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a b s t r a c t

Denitrifying bacteria in brackishwater shrimp culture pond sediments were isolated and characterized
from a total of eight samples. Out of the 264 isolates obtained, only 108 (40.96%) were positive for nitrate
reduction and only 14 (12.96%) were positive for both nitrate and nitrite reduction. These fourteen
isolates have been characterized based on complete reduction of nitrate to gas, presence of denitrifi-
cation genes (nirS, nirK and nosZ), reverse transcriptase PCR for nirS gene and quantification of nitrous
oxide after blocking the nitrous oxide reductase with acetylene. Out of the 14 isolates, nine were
identified as Marinobacter spp., and the others belonged to Shewanella sp., Aquamicrobium sp., Mar-
inimicrobium sp., Microbulbifer sp. and Janibacter sp. None of the denitrification genes could be detected
in two of the isolates (CDN1 and 12) that reduced both nitrate and nitrite. RT-PCR analysis of all the
Marinobacter isolates showed that nirS gene expression is better under anoxic than under oxic conditions
indicating their ability to adapt to varying dissolved oxygen concentration. Results revealed that all the
Marinobacter isolates are capable of denitrification under oxic, oxygen tolerant and anoxic conditions and
indicated that nirS gene containing bacteria of the order Alteromonadales are one of the predominant
denitrifying bacteria in brackishwater shrimp culture ponds of India. The study highlights the signifi-
cance of such brackishwater ecosystems as study sites for future investigations on distribution and di-
versity of denitrifying bacteria and their role in the nitrogen cycle.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Brackishwater aquaculture practices involve growing shrimp in
high densities using feeds rich in nitrogen. The biogeochemistry of
nitrogen in shrimp culture ponds is dominated by biological
transformations of organic and inorganic nitrogen (Hargreaves,
1998). Toxic forms of nitrogen viz. ammonia and nitrite are con-
verted to nitrate and nitrogen gas through nitrification and deni-
trification processes. Denitrification and anammox are the key
microbial processes responsible for the removal of fixed nitrogen
from wastewater through the production of dinitrogen (Castine
et al., 2012).

Denitrification is a respiratory process in which nitrate and ni-
trite are converted into gaseous nitrogen intermediates viz. nitric
oxide (NO), nitrous oxide (N2O) and finally nitrogen (N2) through

the action of series of enzymes viz. nitrate reductase (narG and
napA genes), nitrite reductase (nirS and nirK genes), nitric oxide
reductase (norB gene) and nitrous oxide reductase (nosZ gene)
(Philippot, 2002). Denitrification is said to be ubiquitous in most
aquatic sediments (Canfield et al., 2005) and is considered an
important process of ecological significance since it permanently
removes nitrogen from a system that would otherwise be available
for primary production. In aquaculture ponds, denitrification takes
place in the sediments, due to the presence of anoxic conditions
and through degradation of organic matter (Hargreaves, 1998;
Gross et al., 2000). Although denitrification has been intensively
studied at the process level, less is known on the microbial species
composition, distribution, and functional dynamics.

Denitrifying bacteria (DNB) are one of the important groups of
bacteria involved in the nitrogen (N) cycle. They are genetically and
metabolically diverse with members from almost all phylogenetic
groups (Zumft, 1992). Most denitrifiers are aerobic heterotrophic
organisms that are more frequent within a and ß subclasses of
Proteobacteria and Archaea with a large number from the genera
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Pseudomonas and Bacillus (Zumft, 1992, 1997). Though denitrifica-
tion is reported to be the dominant N2 production pathway through
isotope tracer studies in tropical aquaculture settlement ponds
(Castine et al., 2012), information on the group of bacteria involved
in denitrification in aquaculture ecosystem remains scanty
(Abraham et al., 2004). The fact that only a few studies (Song et al.,
2011; Cao et al., 2012) on denitrifying bacteria in shrimp culture
ponds have been carried out, emphasizes the need for more such
studies for better understanding of the bacterial communities
involved in denitrification. Hence the present study was conducted
to gain a better understanding of the heterotrophic bacterial
communities involved in denitrification in shrimp culture ponds.
We identified denitrifying bacteria based on their activity in vitro,
presence of denitrification genes, detection of nitrous oxide and 16S
rRNA gene sequence analysis.

