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ABSTRACT

Denitrification, anammox (Anx) and di-nitrogen fixation were examined in two mangrove ecosystems- the
anthropogenically influenced Divar and the relatively pristine Tuvem. Stratified sampling at 2 cm increments
from 0-10 cm depth revealed denitrification as the main process of N, production in mangrove sediments. At
Divar, denitrification was ~3 times higher than at Tuvem with maximum activity of 224.51+6.63 nmol N, g h™!
at 0-2 cm. Denitrifying genes (n0sZ) numbered up to 2x10” copies g ' sediment and belonged to uncultured
microorganisms clustering within Proteobacteria. Anammox was more prominent at deeper depths (8-10 cm)
mainly in Divar with highest activity of 101.15+87.73 nmol N, g"' h™ which was 5 times higher than at Tuvem.
Di-nitrogen fixation was detected only at Tuvem with a maximum of 12.47+8.36 nmol N, ¢! h™". Thus, in these
estuarine habitats prone to high nutrient input, N,-fixation is minimal and denitrification rather than Anx serves as

an important mechanism for counteracting N loading.
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1. Introduction

Mangroves constitute nearly 75% of tidal vegetation in tropical regions (Alongi et al., 1989). They
protect the coast from tidal erosion, storm surges and trap sediment for land accretion (Pernetta, 1995).
Their proximity to human inhabitation, aquaculture farms, waste discharge from industrial units,
domestic sewage discharge-points, etc. makes them vulnerable to high nutrient inputs. Nitrogen is the
critical limiting factor for primary production in some coastal systems (Howarth and Marino, 2006). The
nitrogen cycle within mangrove forests is mediated pre-dominantly by microbial rather than chemical
processes (Alongi et al., 1992). High litter fall, its degradation and re-mineralization is one of the factors
contributing to high nitrogen concentrations (Ramos E Silva et al., 2007) in mangrove sediments.
Benthic re-mineralisation is an important pathway in shallow ecosystems (Nixon, 1981; Zeitzschel,
1980) such as mangroves. The recycled N released from the sediment can substantially contribute to the
nitrogen requirement of benthic and pelagic phytoplankton (Nixon, 1981) in mangroves and coastal
waters. Thus, mangroves play an important role in the biogeochemical cycles of coastal ecosystems

(Thorsten and José, 2001).

Microbial processes can transform N from these ecosystems by controlling its availability and
fluxes. Di-nitrogen fixation and denitrification are two processes which are well-known to play a major
role in the nitrogen balance in coastal marine sediments. Di-nitrogen fixation which is performed by
some prokaryotes (diazotrophs) is a source of ammonium and may alleviate the N-limitation in some
ecosystem (Vitousek and Howarth, 1991). Denitrification is mediated by heterotrophic anaerobic
facultative bacteria which can use nitrate or nitrite as a terminal electron acceptor for respiration and

reduce it to N,O or N, (Desnues et al., 2007).

In marine ecosystems, a variety of taxonomically unrelated bacterial groups are capable of
denitrification. Of these, 96% of cultured denitrifiers belong to the gamma Proteobacteria (Brettar et al.,
2001). Culture-independent approaches have been employed to probe the diversity of denitrifying genes
like narG, nirK, nirS, norB, norC and nosZ (Ward, 1995; Braker et al., 2000, 2001; Prieme et al., 2002;
Liu et al., 2003; Jayakumar et al., 2004; Ward, 2005; Desnues et al., 2007). The nosZ gene encoding for
nitrous oxide (N,O) reductase, an enzyme catalyzing the final step of denitrification is largely unique to
denitrifying bacteria (Scala and Kerkhof, 1999). It represents the process leading to the loss of

biologically available nitrogen from the sediment (Mills et al., 2008) and has been used for determining



the diversity of denitrifiers (Horn et al., 2006). In the present study, the approach of enumerating the
abundance and diversity of Nn0sZ genes has been attempted with a view to understand their distribution

and community composition in the mangrove sediments of Goa.

Recently, anaerobic ammonium oxidation (anammox) has gained importance in the marine
nitrogen cycle (Devol, 2003; Dalsgaard et al., 2005; Nakajima et al., 2008). Anammox (Anx) is a
process in which NH," is oxidized to N, at the expense of NO, (Meyer et al., 2005). The NO, could be
produced by either heterotrophic NO;™ reduction (Dalsgaard et al., 2003) or nitrification by aerobic
ammonium oxidation (Francis et al., 2005). In mangrove systems, ~55% of the N loss (as NO, N,O or
Ny) is known to occur through denitrification (Chiu et al., 2004). However, Anx can account for up to
67% N removal (Thamdrup and Dalsgaard, 2002) in marine sediments by shunting nitrogen directly
from NH;" and NO, under anaerobic conditions. In organically rich estuarine sediments, Anx has been
shown to be significant under low concentrations of NO,  (Trimmer et al., 2003). Mangrove sediments
could potentially present such characteristics since they are largely anaerobic and nitrate/nitrite
availability is the factor controlling denitrification rates (Seitzinger, 1990). Besides, bioturbating fauna
residing in the sediments can greatly influence the availability of inorganic N compounds in the benthic
environment. Nitrate/nitrite can either be generated through intrinsic nitrification (Nielsen, 1992; Lohse
et al., 1993), supplied extraneously through runoff from land (Naqvi et al., 2000) or through tidal
pumping (Ji et al., 2008). Although denitrification could play a significant role in sediment ecology by
mitigating excess nitrate from the system, we cannot exclude that the total N, production in mangrove

ecosystems could be a result of the co-occurrence of Anx and denitrification.

This study is specifically aimed to (i) to assess the major pathway for N, production viz.,
denitrification and anammox in two mangrove ecosystems- the anthropogenically influenced Divar and
the relatively pristine Tuvem (ii) to quantify the extent of N,-fixation activity in mangrove sediments
(ii1) to examine the down-core variation in denitrifier assemblage and their community composition at a

molecular level in relation to denitrification rates and other environmental parameters.



2. Methods
2.1. Study area and sampling

Investigations were carried out at mangrove forests located along the Mandovi and Chapora rivers in
Goa, west coast of India (Fernandes et al., 2010). The climate is tropical and the mangroves are
subjected to an annual average rainfall of up to 325 cm. The fresh water input into the riverine systems
during the rainy season lowers the salinity from approximately 32 ppt during the pre-monsoon to 0

during peak monsoon.

The anthropogenically influenced site was located at Divar island (15°30'35"N and 73°52"28"E)
which is separated from the mainland by the Mandovi estuary and is accessible by ferry. Mangroves that
fringe the Divar Island consist mainly of species like Rhizophora mucronata, Pongamia pinnata,
Cyperus spp., Bruguiera gymnorrhiza, Avicennia officinalis, Caesalpinia spp., Sonneratia caseolaris
and Acanthus illicifolius. These mangroves support the livelihood of many islanders and are of immense
ecological and economic value. The adjoining Mandovi estuary is heavily used for transportation of iron
ore from mines located upstream. These iron ore beneficiation plants situated on the riverbank,
discharge effluents directly into the estuary. This discharge contains high quantities of NH4sNO3 used as
explosive in ferromanganese mining operations (De Sousa, 1999). The relatively pristine site was
located at Tuvem (15°39'09"N and 73°47'71"E) along the river Chapora. This ecosystem is set amidst
verdant hills, banana and coconut plantations and is comparatively less influenced by anthropogenic
activities (Krishnan et al., 2007). The site is fringed by lush mangroves mainly represented by Acanthus
illicifolius, Excoecaria agallocha, Caesalpinia spp., Avicennia officinalis and Clerodendrum inerme.

