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ABSTRACT

We attempted to recover organisms capable of
respiratory nitrous oxide reduction with acetate
as an electron donor from a variety of coastal
marine sediments from Lavaca Bay area, Texas
by use of liquid enrichment cultures. Putative
positive cultures were analyzed by amplifying
eubacterial and archaeal 16S rRNA gene frag-
ments and analyzing their diversity by separat-
ing them by a denaturing gradient gel electro-
phoresis (DGGE). No Archaea was detected in
our enrichments; however, positive enrichments
from coastal salt marsh indicated the presence
of putative nitrous oxide reducing bacteria.
DGGE patterns of the amplified DNA were simi-
lar between enrichments, with ca. 7 obvious
bands. The dominant bands were tentatively
identified as members of the Gammaproteo-
bacteria class, closely related to various deni-
trifying pseudomonads. Our results indicate that
coastal marine environments may sustain a ni-
trous oxide reducing community, although ni-
trous oxide reduction is probably an opportun-
istic form of metabolism in that environment.

Keywords: Nitrous Oxide Reduction; Salt Marsh;
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1. INTRODUCTION

Nitrous oxide (N,O) is a trace gas primarily of bio-
logical origin [1,2]. Nitrous oxide present in the at-
mosphere has been implicated in global warming [3,4]
and ozone layer destruction [5]. The concentration of
nitrous oxide in the atmosphere has been increasing over
the last few decades [3,6].

In biological systems, nitrous oxide is produced as an
obligate intermediate in denitrification [7-9], being re-
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duced to N, by the action of Nos nitrous oxide reductase
[10] in the final step of the same pathway [11].

Several processes can result in nitrous oxide release.
Nos reductase is readily inhibited by hydrogen sulfide
nearly omnipresent in suboxic marine environments [12].
A degree of transcriptional regulation of nitrous oxide
reduction, similar to that described by Korner and Zumft
[13] can be expected. Studies in culture have discovered
a microbial genus (Ottowia) producing N,O as the sole
end product of denitrification [14].

Suppression of nitrous oxide reductase activity by any
mechanism results in release of nitrous oxide into the en-
vironment [15]. Once released, extracellular N,O could
be used in energy metabolism; e.g., appreciable amount
of energy could be extracted from organic matter by
Pseudomonas [16] with N,O as an electron acceptor.

Consumption of nitrous oxide by microbes has been
described in a variety of natural systems under artificial
conditions, with N,O gas phase concentration far in ex-
cess of atmospheric values [17-20]. Data of Nagqvi et al.
[21] indicate that N,O consumption may also occur in
ocean water where high concentrations (up to several
hundreds nmol per L) of this compound are found. None
of those studies attempted to identify the organisms re-
sponsible for that phenomenon, enzymes involved or the
specific pathway through which consumption occurs.

Several assumptions about nitrous oxide utilization
could be made based on the nature of the compound.
Under certain conditions, environmental N,O could pro-
vide energy as an electron acceptor [16] in a process
identical to the final step of denitrification. Conrad [22]
as well as Bliecher-Mathiesen and Hoffman [23] suggest
that denitrifying bacteria may be the only biological sink
for nitrous oxide. As redox potential of N,O is lower than
that of either oxygen or nitrate, this process will be ex-
pected to occur in the absence of those compounds ac-
cording to the general scheme of electron acceptor utili-
zation [24]. Lower redox potential of N,O compared to
oxygen also allows a possibility of nitrous oxide utilized
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as an electron donor, producing nitric oxide, nitrite or
nitrate via dissimilatory oxidation, a possibility not con-
sidered in the proposed study.

Although various hypotheses could be proposed,
metabolic pathways for, and organisms involved in ni-
trous oxide consumption remain unknown. Contrary to
suggestions of Conrad [22] and Bliecher-Mathiesen and
Hoffman [23], oxidation of hydrogen sulfide with simul-
taneous reduction of nitrous oxide by thiobacilli [25] or
hydrogen oxidation with concomitant nitrous oxide re-
duction described by Bock et al. [26] show that nitrous
oxide fate in the environment is more complex than can
be inferred from our current state of knowledge of nitro-
gen cycle.

2. MATERIALS AND METHODS

Sediment and water samples were collected from a
freshwater bayou, a salt marsh and a bay in the general
vicinity of Lavaca Bay on Texas Gulf Coast. The silty
sediment was sieved to remove large particles and mixed
with site water to produce slurry. Ten milliliters of the
slurry were placed into a 100 mL serum bottles (Wheaton)
and bottle headspace was flushed for 5 minutes with
high-purity nitrogen gas. The bottle was then crimp-seal-
ed with a gas-tight stopper. Negative controls received no
additional treatment; experimental bottles were addition-
ally flushed with nitrous oxide for 1 minute by means of
a needle through the stopper. Experimental bottles were
re-flushed with nitrous oxide weekly to replace gas con-
sumed.