2. Materials and methods

2.1. Sampling

Sediment samples (n ¼ 8) used for this study were collected
during August 2007eSeptember 2009 from brackishwater shrimp
culture ponds located in Tamil Nadu and Andhra Pradesh on the
East coast and Kerala and Gujarat on the west coast of India. Seven
of these farms practiced semi-intensive shrimp culture, while one
farm practiced traditional shrimp culture. The culture period in
these farms varied from 27 days to 110 days and the salinity ranged
from 20 to 25 ppt. Composite core samples of sediments was
collected using sterile PVC corers as described by Abraham et al.
(2004), in sterile sample containers and were transported to the
laboratory in ice box, refrigerated on arrival and processed within
24 h.

2.2. Isolation and characterization

Sediment samples from shrimp culture ponds were serially
diluted and plated on Nitrate agar medium (Himedia, India) sup-
plemented with 1.5% NaCl. They were then incubated at 32 �C for
24e48 h. Isolates were randomly selected, purified on nitrate agar
and tested for their ability to reduce nitrate and nitrite by inocu-
lating them in 10 ml of sterile nitrate broth (Himedia, India) and
BTB-free Giltay nitrite (GN) medium (Matsuzaka et al., 2003)
respectively. Both the media were supplemented with 1.5% NaCl

and final pH was set to 7.0 � 0.2. Cultures were incubated in a
shaker (120 rpm) at 32 �C for 3 days. Nitrate reduction was tested
by adding nitrite reagent (Nitrite Test kit 1.14658.0001, Merck,
Germany) to 5 ml of culture broth. Formation of red colour indi-
cated the presence of nitrite, the end product of nitrate reduction. If
no nitrite could be detected, the samples were tested for nitrate by
addition of zinc dust. Formation of red colour indicated that nitrate
is not reduced to nitrite. Isolates that were found positive for nitrate
and nitrite reduction were subjected to denitrification tests. Deni-
trification activity was tested as described by Matsuzaka et al.
(2003) using modified GN medium supplemented with 1.5% NaCl
and the final pH was adjusted to 7.0 � 0.2. Each isolate was inoc-
ulated into test tubes containing 10 ml of sterile modified GN
medium and an inverted Durham tube. Cultures were incubated in
a shaker (120 rpm) at 32 �C for 3 days. The ability to carry out
denitrification under oxygen tolerant condition was indicated by a
change in color of the GN medium from green to blue and the
formation of air bubble in the Durham tube.

Isolates that were found positive for both nitrate and nitrite
reduction were inoculated into sterile nitrate broth and BTB-free
GN medium in Schott bottles and incubated in an orbital shaker
(120 rpm) at 32 �C for 12 h. Log phase culture (1 ml, OD600nm ¼ 0.1)
of the respective isolates in marine broth (Himedia, India) was used
to inoculate each bottle. A volume of 5 ml of the culture broth from
both media was tested for nitrite using nitrite reagent. Dissolved
oxygen (DO) in the culture broth was monitored using a D.O probe
(Thermo, Singapore) during 0, 6 and 12 h. Optical density was
measured using a UVeVisible spectrophotometer (SmartSpec,
Biorad, USA).

2.3. Presence of denitrification genes

All the selected isolates were subjected to PCR for nitrite
reductase (nirS and nirK) and nitrous oxide reductase (nosZ) genes.
Isolates CDN1-14 were screened using primers nirS1F e nirS6R and
nirK1F - nirK5R (Table 2) for nirS and nirK genes respectively
(Braker et al., 1998) following touchdown PCR protocol as described
in Nogales et al. (2002). Isolates that were negative for nirS and nirK
genes were subjected to an additional round of screening using
primers cd3aF e R3cd and F1aCu e R3Cu (Table 2) as described by
Throback et al. (2004) and Hallin and Lindgren (1999) respectively.

nosZ gene was screened using three primer combinations viz.
Nos661F e Nos1773R, Nos661F e Nos1527R and Nos1527F e

Table 1
Denitrification properties of the isolates from shrimp culture pond sediments.