Sediments were collected from each sampling site at low tide during pre-monsoon (May, 2008).
Undisturbed sediment cores (six cores per site) were sampled by hand using PVC cores (inner diameter
7.5 cm, 20 cm length) and used for chemical and microbiological analysis. The top 10 cm of sediment
cores were sectioned into 2 cm thick segments. For each sampling site, sediment corresponding to the
same depth were pooled and homogenized. Each homogenized sample was further sub-divided as

follows:

(1) Three replicates (1 ml) stored at -20°C for molecular biology experiments

(i1) Duplicates (10 ml) for immediate pore water analyses



(ii1) Three replicates (1 ml) were dried at 60+2°C, powdered and sieved through a 200 um nylon mesh
and stored in clean PVC vials until analysis

(iv) Duplicate laboratory replicates to determine an average value of microbial activities in each
homogenized sample were maintained at every incubation interval (0, 2, 4, 6, 8, and 10 h; n= 12). The
coefficient of variation was consistently lower for laboratory replicates than for homogenized samples
from any given sample location. Therefore, the level of replication reported here is for the homogenized

samples obtained at each site (Rich et al., 2008).
(v) Sediment sub-samples in duplicates for grain size analysis.
2.2. Grain size analysis

De-ionized water was used for desalination of 15 g sediment sub-samples by repeated washing followed
by oven-drying at 45°C. Samples were then treated overnight by adding 20 ml of 10% Na-Hexa
metaphosphate solution. The sand contents were determined after ‘wet-sieving” on 63 um sieve and
subsequent weighing upon drying. The remaining mud fraction was made up to 1000 ml in a measuring
cylinder. Silt (63 to 2 mm) and clay (<2 mm) content were determined by the standard pipette analysis

(Folk, 1968). The separated fractions were oven dried and weighed to calculate silt and clay content.
2.3. Total organic carbon

Total organic carbon (TOC) content in sediment samples was determined by wet oxidation method with

a precision of 0.01% (EI Wakeel and Riley, 1957).
2.4. Nutrient analyses

For extractable ammonium analyses, 2 ml solution of 2M KCI were added to 1 ml sediment sub sample
for extraction of easily exchangeable ammonium (Mackin and Aller, 1984). The tubes were vortexed
and the samples were incubated at 4°C for about 2 hours with brief vortexing every 15 minutes. The
samples were then centrifuged at 8000 rpm for 10 minutes using a Beckman GS-15R centrifuge. The
supernatant was stored at -20°C until analysis. Ammonium was subsequently measured using the

phenol/hypochlorite method (Koroleff, 1969).

For pore water nitrate and nitrite analysis, 5 ml sediment sub-sample retrieved using syringe core

was diluted with 5 ml nitrate-free distilled water, centrifuged at 8000 rpm for 10 minutes and the



supernatant was transferred to a clean tube. Nutrient analysis was performed using the Technicon auto
analyser as described by Tréger and Le corre (1975). Weight of the sediment used in the nutrient

analyses was estimated by drying in a hot air oven at 60°C for 48 hours.
2.5. Denitrification and anammox rates

Experiments for Anx and denitrification activities followed the procedure of Thamdrup and Dalsgaard
(2002) and Risgaard-Petersen et al. (2003) with some modifications as described by Minjeaud et al.
(2008). The isotope pairing method involves the use of stable nitrogen isotope ('"NO;°) and the
production of single-labelled (**N'°N) and double-labelled (‘°N'°N) di-nitrogen which are detected using
a mass spectrometer. Four ml of homogenised sediment from each section was transferred into 22 ml
headspace vials. Four ml of filter sterilized seawater containing 10 pmol NO3-N "' was added. The vials
were sealed with butyl stoppers, purged with He and pre-incubated for about an hour before addition of
stock solution of '"NO;- (97.4 atom%, Isotech Mathesson, USA) (Rich et al., 2008) to obtain final
concentration of 50, 80 and 150 pmol *’NOs". The production of single-labelled (**N'°N) and double-
labelled (°’N'°N) di-nitrogen was followed during an incubation period of up to 10 hours in the dark.
Two or three vials were sacrificed by adding HgCl, (final concentration of 10 mmol) at each point of the

time series (0, 2, 4, 6, 8 and 10 hours).

The amount of *’N, and *°N, produced in the incubation vials during the incubations was
measured with a mass spectrometer (Quadrupole mass spectrometer Anagaz 100, MKS, England)
(Minjeaud et al., 2008). Argon was used as an internal standard. The concentrations of *’N, and **N,
were plotted against time and fitted to the linear model (Ay=A¢tm™*t) using the least squares method
where: t= incubation time; A¢=concentration at t=0; m= slope of linear curve. Rate uncertainties were
calculated from the errors in the linear regressions. The values of ’N; and *°N; production were used in
the equation described by Thamdrup and Dalsgaard (2002) with some modifications (;m.¢-IPM) as
described by Minjeaud et al. (2008) to calculate Anx and total denitrification (D) rates.

2.6. Di-nitrogen fixation rates

N,-fixation rates were measured in sediment by acetylene reduction assays following the procedure of
Bebout et al. (1987). Two millilitres of the headspace gas was replaced by acetylene in the rubber-
stopper-sealed flasks containing the sediment as previously described by Bonin and Michotey (2006).



The ethylene concentration was measured using a mass spectrometer (Anagaz 100 MKS) by monitoring
the signal at m/z=27 and by taking into account the cracking pattern to avoid m/z=28, where the
ethylene peak would have been masked by N, (m/z=28) (Lloyd and Scott, 1983). Considering the
salinity and the ratio of liquid/gas phases in the incubation flask, we assumed that the amount of soluble
ethylene was negligible. Ethylene production rates were transformed to N, production rates using a
theoretical conversion factor of 3 (3 C,H, per N») found applicable to the sediment communities (Hardy

et al., 1968; Joye and Paerl, 1994).
2.7. Macrofaunal abundance

Macro benthic samples were sampled using a box quadrant having an area of 15x15x10 cm. Sediment
was scooped and transferred to clean plastic bags. Samples were immediately fixed at site using 10%
seawater formalin with Rose Bengal solution. Samples were then transferred to laboratory and sieved
through a 500-um sieve. The stained organisms were sorted and preserved in 5% buffered seawater
formalin + Rose Bengal solution (10%). The sorted samples were enumerated for macrofaunal density

and identified to the group level with stereo zoom microscope (4X magnification).
2.8. DNA extraction and PCR amplification for nosZ quantification and diversity

Genomic DNA was extracted in triplicates for each layer from 0.25 g (dry weight) sediment using a
MOBIO PowerSoil™ DNA isolation kit (MoBio Laboratories, California) according to the
manufacturer’s protocol. Dilutions of genomic DNA (1/5, 1/10, 1/50 and 1/100) were made in sterile

water and stored at -20°C.