Enrichment cultures were produced by transferring of
0.1 mL on the slurry from bottles exposed to nitrous ox-
ide for 3 weeks into 20 mL of mineral medium contain-
ing 10 mM HEPES buffer (pH 7.5), 0.05 g/L NaHPO,,
0.05 g/L NH4CI, 1x vitamins for basal medium (MP
Biomedicals, LLC) and 1x trace elements B (Mediatech,
Inc.) in 100 mL serum bottle, with sodium sulfate to

match expected in situ salinity (approx. 5, 16 and 22 ppt).

Potassium acetate was added as an electron donor to the
final concentration of 10 mM. Medium was placed into a
serum bottle, bubbled with high purity nitrogen for 5
minutes, sealed, and flushed with nitrous oxide. The cul-
ture was re-flushed with nitrous oxide after one week and
after 2 weeks of incubation 1 mL of culture was trans-
ferred to a fresh medium. Such transfer was repeated
twice before the analysis. Negative controls were set up
identically, with exception of nitrous oxide flush.

PCR mixture contained 10 pL 10x PerfectTaq buffer,
20 pL 5P solution, 0.2 puL each of 200 uM forward and
reverse primer solutions (Operon Technologies), 2 puL of
20 mM dNTP solution (Fisher Scientific), 2.5 units Per-
fectTaq polymerase, and PCR-grade water (Fisher Scien-
tific) to a total of 100 puL. All chemicals, unless otherwise
noted, were supplied as a part of the PerfectTaq kit from

Copyright © 2013 SciRes.

5 Prime, Inc. Ca. 400 bp 16S rRNA gene fragment was
amplified with primers EUB 1933 and EUB r1387 [27].
Primers A348Kf (identical to A348If, except that inositol
was replaced with an equimolar G and T base mixture)
and Arch915R [28] were used for archaeal 16S rRNA
gene amplification attempt. A GC-tail [29] was added to
the 5' end of forward primers for DGGE analysis.

No DNA extraction was performed; culture was used
directly as a template by adding 1 pL of culture to 100
puL of the PCR mix. Reaction mixes were cycled in a
heatedlid Eppendorf Mastercycler as follows: initial
melting at 94°C for 5 minutes, followed by 35 cycles of
melting at 96°C for 30 seconds, annealing at 60°C for 30
seconds and extension for 2 minutes at 72°C. The cycling
was followed by a final extension step of 5 minutes at
72°C. The PerfectTaq system allowed the use of the same
annealing temperature for all of the primer sets.

DGGE gel was loaded with 12 uL of the PCR product
and run was performed in a 20% - 60% gradient [29] at
120 volts for 4 hours. Gels were recovered, stained with
1 mg-L™" ethidium bromide and photographed under UV
illumination.

Prominent bands were recovered from the DGGE gel
by coring, reamplified with the same primers (minus GC
tails) and sent out for sequencing to Sequetech, Inc,
(Mountain View, CA) with the same primers. Resulting.
abl files were reviewed by use of TraceEdit 1.1 software
and trimmed to remove poorly resolved ends. Sequenc-
ing reaction was run multiple times forward and reverse
and ambiguous bases called according to majority rule.
GenBank database was searched for relatives of assem-
bled sequences by use of BLAST [30]. Sequences were
aligned using the CLUSTAL W algorithm implemented
in MEGAS [31] and used to generate a UPGMA tree [32].
The evolutionary distances were computed using the
Maximum Composite Likelihood method according to
the Tamura-Nei model [33]. Sequences from this study
were deposited into the GenBank database with acces-
sion numbers KF031269-KF031277.

3. RESULTS AND DISCUSSION

After approx. 2 weeks, several of the cultures inocu-
lated with nitrous oxide exposed sediment samples from
the salt marsh developed turbidity; no such turbidity was
observed in uninoculated controls (not shown). Visible
turbidity developed consistently at 12 - 14 days in the
subsequent transfers. Both freshwater and bay enrich-
ments failed to produce growth signs and were discarded
from further analysis. Lack of sulfate reduction, detected
by the lack of characteristic sulfide smell was taken as a
sign that sulfate was not utilized as an electron acceptor.