S.No Isolate
code

Sampling station Organism Aerobic Anaerobic Presence of
denitrification
genes

RT-PCR for nirS
gene

N2O conc. (ppm) at
24 h after blocking
with acetylene

NO3 red. NO2 red. Gas Pdn. NO3 red. NO2 red. Gas Pdn. nirS nirK nosZ Aerobic Anaerobic

1. CDN1 Mamallapuram,TN Aquamicrobium sp. þ þ � � � � � � � � � ND
2. CDN2 Marakanam,TN Marinobacter sp þ þ þ þ þ þ þ � þ þ þ 3.42 � 102

3. CDN3 Nellore, AP Marinobacter sp. þ þ þ þ þ þ þ � þ þ þ 7.78 � 101

4. CDN4 Bapatla, AP Marinobacter sp þ þ þ þ þ þ þ � þ þ þ 9.41 � 102

5. CDN5 Nagapattinam, TN Marinobacter sp. þ þ þ þ þ þ þ � þ þ þ 5.97 � 102

6. CDN6 Marakanam,TN Marinobacter sp. þ þ þ þ þ þ þ � þ þ þ 57.2 � 10�1

7. CDN7 Cuddalore, TN Marinobacter sp. þ þ þ þ þ þ þ � þ þ þ 91.7 � 10�1

8. CDN8 Cuddalore, TN Marinobacter sp. þ þ þ þ þ þ þ � þ þ þ 1.94 � 103

9. CDN9 Cochin, Kerala Marinimicrobium sp. þ þ � � � � � þ þ ND ND ND
10. CDN10 Valsad, GJ Marinobacter sp. þ þ þ þ þ þ þ � þ þ þ 4.22 � 102

11. CDN11 Valsad, GJ Marinobacter sp. þ þ þ � � � þ � þ þ þ 8.28 � 10�1

12. CDN12 Marakanam,TN Microbulbifer sp. þ þ � � � � � � � þ � ND
13. CDN13 Mamallapuram, TN Janibacter sp. þ þ � � � � � � þ ND ND ND
14. CDN14 Valsad, GJ Shewanella sp. þa � � þ þ þ þ � þ � þ 2.38 � 104

ND-not determined.
a Poor growth.
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Nos1773R (Table 2) as described by Scala and Kerkhof (1999) with
an initial denaturation at 94 �C for 5 min, followed by 35 cycles of
95 �C for 0.5 min, 56 �C for 1 min, 72 �C for 1.5 min and a final
extension at 72 �C for 10 min. Amplification was performed in an
iCycler (Bio-Rad, USA) using 25 ml 1 � Taq Master Mix Red
(Ampliqon, Denmark) containing 50 ng of each primer and 25e
50 ng of template. A 5-ml aliquot of each amplification product was
electrophoresed on a 1% agarose gel in 0.5X TBE buffer at 50 V for
45min, stained with ethidium bromide, and the PCR products were
visualized using gel documentation system (Bio-Rad, USA).

2.4. Reverse transcriptase (RT)-PCR for nirS gene

All the isolates were grown in test tubes containing 10 ml of
nitrate broth supplemented with 1.5% NaCl with inverted Durham
tubes. One set of the inoculated tubes was incubated in an orbital
shaker (120 rpm) (Gallenkamp, Germany) at 32 �C and the other set
was incubated under anaerobic conditions in a 3.5 L Anaerobic
System Mark III (Himedia, India). Anaerobic conditions were
maintained using Anaerogas Pack 3.5 L (Himedia, India) and
absence of oxygen was confirmed using the Anaero Indicator tab-
lets (Himedia, India). From these aerobic and anaerobic cultures,
1.0 ml was withdrawn at 12 and 24 h and total RNA was extracted
using Ez-10 Total RNA Minipreps Super kit (Biobasic, Canada) ac-
cording to the manufacturer’s instructions. The total RNA was
treated with DNAse I (NEB, USA) to remove DNA contamination and
purified by a phenol-chloroform extraction. The purified total RNA
aliquot was then subjected to PCR with primers nirS1F and nirS6R
using 1 � Taq Master Mix Red (without reverse transcriptase) to
check for DNA contamination. First strand cDNA was synthesized
using iScript cDNA synthesis kit (BIO-RAD, USA) using random
primers according to the manufacturer’s instructions. The first
strand cDNA thus synthesized, was used as the template for PCR
amplification of nirS gene using primers (Braker et al., 1998)
following touchdown PCR protocol as described in Nogales et al.
(2002).