Each PCR reaction (25 pl) tube contained the following: Mg free buffer (2.5ul) (Promega,
USA); dNTPs (2.5ul of 10mM Promega, USA); MgCl, (1.5ul of 25mM Promega, USA); noSZ Primer
0.5ul of each nosZ 1211F and nosZ 1897R (100 pmol.ul™) (Résch et al., 2002); Taq polymerase: 0.2 pl
(5 units/pl; Promega, USA). The PCR conditions for nosZ were maintained as follows: an initial 3 min
denaturation at 94°C followed by 30 cycles of denaturation at 94°C for 30 seconds, annealing at 55°C for
30 seconds, elongation at 72°C for 1 minute. The amplified products were analyzed by electrophoresis
on a 1.5% (wt/vol) agarose gel and visualized using an UV transilluminator (GelDoc 2000, gel

documentation system, Bio-Rad).



The competitive PCR method was used to create standard curve for the quantification of nosZ
genes in the DNA sample. A competitor internal standard was co-amplified with the target DNA. The
standard was shortened artificially to 120bp. Standards for nosZ quantification (6.8x10™ to 6.8x107%)
were prepared as a mixture of cloned nosZ fragments of Pseudomomas, Marinobacter and
Achromobacter spp. Each replicate of DNA extract for a layer (n=3) were subject to PCR reactions in
25 ul mixtures. The products were subjected to gel electrophoresis on a 1.5% agarose gel. The intensity

of each band was measured using Quantity One software (BioRad).

The ratio between the two bands (one from nosZ and the other of the internal standard) was
plotted against the number of nosZ in the PCR tube. PCR were run with each DNA extract from
mangrove sediments having the same quantity of internal standard (3x10° nosZ) and quantification of

nosZ per gram dry sediment was calculated from the standard curve.

Denaturing Gradient Gel electrophoresis (DGGE) was performed using a D-code Universal
Mutation Detection System (Bio-Rad Laboratories Inc.). Samples containing approximately equal
amounts (600 ng) of pooled PCR products of triplicate DNA extract were loaded onto 1 mm thick, 8%
(wt/vol) polyacrylamide gel with a denaturation gradient from 20% to 80% (100% of denaturation
corresponds to 7M urea and 40% formamide). Electrophoresis was run at 60°C for 280 minutes at 150V
in 1X TAE buffer. Following electrophoresis, the gel was incubated for 30 minutes in 1X TAE buffer
containing ethidium bromide (0.5 mg ml™) and then photographed on a UV transilluminator (GelDoc

2000, gel documentation system, Bio-Rad).

The DGGE bands comparison between samples and tree construction were realised with Gel
Compar II software (Applied Maths) using the Jaccard method and the UPGMA algorithm.
Representative bands from samples showing nearly identical alignments were used for phylogenetic
analysis. Though nine bands were extracted from the polyacrlyamide gel for DGGE analysis, only 4
were successfully cloned and sequenced. After allowing diffusion of the excised DNA in 50 pL of
sterile water overnight at 4°C, 5 ul were used for re-amplification of nosZ by PCR and were cloned

using the pGEM®-T Easy Vector (Promega Ltd., UK) as described by the manufacturer.

Sequencing was performed by GATC Biotech SARL (Germany). The partial sequences were
aligned with the same region of the closest relative strains available in the GenBank database by using

the BLAST facility (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence alignment was achieved using



ClustalX (Thompson et al., 1997). A phylogenetic tree was constructed in TreeView using the neighbor-
joining method (Saitou and Nei, 1987). Bootstrapping (1000 replicates) was used to estimate the
reproducibility of the trees. Sequences obtained in this study are available from the EMBL nucleotide

sequence database under the accession numbers FN356193- FN356196.
2.9. Statistical analysis

The nosZ copy numbers were log; transformed before analyses. Pearson’s correlation coefficients were
used to assess inter-relationship between biotic and abiotic parameters. Only significant relationships
have been discussed. Significant differences among chemical and bacteriological parameters were

analysed using analysis of variance (ANOVA) in Analysis tool pack (Microsoft Excel).

Data for Principal component analysis (PCA) was normalized in Primer 6 software using
Pearson rank correlation. This method provided an ordination of sampling sites and of bacterial
activities which were plotted in two dimensions based on the scores in the first two principal
components. PCA test were performed using the XLSTAT software 2009 (Addinsoft, France). The
results of the ordination analyses are visualized as a bi-plot (Catell, 1966; Gabriel, 1971).

3. Results

3.1. Physico-chemical characteristics of sediments

Analysis of sand, silt and clay percentage in mangrove sediments (0 - 10 cm depth) depicts sediment
texture dominated by sand which contributes to the extent of 43-79%. A comparison between the two
mangrove ecosystems indicates that at Divar (Table 1) sand forms a major component (=70%) of the
sediment with percentage of silt and clay composing only up to 28%. At Tuvem, the percentage of silt

and clay was higher at 32.45 (£0.77) and 22.54 (£0.17)% respectively.

Down-core total organic carbon (TOC) profiles at Divar and Tuvem showed 2 patterns
corresponding to the 6 first centimeters (0-6 cm) and the remaining 4 cm (6-10 cm). For Divar, a general
increase of TOC with depth appeared for the first 6 cm whereas in Tuvem TOC content was relatively
stable (1.19£0.22 -1.23+0.10 %) for these layers. The TOC content at 6-10 cm was similar at both sites,
i.e. a decrease with depth (Fig. 1).



Down-core nutrient profiles at Divar exhibited an overall decreasing trend with depth. Sediment
extractable ammonium concentration at the surface was about 2.22+0.15 mmol I which steadily
decreased to 1.2140.08 mmol 1" at 8-10 cm depth (Fig. 2). Ammonium concentrations at Tuvem
however showed an opposite trend, starting with 1.1040.07 mmol 1" and increasing with depth. A

maximum of 1.60+0.11 mmol 1" was observed at 8-10 cm.