All growth-positive enrichments (identified visually by
their turbidity) yielded appropriately sized amplicons
when amplified with bacteria-specific primers. Amplifi-
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cation of archaeal 16S rRNA gene produced no signal in
any of the samples. DGGE separation of the amplicons
produced fundamentally similar patterns, with small
variations sample to sample (Figure 1). A total of 9 bands
marked with numbers were successfully recovered from
the DGGE gel (Figure 1). All of the organisms identified
from the DNA sequencing were closely related to each
other and to the known pseudomonads, falling within the
Gammaproteobacteria class.

An UPGMA tree of the recovered sequences is pre-
sented in Figure 2. Sequences designated DGGE-Ni-
trous-01 (KF031269) and DGGE-Nitrous-03 (KF031271)
were indistinguishable from each other and 99% identical
to phthalate esther degrading Pseudomonas sp. p6-4 + 2
(EF066358). Curiously, Pseudomonas sp. p6-4 + 2 was
also 99% identical to sequence DGGE-Nitrous-04
(KF031272) (Figure 2) and similar to clone DGGE-Ni-
trous-07 (KF031275). Those clones formed a sister clade
to oilfield-associated pseudomonads GE7GXPUO1-
AOUFH (HM974652) and GE7GXPUO1B8OHF (HM-
972903) and clone FSOHPNUO7H3W8N (HQ091939)

Enrichment 1 Enrichment 2

Figure 1. Community structure of nitrous oxide enrichments.
Band numbers correspond to clone numbers in Figure 2.

23 [~ DGGE-Nitrous-04 (KF031272)
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DGGE-Nitrous-01 (KF031269)
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Figure 2. UPGMA phylogenetic tree of enrichment-recovered
organisms.
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from oil sands tailing ponds [34]. Clone DGGE-Nitrous-
08 (KF031276) was closely related to airborne clone
NYS000523 (JX394729) from New York City subway,
with which it formed a sister clade to clone 1026B02
(HM641515) associated with nitrate-dependent pyrite
oxidation. Sequences DGGE-Nitrous-05 (KF031273) and
DGGE-Nitrous-10 (KF031277) formed their own unique
clade. Clone DGGE-Nitrous-06 (KF031274) was similar
to sequence HM179547 of Pseudomonas sp. SG-14. Se-
quence DGGE-Nitrous-02 (KF031270) was 95% identi-
cal to clone G-80 from a petroleum reservoir [35].

Incomplete denitrification to nitrous oxide has been
observed under a variety of circumstances. Generally, this
process may occur when nitrous oxide reductase is inhib-
ited by hydrogen sulfide [12] or when organic matter is
present in stoichiometric excess to nitrate [16]; some or-
ganisms produce nitrous oxide constitutively. Based on
our results, saltwater marsh has the right combination of
factors for nitrous oxide production and concomitant
consumption.

The organisms recovered in our enrichments fell square-
ly among Gammaproteobacteria, while being closely
related to various pseudomonads. Members of this group
of organisms are known to be capable of complete deni-
trification of nitrate to dinitrogen. As nitrous oxide is ob-
ligately produced and consumed in this process, it is not
surprising that this gas can enter the metabolism of deni-
trifying bacteria at an intermediate point.

The fact that the organisms recovered are closely re-
lated to the ones capable of complete denitrification path-
way raises an interesting question: are the organisms re-
sponsible for nitrous oxide consumption capable of con-
suming this compound constitutively, or are we dealing
with opportunistic organisms taking advantage of electron
acceptors as they become available? This question is be-
yond the scope of this paper and will be addressed in the
future studies.

4. CONCLUSION

Our investigation of a denitrifying microbial commu-
nity by a combination of culturing and molecular ap-
proaches demonstrated the presence of organisms capa-
ble of nitrous oxide reduction with acetate as an electron
donor, either constitutively or opportunistically. Those
organisms belong to the class Gammaproteobacteria, are
closely related to pseudomonads from various environ-
ments potentially capable of denitrification and found
under a specific set of environmental conditions. Overall,
our results support conclusions by Koike and Hattori [16]
that Pseudomonas-like organisms are capable of con-
suming nitrous oxide as a part of their energy metabo-
lism and those by LaMontagne et al., Mengis et al., Mei
et al., and Schuster and Conrad [17-20] that those organ-
isms could be ubiquitous in the environment. Our results
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agree well with those by Conrad [22] as well as Blie-
cher-Mathiesen and Hoffman [23], who suggested that
the organisms responsible for nitrous oxide consumption
are likely to be the ones capable of denitrification.
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