2.5. Identification and phylogenetic analysis

All the isolates were subjected to 16S rRNA gene sequence
analysis for identification. Genomic DNA was extracted from 1 ml
of overnight culture in Zobell marine broth using DNA express kit
(Himedia, India) as per the manufacturer’s instructions. Nearly full
length sequences of 16S rRNA gene were amplified using universal

primers fD1 and rP2 (Weisburg et al., 1991) (Table 2). Amplifica-
tion was performed in 50 ml 1 � Taq Master Mix Red (Ampliqon,
Denmark) with 25e50 ng of template DNA, 50 ng of each of the
primers using an iCycler (BioRad, USA) with an initial denaturation
at 94 �C for 4 min followed by 30 cycles of 94 �C for 1 min, 57 �C
for 1 min, 72 �C for 1.5 min and a final extension at 72 �C for 7 min.
Amplified products were electrophoresed on a 1.5% agarose gel in
0.5 � TBE buffer at 50 V for 45 min, stained with ethidium bro-
mide and visualized using a Gel Documentation system (BioRad,
USA) and purified using HiYield PCR Clean-up kit (RBC, Taiwan)
and sequenced using automated DNA sequencer (1st Base,
Malaysia).

The 16S ribosomal RNA gene sequences of the isolates thus
obtained were checked for anomalies using Pintail program
(Ashelford et al., 2005). They were aligned using SILVA Incremental
Aligner (SINA version 1.2.11) (Pruesse et al., 2012) to the sequences
retrieved from the Ribosomal Database Project (Cole et al., 2009).
Phylogeny was inferred using neighbor-joining algorithm in the
MEGA5 software package (Tamura et al., 2011) with 1000 bootstrap
replications after complete deletion of gaps and missing data.

2.6. Nitrous oxide (N2O) measurements

All the isolates were inoculated into sterile 20ml glass vials with
10 ml of sterile nitrate broth containing 10 mM KNO3 (Himedia,
India) supplemented with 1.5% NaCl and 0.85% sodium citrate. The
vials were then closed with sterile butyl septum and sealed using
aluminium crimp. Headspace was flushed with high purity nitro-
gen for 3 min and replaced with acetylene to inhibit reduction of
N2O to dinitrogen as described by Falk et al. (2010). The vials were
incubated at 32 �C in an orbital shaker at 120 rpm for 24 h and
subjected to gas chromatography (7890A system, Agilent Tech-
nologies, USA) using head space analysis (G1888 network head-
space sampler, Agilent Technologies, Italy). N2O was separated
using 1/8 inch stainless steel HayeSep Q column (Agilent Technol-
ogies, USA) and detected by micro-electron capture detector
(m-ECD) using 5% methane in Argon as make up gas at a flow rate of
2 ml min�1. Column oven and m-ECD detector were maintained at
60 �C and 300 �C respectively. The calibration gas mixture of 1 ppm
N2O in nitrogen with analytical accuracy of �2%, traceable to NIST
weights were obtained from Agilent Technologies, USA and nitrous
oxide was quantified using gas standard analysis.

2.7. Nucleotide sequence accession numbers

The 16S rRNA gene sequences of isolates CDN1-CDN14 were
deposited in NCBI Genbank with the following accession numbers
HQ671195 e HQ671204, HQ693231 e HQ693234.