Similarly at Divar, nitrite concentrations in the pore water decreased from 14.45+1.25 pmol 1" at
the surface to 4.96+0.41 umol I"' at the deeper layer while nitrate varied from 19.90+1.66 umol I at 0-2
cm to 2.63+0.25 umol pmol 1" at 8-10 cm (Fig. 3). At Tuvem, nutrient concentrations were also found
to decrease with depth. A maximum in the concentration of nitrite (7.55+0.50 pmol I'") and nitrate

(36.62+2.91 umol I'") was recorded at 2-4 cm.
3.2. Macrofaunal abundance

The mangrove sediments at Divar harbored a substantial macrofaunal population (Table 2) with a
dominance of polychaetes (94%; 1376 nos. m™). The gastropods, oligochaetes and crustaceans formed
the minor fraction of the community. Though less in abundance, the polychaetes were the dominant
macrofauna (87%; 224 nos. m™) at Tuvem. Crustaceans were absent while the minor fraction of the

community were represented by oligochaetes and crustaceans.
3.3. Bacterial activities

Di-nitrogen production through Anx and denitrification was concomitantly determined (Fig. 4).
Denitrification was observed to be the dominant process responsible for N-loss in mangrove sediments.
At both locations, activity related negatively with depth (n=10; r=-0.65; p<0.05 at Divar and r=-0.88;
p<0.001 at Tuvem) suggesting that the rate declined with depth. ANOVA showed no statistically
significant difference in denitrification activity between treatments. The total N, production rates
including denitrification and Anx were higher within the first 4 cm, and then decreased with depth,
except at Divar where the activity was slightly higher in the deeper layer. At Divar, the observed rates in
the upper layer was 224.51+6.63 nmol N g h™" which was three fold higher than that found for Tuvem
for the same layer (80.94+3.87 nmol N g h™"). For both sampling stations denitrification was the main

process leading to N, production and highest denitrification rates were observed in the two first layers.
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The contribution of Anx was calculated according to med-IPM. Anammox activity was detected in
mangrove sediments. Though the process was negligible in the upper layers (< 8 cm) at Divar, it was
found to be the major source of N, in the deeper layer (8-10 cm) accounting for 67% of total N,
production. Here, maximum Anx activity of 101.15+87.73 nmol N, g h"" was recorded. At Tuvem,

although the process was detected at all depths investigated, it was relatively weaker occurring at a rate

of 1.48+1.16 - 18.31+5.79 nmol N, g h™.

Di-nitrogen fixing activity (Fig. 5) was detected only at Tuvem with maximum activity of
12.47+8.36 nmol N, g h™' occurring at 6-8 cm depth. At Divar, it was below detection limits at all
depths. We calculated a net nitrogen balance by differences between N, production via denitrification
plus Anx and consumption through N,-fixation. The loss of N, from the mangrove ecosystem far

exceeded it’s fixation in these sediments (Fig. 6).
3.4. Quantification and phylogenetic analysis of nosZ

Abundance of nosZ genes ranged from 0.1-2x10” target copies g of dry sediment. At Divar, the nosZ
genes were well dispersed within the 0-10 cm core as compared to Tuvem where their abundance was

maximum at 6-8 cm (Fig. 7).

The main component of the N0sZ community was analysed by DGGE. Analysis showed distinct
nosZ community at both the locations examined (Fig. 8). The band BD1 (a) was observed between 0-4
cm. The other two bands BD2 (b) and BD3 (c) were observed at all depths investigated. These bands
were recorded at 8-10 and 6-8 cm at Tuvem respectively. At this site, the band BT1 (d) was prominent at
all depths investigated and has not been observed in the Divar sediments. From comparison with nosZ of
cultured strains, BD2 was found to cluster within the B-Proteobacterial nosZ and showed 62% similarity
to Ralstonia eutropha nosZ (Fig. 9). The bands BD1 and BD3 were found to group within a
Proteobacterial nosZ cluster and showed 74% and 77% similarity to Azospirillum brasilense nosZ and
Silicibacter pomeroyi nosZ respectively.This band was also found to be in the Divar sediment mainly
within 0-6 cm. The sequence of band BT1 fell within the y Proteobacteria nosZ cluster and showed

96.5% similarity with Shewanella loihica nosZ.

3.5. Environmental controls on activity
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The Principal Component Analysis (PCA) was applied to the matrix of correlation coefficients between
biotic and abiotic parameters. The first three factors were taken into account which corresponded to
82.2% of total data variability (Table 3). The first component (PC 1) explains 38.2% of total data
variability. Dy N> production as well as nitrite were positively correlated to the axis while N,-fixation
was negatively correlated. The second component (PC 2) explained 22.6% of data variability. The
differences between sampling depths were clearly discriminated within the axis. The 4 top centimeters
of Divar seems characterized by higher content in nitrate and higher N, production that was mainly
explained by denitrification rates (Fig. 10). Anammox was negatively correlated to this axis. The deeper
sampling depths (D3= 2-4 cm, D5= 4-6 cm, D7= 6-8 cm, D9= 8-10 cm) at Divar were seen to cluster
along with Anx activity. The most significant variables in the third component (PC 3) were pore water

NH,"-N and abundance of nosZ genes which explained 21.5% of the variation.
4. Discussion

Coastal marine ecosystems are susceptible to high nitrogen inputs through anthropogenic activities. In
these regions, coupled nitrification/denitrification serves as an important mechanism for nitrogen
depuration (Corredor et al., 1999). Investigations carried out in the present study affirm the potential of
nearshore tropical mangrove ecosystems in mitigating inorganic nitrogenous compounds mainly through
denitrification. Denitrification served as a major mechanism for N loss in mangrove sediments
accounting for 75-85% of the total N, production. Highest denitrification activity was observed at the
surface at both the sites- Divar and Tuvem. Total denitrification rates of up to 224.51+6.63 nmol N, g
h™' (=2.08 mmol N, m™ h™') have been measured in the Divar sediments. In sub-tropical mangrove
sediments, denitrification has been reported to occur at a maximum rate of approximately 85 nmol N
cm” h'' (= 38 nmol N g'1 h' or 240 umol N, m?2h™) (Meyer et al., 2005) which is about five times less
than observed in our measurements. Further, benthic denitrification rates recorded in other mangrove

areas (Table 4) are relatively less than those observed in the present study.

The Divar mangrove ecosystem lies along the Mandovi estuary. This estuary receives about ~8-
10 tonnes/month of ammonium nitrate used in explosives for mining activities upstream which
eventually acts as a source of nitrate (De Souza, 1999). Experiments have shown that nitrate availability
is one of the major factors controlling benthic denitrification (Seitzinger, 1990; Morell and Corredor,

1993; Rivera-Monroy and Twilley, 1996; Kana et al., 1998). In the present study, the higher nitrate
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concentration recorded in the superficial sediments could be due to the continuous replenishment of the
nutrient from the ambient water in addition to its in Situ production through nitrification. Consequently,
nitrate availability could be accountable for the high denitrification rates observed especially at depth <4
cm. Principal component analysis also revealed that nitrate and nitrite availability were the important
factors limiting denitrification in mangrove ecosystems. As reported in earlier studies by Fernandes and
Loka Bharathi (2011), a positive relationship between nitrite, nitrate concentration and denitrification
(Dyot) confirms that this process could be a major sink for nitrate in mangrove sediments. Further, the
PCA bi-plot also shows that ammonium, nitrite and nitrate clustered together suggesting a link between
ammonium and nitrate and nitrite probably through nitrification. This finding is further strengthened by
a strongly positive relationship observed between ammonium and nitrite concentration (n=10, r=0.78,

p<0.01) especially at Divar.

