, showing that inhibitory action of perchlorate is carried out transcriptionally by reducing
production of napA mRNA. A functionally active periplasmic nitrate reductase has also been described
for Azospira oryzae PS [39]; the partial sequence of the coding region of its napA gene (accession
number HQ840711) was deposited in GenBank of NCBI. Differently from OGA 24 in PS strain and
other described PRB, nitrate utilization is prevalent on that of perchlorate [20,34], indicating a different
regulation of Nap-dependent denitrification pathway and, consequently, a different application
potential [39]. Azospira sp. OGA 24, to our knowledge, is the first characterized environmental
perchlorate-reducing bacteria in which nitrate respiration pathway is down regulated by perchlorate
and not vice-versa.

The nitrate dissimilation pathway is inhibited by oxygen and activated by nitrate in anaerobic
conditions, both in nitrate and perchlorate respiring bacteria [33,39]. However, this behavior is
common for pathways that use membrane bound nitrate reductase (Nar) [61]. In a previous study
based on molecular analysis, we showed that OGA 24 lacks gene coding for catalityc α subunity
(NarG) of membrane bound nitrate reductase [42]; therefore, in this bacterium, the regulation of
denitrification is strictly dependent on Nap. With periplasmic nitrate reductase systems, more variable
regulation is possible [62,63]. Normally, Nap enzymes are not affected by oxygen, and some denitrifiers
perform aerobic denitrification coupling Nap to nitrite and N-oxide reductases [62–64]; moreover,
both nitrate-dependent and -independent expression of periplasmic nitrate reductase have been
observed [65–67]. In accordance to the presence of napA gene and with its expression, we found that
Azospira sp. OGA 24 is capable of aerobic denitrification, but as for perchlorate pathway, denitrification
pathway is not constitutive, and in anaerobiosis, it results strictly nitrate-dependent (Figure 3).

4.3. Chlorite Dismutase

Another regulatory aspect concerns the chlorite dismutase that in nitrate-reducing conditions and
without perchlorate was expressed at levels similar to those of aerobiosis (Figure 3). At this stage of
our study, we do not know if in nitrate-reducing conditions OGA 24 presents an active Cld or if further
regulatory processes take place after transcription; however, a variable regulation of chlorite dismutase
has been commonly reported for chlorate reducing bacteria (CRB) [26,33,34], and some evidence could
also exist for PRB [33]. This suggests that the chlorite dismutase may be involved in other functions of
energetic metabolism, and a role has been proposed in oxygen production for aerobic degradation of
different substrates in anaerobic conditions [68,69]. At support of alternative functions, a putative Cld
gene was identified in the genome of Magnetospirillum magnetotacticum, a not (per)chlorate growing
bacteria closely related to PRB Dechlorospirillum anomalous [70,71], and chlorite dismutase-like enzymes
were reported from other different not (per)chlorate respiring microorganisms [72,73].

4.4. Taxonomic Analysis

16S rRNA gene indicated a clusterization of strain OGA 24 in Azospira genus (99.7–100% identity),
among Azoarcus, Thauera and Rhodocyclus genera of Rhodociclaceae family as described for this bacterial
group [51] and in oryza species (99.7–99.9% identity with characterized species). These genetic
relationships were confirmed by analysis of chlorite dismutase (Cld), large subunit of periplasmic
nitrate reductase (NapA), and partially alpha subunit of perchlorate reductase (PcrA). Phylogenetic
analysis of Cld based on amino acid sequences was in accordance with 16S rRNA results, whereas for
PcrA, it indicated a relationship with Azospira genus, but it did not show a distinct clustering in this
taxon. This latter aspect was not in contrast with taxonomic results, as suggested by different studies
that hypothesize that the metabolic capability to grow by the dissimilation of perchlorate is the result
of a horizontal gene transfer [17,36,74]. Therefore, based on the molecular results and the high identity
value of the 16S rDNA, above the molecular limits accepted for the definition of the species [53],
we suggest that the Azospira OGA 24 strain should be included in the oryzae species.
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5. Conclusions

Environmental perchlorate-reducing bacteria have evolved various strategies to regulate
respiration of perchlorate and nitrate. In this study, we characterize a strain isolated from a highly
polluted river by enrichment method and report a different strategy than those described so far. Azospira
sp. OGA 24 has the unique feature to have a pathway of perchlorate not down-regulated by nitrate,
and it is able to respire perchlorate and nitrate also in aerobiosis. These aspects, together with the high
tolerance to perchlorate (up to 100 mM, both in anoxic and aerobic conditions), make it very attractive
in terms of potential applications in bioremediation programs, considering that nitrate is almost always
present in contaminated environments and at concentrations of several orders of magnitude compared
to that of perchlorate, and generally, it represents the main obstacle to biological decontamination.
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