3. Results

3.1. Isolation and characterization of DNB

A total of 264 isolates were obtained from the 8 samples pro-
cessed. Out of these isolates, 108 (40.9%) were found positive for
nitrate reduction and only 14 (12.96%) were positive for both ni-
trate and nitrite reduction. These 14 isolates were subjected to
physiological and molecular characterization. All the 14 isolates
were characterized for denitrification properties (nitrate and nitrite
reduction to gas) under oxic and anoxic conditions and screened for
the presence of nirS, nirK and nosZ genes using PCR. Though all the
isolates (CDN1-14) were positive for both nitrate and nitrite
reduction, only 11 were (CDN2-8, 10, 11 and 14) positive for gas
production (air bubbles in Durham tube). While other isolates
produced gas under both oxic and anoxic conditions, CDN14 was

Table 2
Primers used for screening nirS, nirK, nosZ and 16S rRNA genes in this study.

Gene Primer Sequence (50_ to 30_) Reference

nirS nirS1F CCTAYTGGCCGCCRCART Braker et al. (1998)
nirS6R CGTTGAACTTRCCGGT
cd3aF GTS AAC GTS AAG GAR ACS GG Michotey et al. (2000)
R3cd GAS TTC GGR TGS GTC TTG A Throback et al. (2004)

nosZ Nos661F CGGCTGGGGGCTGACCAA Scala and Kerkhof (1999)
Nos1773R ATRTCGATCARCTGBTCGTT
Nos1527F CGCTGTTCHTCGACAGYCA
Nos1527R CTGRCTGTCGADGAACAG

nirK nirK1F GGMATGGTKCCSTGGCA Braker et al. (1998)
nirK5R GCCTCGATCAGRTTRTGG
F1aCu ATCATGGTSCTGCCGCG Hallin and Lindgren (1999)
R3Cu GCCTCGATCAGRTTGTGGTT

16S rRNA fD1 AGAGTTTGATCCTGGCTCA
(positions 7e26 in Escherichia
coli)

Weisburg et al., 1991

rP2 ACGGCTACCTTGTTACGACTT
(positions 1513e1494 in
Escherichia coli)
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found to produce gas only under anoxic conditions. In CDN2-8, 10,
11 and 14, no gas was observed in the initial experiments under
anoxic conditions, however inoculating the tubes with double the
size of the inoculum resulted in gas production. In isolates CDN2-8,
10 and 11, nitrate and nitrite reduction was comparatively more
rapid under oxic conditions than anoxic conditions except CDN14
that was found efficient only under anoxic conditions. In nitrate
broth, CDN14 exhibited slow growth under oxic conditions with
negligible nitrite production only inside the Durham tube indi-
cating preference for oxygen-limited conditions.

Isolates CDN2-8, 10 and 11, completely reduced nitrate to gas in
less than 12 h under oxic conditions and in 24 h under anoxic
conditions. CDN 14 took 24 h for complete reduction of nitrate to
gas under anoxic conditions. For all the Marinobacter isolates, DO
was found to decrease (7.5 mg L�l to almost 0 mg L�l) during
complete reduction of nitrate to gas in 12 h with concomitant in-
crease in the biomass (Fig. 1). Experiments in nitrate broth showed
that CDN2-8, 10, 11 and 14 are capable of complete reduction of
nitrate to gas but isolates CDN1, 9, 12 and 13 could only reduce
nitrate to nitrite but not gas. Further reduction of nitrite did not
occur even after 120 h of incubation but addition of C source (citrate
or pyruvate) resulted in complete reduction of nitrite in less than 3
days. Though all the 14 isolates reduced nitrate and nitrite, only
CDN2-8, 10 and 11 were positive for denitrification properties un-
der oxygen-tolerant conditions (i,e. media turned green to blue
with gas production in the Durham tube). CDN14 exhibited deni-
trification activity only under anoxic conditions. Isolates that
effected no change in the colour of the media even after 120 h of
incubation were considered negative for denitrification.