Molecular investigations carried out in the present study reveal that the abundance of denitrifier
genes in mangrove sediments numbered up to 2x10’ target copies g of dry sediment. Michotey et al.
(2000) have reported up to 10° cytochrome cdl type denitrifiers in marine samples. No statistical
correlation between nosZ gene abundance and denitrifying activity could be observed, indicating that
denitrification rates are not limited by the presence of the population able to denitrify but by the
availability of nitrate as substrate. Though denitrification at Tuvem was maximum within the 0-4 cm
depth range, the nosZ were most abundant at 6-8 cm. Experiments using the bacterial strain
Pseudomonas mandelii has shown that nosZ gene expression did not respond to increasing NO;3
concentration indicating that there is no relationship between gene expression and denitrification activity
(Saleh-Lakha et al., 2009). Boetius (1995) examined the potential hydrolysis rates of five different
hydrolytic enzymes in deep-sea sediments and found that the activity of the enzymes most likely reflects
the availability of their respective substrates and is not a function of bacterial biomass. It is possible that
the expression of N0SZ genes in mangrove sediments could be linked to the prevailing environmental

conditions.

Between the two sites investigated, the N0sZ community was found to be different. The dominant
denitrifiers at Tuvem were represented by strains showing close similarity to Shewanella spp. which are
known to show considerable respiratory versatility. Shewanella spp. can use a wide range of
compounds as electron acceptors (Tiedje, 2002, Munn, 2004). Oxygen fluctuation during tidal cycles

and diffusion of nutrients from overlying water could favor proliferation of versatile bacteria capable of
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using alternate electron acceptors. At Divar, the dominant Proteobacterial denitrifying communities
were found from the surface till a depth of 10 cm indicating that the organisms were well dispersed.
Grain size analysis has shown that the sediment at both the locations differed in composition. A high
percentage of sand followed by silt and clay was observed at Divar. It is possible that sandy nature of the
mangrove sediment and bioturbating activity of the infauna (crabs, polychaetes, etc..) could aid in the

dispersion of the microbes.

The mangrove sediments are seen to harbour a substantially high macrofaunal assemblage.
Macrofauna are known to modify nutrient fluxes in marine sediments (Mortimer et al., 1999).
Bioturbating activities by macrofaunal communities enhances oxygen availability and creates non-local
mixing between nutrient rich pore water and overlying water (Graf and Rosenberg, 1997). Studies by
Pennifold and Davis (2001) have also shown that nutrient fluxes were significantly correlated with
increased faunal biomass. Further, the authors state that macrofauna increased the release of ammonium
into the water column but decreased the release or resulted in uptake of nitrate by the sediments.
Macrofauna stimulate denitrification by providing nitrate to bacteria from the overlying water and also
through in situ nitrification strengthening the proximity and exchanges between the two processes
(Gilbert et al., 1998). In contrast to Tuvem, Divar was dominated mainly by sand. The sandy nature of
the sediments could be responsible for facilitating percolation of nutrients to deeper depths. In the
Mandovi estuary, NH;" is available in excess especially during the SW monsoon (Maya et al., 2011). In
our study, we can envisage that the physical perturbation of sediments ascribed to the high density of
macrofauna especially in the Divar sediments may have resulted in a stronger nitrification-denitrification
coupling by enhancing the exchange of solutes between water and sediment. High denitrification rates
supplied with NO; by a coupled nitrification process is known to be supported by O, presumably
supplied by bioirrigation (Bissett et al., 2009). Nitrification/denitrification processes are generally
known to be coupled either spatially or temporally. This coupling accounts for the homeostasis in an
environment. Under eutrophicated conditions, the two processes tend to get de-coupled (Caffrey et al.,
1993) with denitrification being more pronounced than nitrification. Our observations show that
bioturbators (sediment destabilisers) like polychaetes comprise >95% of the macrofaunal population at
Divar. These organisms may be playing a significant role in enhancing substrate availability for

nitrification in these sediments consequently fuelling the denitrification process.
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Anammox is known to co-occur along with denitrification in marine sediments (Rysgaard et al.,
2004). In some marine environments, Anx is a major pathway for the removal of fixed inorganic
nitrogen (Kuypers et al., 2003; Engstrom et al., 2005). The co-occurrence of Anx in mangrove sediments
has been detected in the current study. Slurry incubations, as employed in this study, can be useful for
quantifying mechanisms of N, production, but this approach perturbs the natural gradient and spatial
arrangements of organisms carrying out N cycling process in situ. Whether slurry measurements yield
high activity at low ra (percentage of Anx) values is thus a concern. Trimmer et al. (2006) compared
rates of Anx and denitrification in slurries and intact cores. In sediments with low Anx activity (ra< 1%),
slurries and intact core yielded similar results, but when Anx was more significant (ra> 5%), ra was
about 10-15% higher in intact core than in slurries (Trimmer et al., 2006). Consequently our slurry
measurement probably accurately assessed the presence or absence of Anx activity, but the actual ra in
some layers with high activity may have been underestimated. Maximum Anx rates of up to
101.15+87.73 nmol N, g h™' (=1.02 mmol N, m™ h™) have been observed in the present study. In sub-
tropical mangrove sediment, Meyer et al. (2005) have reported Anx rates varying between 0.5 to 8 nmol
N cm™ h' (0.22 to 3.6 nmol N g h™") which is approximately 25 times lower than those encountered in
the present study. Reports by Rysgaard et al. (2004) in arctic marine sediments indicate Anx to occur at
about 3 orders lower. In the north sea sediments, Anx rates were also relatively lower (Dalsgaard et al.,
2005). Our observation that Anx could serve as an important mechanism for N, production was
restricted to deeper depth of 8-10 cm where it accounted for 67-96% of the total N, production. High
rates of Anx occur in estuarine sediments with permanently high concentrations of NO,  (Risgaard-
Petersen et al., 2005). Dalsgaard and Thamdrup (2002) have attributed the 1:1 stoichiometry for the
reaction between nitrite and ammonium to the Anx process. At pre-monsoon, nitrification occurs at a
rate of up to ~18 nmol g h™' at a depth of 8-10 cm at Divar (Krishnan and Loka Bharathi, 2009) which
co-incidentally shows the highest Anx activity in our study. Anaerobic nitrification in metal-rich
mangrove sediments (Krishnan et al., 2007) appears to be coupled to the reduction of Fe (Krishnan and
Loka Bharathi, 2009). Thus, nitrite production through nitrification at deeper depths could fuel the Anx
process. High NOj3™ concentrations (Rich et al., 2008) are also known to favour Anx rates. The mangrove
sediments harbored fairly high concentrations of nitrate which could be favorable for anaerobic
oxidation of ammonium to occur. At Tuvem, Anx was detected at all depths investigated in comparison
to Divar where it was more restricted. It interesting to observe that Anx activity is more prominent at

deeper depths and occurs at a rather low rate in ecosystems where denitrification is much higher.
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Dalsgaard et al. (2005) explain that in organic-rich sediments, denitrification is more responsive to
organic carbon loading than Anx. Dalsgaard et al. (2005) also suggest that high organic matter content
creates a higher demand for electron acceptor (i.e., NO, and NO; ) and a smaller fraction of the
reduced NOs is liberated as NO, . In such circumstances, Anx may not be able to keep up with
denitrification when electron donor availability is high. Such a phenomenon might be occurring in
mangrove sediments which have considerable organic carbon content. Dalsgaard et al. (2005) also state
that denitrifiers have a much higher growth rate which gives them a competitive advantage over Anx
bacteria in fluctuating environments. Reports from the Benguela upwelling system indicate that Anx
bacteria are metabolically versatile and can function as nitrate reducers (Kartal et al., 2006). Thus, it is
possible that these microbes could be mediating dissimilatory nitrate reduction to ammonium in

mangrove ecosystems.