3.2. Presence of denitrification genes and RT-PCR for nirS gene

PCR analysis (Table 1) showed that nirS gene could be detected
in all the isolates except CDN1, 9, 12 and 13. Of all the isolates, only
CDN9 was found to possess nirK gene. All the isolates were positive
for nosZ gene, except CDN1 and 12. Though the isolates CDN1 and
12 were found to reduce both nitrate and nitrite, none of the
denitrification genes (nirS, nirK and nosZ) could be detected even

after screening with additional primer combinations. Isolates that
were positive for nirS gene were subjected to reverse transcriptase
PCR to check nirS gene expression. Isolates CDN2-8, 10 and 11 were
found positive for nirS gene expression (Fig. 2) under both oxic and
anoxic conditions except CDN14 that was found to express nirS
gene only under anoxic conditions.

3.3. Identification and phylogenetic analysis

Isolates CDN1-CDN14 were identified based on the similarity of
the 16S rRNA gene sequences. Out of the 14 isolates, 10 (CDN2-8, 10
and 11) were identified as Marinobacter spp. with 97e99% simi-
larity to the sequences available in the NCBI database. Isolates
CDN1, 9, 12 and 13 were identified as Aquamicrobium sp., Mar-
inimicrobium sp., Janibacter sp. and Shewanella sp. respectively. The
16S rRNA gene sequence based phylogenetic tree (Fig. 3) con-
structed with other validly described denitrifying and nitrate
reducing bacteria formed 6 distinct clusters comprising Mar-
inobacter spp., Microbulbifer spp., Shewanella spp., Marinimicrobium
spp., Aquamicrobium spp., and Janibacter spp.. The tree showed that
all the isolates belonged to the phyla Proteobacteria except Jan-
ibacter sp. that belonged to the phylum Actinobacteria. While all
the otherMarinobacter isolates formed a monophyletic cluster with
Marinobacter hydrocarbonoclasticus (T), CDN11 formed a similar
cluster with Marinobacter lipolyticus (T). Also the tree showed that
CDN 12 (Microbulbifer sp.) formed a separate lineage within the
Microbulbifer group. All other isolates CDN1, 9, 13 and 14 formed
monophyletic clusters with their respective type strains.

3.4. N2O measurements

All the Marinobacter isolates were subjected to N2O measure-
ments after blocking nitrous oxide reductase with acetylene to
confirm denitrification (Table 1). N2O produced by the isolates
ranged between 8.28 � 10�1 to 2.38 � 104 ppm. While a few of the
isolates produced higher amounts of N2O, five isolates produced
lower amount of N2O between 8.28 � 10�1 and 7.78 � 101 ppm.

Fig. 1. Biomass and dissolved oxygen levels in broth culture of Marinobacter isolates during denitrification. Dissolved oxygen levels (Left axis) and biomass (Optical density units-
Right axis) during denitrification under oxic conditions (shake culture) by Marinobacter spp. Data shown is an average of experiments conducted in triplicates.
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Author's personal copy

4. Discussion

With nitrite reduction being considered the key step in deni-
trification to distinguish true denitrifiers from nitrate reducers
(Braker et al., 2012), only 12.96% of the isolates from this studywere
found to reduce both nitrate and nitrite. Out of the 14 DNB isolated
and characterized for denitrification properties from brackishwater
shrimp culture ponds, 9 isolates with considerable difference in
their ability to denitrify were identified asMarinobacter spp.. While
most of the isolates belonged to the order Alteromonadales, a few
belonged to the order Rhizobiales and Actinomycetales. It should be
noted that members of the family Alteromonadaceae and other
Alteromonas-like Proteobacteria usually do not denitrify (Ivanova
et al., 2004) except a few (Jean et al., 2006; Lin and Shieh, 2006).
While Marinobacter spp. isolated from different ecosystems are
reported to carry out denitrification (Gauthier et al., 1992;
Gorshkova et al., 2003; Shivaji et al., 2005; Yoshie et al., 2006)
some are reported to degrade hydrocarbons under denitrifying
conditions (Gauthier et al., 1992; Lu et al., 2011). Though the
occurrence ofMarinobacter hydrocarbonoclasticus in shrimp culture
ponds has been reported using a culture independent approach
(Krishnani, 2010) based on the nosZ gene sequence similarity, ef-
forts to isolate and characterize such denitrifying bacteria remains
limited. Our study provides the proof of experimental verification
of denitrification in Marinobacter spp..

In the pond environment, dissolved oxygen level in pond water
is one of the most important limiting factors for shrimp growth and
survival. In semi-intensive shrimp culture ponds, shrimps account
for 10e15% (w 0.01e0.16 mg O2 L�1 h�1) of the total pond respi-
ration (Fast and Boyd, 1992), with the bacterial decomposition of
organic matter, consuming significant part of the dissolved oxygen
(Avnimelech and Ritvo, 2003), phytoplanktons were also

considered a major consumer of DO in ponds (Garcia and Brune,
1991). Such conditions favour denitrification that offers a unique
advantage over nitrification in that it can completely remove ni-
trogen from the system.

In our experiments with Marinobacter spp. under oxic condi-
tions, the bacterial biomass was found to increase creating oxygen-
limited conditions thereby inducing denitrification. However,
higher biomass was recorded under oxic than anoxic conditions
(Fig. 1) owing to the fact that aerobic respiration is a high energy
yielding process. Being a complete denitrifier and facultative
aerobe (Sanford et al., 2012), Marinobacter isolates from this study
were found to exhibit denitrification properties under oxic, anoxic
and oxygen tolerant conditions. Though, RT-PCR revealed that nirS
gene expression is better under anoxic than under oxic conditions,
it indicated that they are highly adaptable to varying dissolved
oxygen concentration. Under such conditions, use of Marinobacter
for pond water quality management would be an advantage over
other bacteria for active cycling of nitrate and nitrite through
denitrification. Such isolates could also be exploited for formulation
of microbial products or can be used in biofilters for in situ or ex situ
water quality management in hatchery and pond environment.

Rapid denitrification in Marinobacter isolates were observed as
indicated by nitrous oxide buildup in the headspace in 24 h
compared to the longer incubation period (48 h) required for She-
wanella sp. In isolates CDN1, 9,12 and 13, experiments conducted in
nitrate broth supplemented with citrate or pyruvate showed that
complete reduction of nitrate occurred in less than 3 days. Also in
these isolates, nitrite reduction was found to be affected in the
absence of carbon source but not by the availability of oxygen
showing that they are capable of denitrification under oxygen
tolerant conditions. The requirement of carbon source for isolates
CDN1, 9, 12 and 13 to reduce nitrite to gas suggests that these

Fig. 2. Reverse transcriptase PCR for nirS gene. Fig. 2a nirS gene expression under oxic conditions. Fig. 2b nirS gene expression under anoxic conditions M-100 bp DNA ladder N-
negative control Isolates CDN2-8, 10, 11 expressed nirS gene under oxic and anoxic conditions CDN14 expressed nirS gene only under anoxic conditions.
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isolates could probably be mixotrophs. Though stoichiometric
conversion of NO3

- or NO2
- to N2O and N2 could not be established,

the isolates CDN2-8, 10, 11 and 14 characterized for their denitri-
fication properties met the criteria for respiratory denitrifiers
proposed by Mahne and Tiedje (1995).

Isolate CDN 14 identified as Shewanella sp. was found capable of
denitrification under anoxic conditions and nitrate reduction under
oxic conditions similar to the respiratory denitrifier Shewanella

putrefaciens (Krause and Nealson, 1997). Shewanella spp. is a com-
plete denitrifier (Sanford et al., 2012) and several strains of She-
wanella viz. Shewanella denitrificans, Shewanella sediminis and
Shewanella decolorationis are capable of denitrification (Brettar
et al., 2001, 2002; Xu et al., 2005; Zhao et al., 2005). So far Aqua-
microbium sp.,Marinimicrobium sp.,Microbulbifer sp. and Janibacter
sp. identified in the present study have not been reported to reduce
both nitrate and nitrite.