Mangroves ecosystems are generally known to be nitrate limited and the prevalence of
diazotrophic bacteria in these systems (Zhang et al., 2008) helps counter this deficiency. The extent of
N»-fixation is seen to be minimal especially in systems prone to anthropogenically-derived nutrient
supply as in Divar. Unpublished data has shown C:N values of 14.6+0.4 during the monsoon season at
Divar indicating considerable terrestrial influence. As the aquatic system is being continuously
replenished with nutrients, denitrification and anammox are more pronounced resulting in the
transformation of nutrients consequently moderating the excess N input. However, results on net N;
production (denitrification + Anx) in the present study showed N loss from the benthic environment

which was not compensated by the process of N,-fixation.
5. Conclusion

In mangrove sediments, denitrification and Anx operate concurrently leading to N, production.
However, the Anx process is restrained in organically rich mangrove sediments and denitrification
becomes the major mechanism of N loss. Most of the N loss in these sediments occurs in the surficial
layers and a coupling between nitrification and denitrification is suggested. Thus, in coastal ecosystems
like mangroves which have low N, fixation but high inorganic N inputs through anthropogenic forcing,
denitrification could be important. The process ameliorates the potential affects of extra N inputs and

improves the "assimilative capacity" of these systems.

16



Acknowledgements

SOF is grateful to the Embassy of France in India for the award of Sandwich PhD Scholarship which
has enabled her to carry out part of this work at laboratoire de Microbiologie Géochimie et Ecologie
Marines (LMGEM), Marseille, France. SOF is also thankful to the Council of Scientific and Industrial
Research (Govt. of India) for the award of Senior Research Fellowship 2006-09 and Research
Associateship 2011 at NIO, Goa. The authors are thankful to Dr. S. R. Shetye, Director, NIO and Dr.
Richard Sempere, Director, LMGEM, for the facilities, Dr. Nicole Garcia for her assistance in nutrient
analysis and Dr. S. N. Harkantra for support during analysis of macro benthos. The authors appreciate
the help of Mr. Santosh Shirodkar during field sampling. We thank two anonymous reviewers for the
critical and constructive evaluation of this manuscript which helped us greatly improve upon the text.
We are also grateful to Dr. Robert B. Spies, Editor, MER, for valuable suggestions. This is NIO
contribution no. XXXX

References

Alongi, D.M., Boto, K.G., Tirendi, F., 1989. Effect of exported mangrove litter on bacterial productivity
and dissolved organic carbon fluxes in adjacent tropical nearshore sediments. Marine Ecology
Progress Series 56, 133-144.

Alongi, D.M., Boto, K.G., Robertson, A.I., 1992. Nitrogen and Phosphorous Cycles. In: Robertson, A.l.,
Alongi, D.M. (Eds.), Tropical Mangrove Ecosystems. American Geophysical Union,
Washington, DC, pp. 251-292.

Bartlett, R., Mortimer, R.J.G., Morris, K., 2008. Anoxic nitrification: Evidence from Humber Estuary
sediments (UK). Chemical Geology 250, 29-39.

Bebout, B.M., Paerl, HW., Crocker, K.M., Prufert, L.E., 1987. Diel interactions of oxygenic
photosynthesis and N, fixation (acetylene reduction) in a marine microbial mat community.
Applied and Environmental Microbiology 53, 2353-2362.

Bissett, A., Cook, P.L.M., Macleod, C., Bowman, J.P., Burke, C., 2009. Effects of organic perturbation
on marine sediment betaproteobacterial ammonia oxidizers and on

benthic nitrogen biogeochemistry. Marine Ecology Progress Series 392, 17-32.

Boetius, A., 1995. Microbial hydrolytic enzyme activities in deep-sea sediments. Helgoland Marine
Research 49(1-4), 177-187.

Bonin, P.C., Michotey, V.D., 2006. Nitrogen budget in a microbial mat in the Camargue (southern
France). Marine Ecology Progress Series 322, 75-84.

17



Bonin, P.C., Tamburini, C., Michotey, V.D., 2002. Determination of the bacterial processes which are
sources of nitrous oxide production in marine samples. Water Research 36, 722-732.

Braker, G., Zhou, J.Z., Wu, L.Y., Devol, A.H., Tiedje, J.M. 2000. Nitrite reductase genes (nirK and
nirS) as functional markers to investigate diversity of denitrifying bacteria in Pacific Northwest
marine sediment communities. Applied and Environmental Microbiology 66, 2096-2104.

Braker, G., Ayala-del-Rio, H.L., Devol, A.H., Fesefeldt, A., Tiedje, J.M., 2001. Community structure of
denitrifiers, Bacteria and Archaea along redox gradients in Pacific Northwest marine sediments

by terminal restriction fragment length polymorphism analysis of amplified nitrite reductase
(nirS) and 16S rRNA genes. Applied and Environmental Microbiology 67, 1893-901.

Brettar, 1., Moore, E.R.B., Hofle, M.G., 2001. Phylogeny and Abundance of Novel Denitrifying Bacteria
Isolated from the Water Column of the Central Baltic Sea. Microbial Ecology 42, 295-305.

Caffrey, J.M., Sloth, N.P., Kaspar, H.F., Blackburn, T.H., 1993. Effect of organic loading on
nitrification and denitrification in a marine sediment microcosm. FEMS Microbiology Ecology
12(3), 159-167.

Cattell, R.B,, 1966. The scree test for the number of factors.
Multivariate Behavioral Research 1, 245-276.

Chan, Y K., Knowles, R., 1979. Measurement of denitrification in two freshwater sediments by an in
situ acetylene inhibition method. Applied and Environmental Microbiology 37, 1067-1072.

Chiu, C.Y., Lee, S.C., Chen, T.H., Tian, G., 2004. Denitrification associated N loss in mangrove soil.
Nutrient Cycling in Agroecosystems 69, 185-189.

Corredor, J.E., Howarth, R.-W., Twilley, R.R., Morell, J.M., 1999. Nitrogen cycling and anthropogenic
impact in the tropical interamerican seas. Biogeochemistry 46, 163-178.

Dalsgaard, T., Thamdrup, B., 2002. Factors Controlling Anaerobic Ammonium Oxidation with Nitrite in
Marine Sediments. Applied and Environmental Microbiology 68, 3802-3808.

Dalsgaard, T., Canfield, D.E., Petersen, J., Thamdrup, B., Acufia-Gonzélez, J., 2003. N, production by
the anammox reaction in the anoxic water column of Golfo Dulce, Costa Rica. Nature 422, 606-
608.

Dalsgaard, T., Thamdrup, B., Canfield, D.E., 2005. Anaerobic ammonium oxidation (anammox) in the
marine environment. Research in Microbiology 156, 457-464.