Fig. 3. Phylogenetic tree of denitrifying bacteria from shrimp culture ponds.
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While most of the Microbulbifer strains are reported to reduce
nitrate (Wang et al., 2009; Zhang et al., 2012) and a few can degrade
phenol under denitrifying conditions (Sueoka et al., 2009) but the
isolate CDN12 was found to reduce both nitrate and nitrite though
it was found negative for nirS and nosZ genes. Phylogenetic analysis
suggests that the isolate CDN12 could probably form a novel spe-
cies within the genus Microbulbifer.

Though Pseudomonas species has been widely reported to carry
out denitrification under oxic conditions (Su et al., 2001; Takaya
et al., 2003; Chen et al., 2006; Kim et al., 2008; Miyahara et al.,
2010), none of the isolates recovered in this study belonged to
the genus Pseudomonas supporting previous reports that Pseudo-
monads does not seem to be an important group in pelagic marine
environment (Fuhrman et al., 1993; Giovannoni and Rappe, 2000;
Brettar et al., 2001). Also, this could be possible that the media
employed in this study may not be suitable for isolation of deni-
trifying bacteria from diverse phyla and hence it is not surprising
thatmany isolates ofMarinobacter species were obtained. However,
analysis of three heterotrophic nitrifying isolates of Pseudomonas
spp. that were isolated from shrimp culture ponds and maintained
in our laboratory revealed that they all harbored nirS and nosZ
genes but no gas production could be observed (data not shown).
Though the commonly reported denitrifiers could not be isolated in
this study, the methodology employed in this study was found
suitable for isolating aerobic and oxygen-tolerant denitrifying
bacteria.

Isolates that were found positive for both nitrate and nitrite
reduction with gas production in Durham tubes possessed nirS and
nosZ genes and have been confirmed as denitrifiers based on RT-
PCR for nirS gene and acetylene blocking assay. This indicates that
these tests can be used to select presumptive denitrifying isolates
for further study. Despite being positive for nitrate and nitrite
reduction, none of the denitrification genes could be detected in
CDN 1, indicating that it may possess genes that even the
commonly used primers could not detect (Throback et al., 2004;
Henry et al., 2006). Also, the isolate (CDN9) that was found to
possess a nirK type nitrite reductase gene is from a traditional
shrimp culture pond that unlike other intensive culture ponds did
not receive any commercial microbial formulations for enhancing
water quality. More studies focused on traditional shrimp culture
ponds would reveal the autochthonous micro flora that are
involved in denitrification.

Commercially available microbial products for water quality
management in shrimp culture ponds are mainly composed of
organic matter degrading bacteria and nitrifying bacteria (Antony
and Philip, 2006) and less attention is given for the use of deni-
trifying bacteria. It should be noted that the microbial cultures used
in marine denitrification reactors are commonly derived and
adapted from freshwater-activated sludge (Borges et al., 2008).
Hence, further studies in this regard may offer efficient indigenous
strains for use in brackishwater aquaculture systems.

In conclusion, we provide the first report on the isolation and
thorough characterization of denitrifying bacteria from shrimp
culture pond sediments. The genotypic characteristics of some of
the denitrifying isolates recovered in the present study show that
there exist a diverse group of heterotrophic bacteria with genes yet
to be characterized, that are involved in denitrification. Moreover
studies on the diversity and physiology of such denitrifying bacteria
may lead to identification of novel bacteria and help in under-
standing the ecological significance of denitrifying bacteria in
shrimp culture pond sediments. Our results demonstrate the ability
of the Marinobacter isolates to carry out denitrification under oxic,
oxygen tolerant and anoxic conditions. Most of the denitrifying
isolates harbored nirS gene and belonged to the order Alter-
omonadales. The study has showed that simple experiments can be

used to check denitrification properties along with RT-PCR to
confirm nirS gene expression. Though the observed diversity in this
study might be an underestimate of the existing denitrifier com-
munities, large scale analysis of such ecosystems would help
resolve the same. Without characterizing the distribution and
abundance of these isolates, their role in ecosystem functioning
remains unknown and hence future research through application
of culture-independent molecular techniques will focus on finding
their in situ importance and whether they really represent the
denitrifying members in shrimp culture ponds.
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