Desnues, C., Michotey, V.D., Wieland, A., Zhizang, C., Fourc-ansd, A., Durand, R., Bonin, P.C., 2007.
Seasonal and diel distributions of denitrifying and bacterial communities in a hypersaline
microbial mat (Camargue, France). Water Research 41, 3407-3419.

De Souza, S.N., 1999. Effect of mining rejects on the nutrient chemistry of Mandovi estuary, Goa.
Indian Journal of Marine Science 28, 198-210.

Devol, A.H., 2003. Nitrogen cycle—solution to a marine mystery. Nature 422, 575-576.

El Wakeel, S.K., Riley, J.P., 1957. Determination of organic carbon in the marine

18



muds. Journal Du Conseil Intrenational Pour L'exploration De La Mer, 22,180-
183.

Engstrom, P., Dalsgaard, T., Hulth, S., Aller, R.C., 2005. Anaerobic ammonium oxidation by nitrite
(anammox): Implications for N, production in coastal marine sediments Geochimica et
Cosmochim Acta 69, 2057-2065.

Fernandes, S.O., Bonin, P.C., Michotey, V.D., Loka Bharathi, P.A., 2010. Denitrification: An important
pathway for nitrous oxide production in tropical mangrove sediments (Goa, India). Journal of
Environmental Quality 39, 1507-1516.

Fernandes, S.O., Loka Bharathi, P.A., 2011. Nitrate levels modulate denitrification activity in tropical
mangrove sediments (Goa, India). Environmental Monitoring and Assessment 173(1-4), 117-
125.

Folk, R.L., 1968. Petrology of Sedimentary Rocks. Hemphill Publishing, Austin, pp. 44-50.

Francis, C.A., Roberts, K.J., Beman, J.M., Santoro, A.E., Oakley, B.B., 2005. Ubiquity and diversity of
ammonia-oxidizing archaea in water columns and sediments of the ocean. Proceedings of the
National Academy of Sciences 102, 14683-14688.

Gabriel, KR, 1971. The biplot graphic display of matrices with
application to principal component analysis. Biometrika 58, 453-467.

Gilbert, F., Stora, G., Bonin, P., 1998. Influence of bioturbation on denitrification activity in
Mediterranean coastal sediments: an in Situ experimental approach. Marine Ecology Progress
Series 163, 99-107.

Graf, G., Rosenberg, R., 1997. Bioresuspension and biodeposition: a review. Journal of Marine Systems
11,269-278.

Hardy, R.W.F., Holsten, R.D., Jackson, E.K, Burns, R.C., 1968. The acetylene-ethylene assay for N,
fixation: laboratory and field evaluation. Plant Physiology 43, 1185-1207.

Horn, M.A., Drake, H.L., Schramm, A., 2006. Nitrous Oxide Reductase Genes (n0sZ) of Denitrifying
Microbial Populations in Soil and the Earthworm Gut Are Phylogenetically Similar. Applied and
Environmental Microbiology 72, 1019-1026.

Howarth, R.W., Marino, R., 2006. Nitrogen as the limiting nutrient for eutrophication in coastal marine
ecosystems: Evolving views over three decades. Limnology and Oceanography, 51, 364-376.

Hulth, S., Aller, R.C., Gilbert, F., 1999. Coupled anoxic nitrification/manganese reduction in marine
sediments. Geochimica et Cosmochim Acta 63, 49-66.

Jayakumar, D.A., Francis, C.A., Naqvi, W.A., Ward, B.B., 2004. Diversity of nitrite reductase genes
(nirS) in the denitrifying water column of the coastal Arabian Sea. Aquatic Microbial Ecology
34, 69-78.

19



Ji, R., Davis, C., Chen, C., Beardsley, R., 2008. Influence of local and external processes on the annual
nitrogen cycle and primary productivity on Georges Bank: A 3-D biological-physical modeling
study. Journal of Marine Systems. 73, 31-47.

Joye, S.B., Paerl, H.W., 1994. Nitrogen cycling in marine microbial mats: Rates and patterns of nitrogen
fixation and denitrification. Marine Biology 119, 285-295.

Kana, T.M., Sullivan, M.B., Cornwell, J.C., Groszkowski, K., 1998. Denitrification in estuarine
sediments determined by membrane inlet mass spectrometry. Limnology and Oceanography 43,
334-339.

Kartal, B., Kuypers, M.M.M., Lavik, G., Schalk, J., Op den Camp, H.J.M., Jetten, M.S.M., Strous, M.,
2006. Anammox bacteria disguised as denitrifiers: nitrate reduction to dinitrogen gas via nitrite
and ammonium. Environmental Microbiology 9, 635-642.

Koroleff, F., 1969. Direct determination of ammonia in natural waters as indophenol blue. ICES
C.M. 1969/C: 9. Hydrol Commun p. 4.

Krishnan, K.P., Fernandes, S.O., Chandan, G.S., Loka Bharathi, P.A., 2007. Bacterial contribution to
mitigation of iron and manganese in mangrove sediments. Marine Pollution Bulletin 54, 1427-
1433.

Krishnan, K.P., Loka Bharathi, P.A. 2009. Organic carbon and iron modulate nitrification rates in
mangrove swamps of Goa, South west coast of India. Estuarine Coastal and Shelf Science 84,
419-426.

Kuypers, M.M.M., Sliekers, A.O., Lavik, G., Schmid, M., Jergensen, B.B., Kuenen, J.G., Damst¢,
J.S.S., Strous, M., Jetten, M.S.M., 2003. Anaerobic ammonium oxidation by anammox bacteria
in the Black Sea. Nature 422, 608-611.

Liu, X., Tiquia, S.M., Holguin, G., Wu, L., Nold, S.C., Devol, A.H., Luo, K., Palumbo, A.V., Tiedje,
JM., Zhou, J., 2003. Molecular Diversity of Denitrifying Genes in Continental Margin
Sediments within the Oxygen-Deficient Zone off the Pacific Coast of Mexico. Applied and
Environmental Microbiology 69, 3549-3560.

Lloyd, D., Scott, R.I., 1983. Direct measurement of dissolved gases in microbiological systems using
membrane inlet mass spectrometry. Journal of Microbiological Methods 1, 313-328.

Lohse, L, Malschaert JFP, Slomp CP, Helder W, Van Raaphorst W 1993. Nitrogen cycling in North Sea
sediments: interaction of denitrification and nitrification in offshore and coastal areas. Marine
Ecology Progress Series 101, 283-296.

Mackin, J.E., Aller, R.C., 1984. Ammonium adsorption in marine sediments. Limnology and
Oceanography 29, 250-257.

Maya, M.V., Soares M.A., Agnihotri R., Pratihary A.K. , Karapurkar S., Naik H., Naqvi S.W.A. 2011.
Variations in some environmental characteristics including C and N stable isotopic composition

of suspended organic matter in the Mandovi estuary. Environmental Monitoring and Assessment
175, 501-517.

20



Meyer, R.L., Nils, R.P., Allen, D.E., 2005. Correlation between Anammox Activity and Microscale
Distribution of Nitrite in a Subtropical Mangrove Sediment Applied and Environmental
Microbiology 71, 6142-6149.

Mills, H.J., Hunter, E., Humphrys, M., Kerkhof, L., McGuinness, L., Huettel, M., Kostka, J.E., 2008.
Characterization of Nitrifying, Denitrifying, and Overall Bacterial Communities in Permeable

Marine Sediments of the Northeastern Gulf of Mexico. Applied and Environmental
Microbiology 74, 4440-4453.

Minjeaud, L., Bonin, P.C., Michotey, V.D., 2008. Nitrogen fluxes from marine sediments: quantification
of the associated co-occurring bacterial processes. Biogeochemistry 90, 141-157.

Morell, J.M., Corredor, J.E., 1993. Sediment nitrogen trapping in a mangrove lagoon. Estuarine Coastal
and Shelf Science 37, 203-212.

Mortimer, R.J.G., Davey, J.T., Krom, M.D., Watson, P.G., Frickers, P.E., Clifton, R.J., 1999. The effect
of macrofauna on pore water profiles and nutrient fluxes in the intertidal zone of the Humber
estuary. Estuarine Coastal and Shelf Science 48, 683-699.

Munn, C.B., 2004. Marine microbes. In: Marine Microbiology: Ecology and Applications. Bios-Garland
Scientific Publishers, Abingdon & New York.

Nakajima, J., Sakka, M., Kimura, T., Furukawa, K., Sakka, K., 2008. Enrichment of anammox bacteria
from marine environment for the construction of a bioremediation reactor. Applied Microbiology
and Biotechnology 77, 1159-1166.

Naqgvi, S.W.A., Jayakumar, D.A., Narvekar, P.V., Naik, H., Sarma, V.V.S.S., De Souza, W., Joseph, S.,
George, M.D., 2000. Increased marine production of N,O due to intensifying anoxia on the
Indian continental shelf. Nature 408, 346-349.

Nielsen, L.P., 1992. Denitrification in sediment determined from nitrogen isotope pairing. FEMS
Microbiology Ecology 86, 357-362.

Nixon, S.W., 1981. Remineralisation and nutrient cycling in marine coastal ecosystems. In: Neilson,
B.J., Cronon, L.E. (Eds.), Estuaries and nutrients. Human press, Clifton, NJ, pp. 111-138.

Pennifold, M., Davis, J., 2001. Macrofauna and nutrient cycling in the Swan River Estuary, Western
Australia: experimental results. Hydrological Processes 15, 2537-2553.

Pernetta, J.C., 1993. Mangrove forests, climate change and sea level rise: hydrological influences on
community structure and survival, with examples form the Indo-West Pacific. [IUCN Marine and
Coastal Program, The World Conservation Union.

Prieme, A., Braker, G., Tiedje, J.M., 2002. Diversity of nitrite reductase (nirK and nirS) gene fragments
in forested upland and wetland soils. Applied and Environmental Microbiology 68, 1893-1900.

Ramos E Silva, C.A., Oliveira, S.R., Rego, R.D.P., Mozeto, A.A., 2007. Dynamics of phosphorus and
nitrogen through litter fall and decomposition in a tropical mangrove forest. Marine
Environmental Research 64, 524-534.

21



Rich, J.J., Dale, O.R., Song, B., Ward, B.B., 2008. Anaerobic Ammonium Oxidation (Anammox) in
Chesapeake Bay Sediments. Microbial Ecology 55, 311-320.

Risgaard-Petersen, N., Nielsen, L.P., Rysgaard, S., Dalsgaard, T., Meyer, R.L., 2003. Application of the
isotope pairing technique in sediments where anammox and denitrification coexist. Limnology
and Oceanography Methods 1, 63-73.

Risgaard-Petersen, N., Meyer, R.L., Revsbech, N.P., 2005. Denitrification and anaerobic ammonium
oxidation in sediments: effects of microphytobenthos and NO;- Aquatic Microbial Ecology
40, 67-76.

Rivera-Monroy, V.H., Twilley, R.R., 1996. The relative role of denitrification and immobilization in the
fate of inorganic nitrogen in mangrove sediments (Terminos Lagoon, Mexico). Limnology and
Oceanography 41, 284-296.

Rosch, C., Mergel, A., Bothe, H., 2002. Biodiversity of denitrifying and dinitrogen-fixing bacteria in an
acid forest soil. Applied and Environmental Microbiology 68, 3818-3829.

Rysgaard, S., Risgaard-Petersen, N., Nielsen, L.P., Revsbech, N.P., 1993. Nitrification and
Denitrification in Lake and Estuarine Sediments Measured by the "’N Dilution Technique and
Isotope Pairing. Applied and Environmental Microbiology 59, 2093-2098.

Rysgaard, S., Glud, R.N., Risgaard-Petersen, N., Dalsgaard, T., 2004. Denitrification and anammox
activity in Arctic marine sediments Limnology and Oceanography 49, 1493-1502.

Saitou, N., Nei, M., 1987. The neighbor joining method: a new method for reconstructing phylogenetic
trees. Molecular Biology and Evolution 4, 406-425.

Saleh-Lakha, S., Shannon, K.E., Henderson, S.L., Zebarth, B.J., Burton, D.L., Goyer, C., Trevors, J.T.,
2009. Effect of nitrate and acetylene on nirS, cnorB and nosZ expression and denitrification
activity in Pseudomonas mandelii. Applied and Environmental Microbiology 75, 5082-5087.

Scala, D.J., Kerkhof, L.J., 1999. Diversity of Nitrous Oxide Reductase (n0sZ) Genes in Continental
Shelf Sediments. Applied and Environmental Microbiology 65, 1681-1687.

Scott, T.J., McCarthy, M.J., Gardner, W.S., Doyle, R.D., 2008. Denitrification, dissimilatory nitrate
reduction to ammonium, and nitrogen fixation along a nitrate concentration gradient in a created
freshwater wetland. Biogeochemistry 87, 99-111.

Seitzinger, S.P., 1990. Denitrification in Aquatic Sediments. In: Revsbech, N.P., Sorenson, J. (Eds.),
Denitrification in soil and sediment, Plenum Press, New York, pp. 301-322.

Seitzinger, S.P., Giblin, A.E., 1996. Estimating denitrification in north Atlantic continental shelf
sediments. Biogeochemistry 35, 235-260.

Serensen, J., 1978. Denitrification rates in marine sediment as measured by the acetylene inhibition
technique. Applied and Environmental Microbiology 36, 139-143.

22



Steingruber, S.M., Friedrich, J., Géchter, R., Wehrli, B., 2001. Measurement of denitrification in
sediments with the '°N isotope pairing technique. Applied and Environmental Microbiology 9,
3771-3778.

Thamdrup, B., Dalsgaard, T., 2002. Production of N, through anaerobic ammonium oxidation coupled
to nitrate reduction in marine sediments. Applied and Environmental Microbiology 68, 1312-
1318.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The CLUSTAL X
windows interface: flexible strategies for multiple sequence alignment aided by quality analysis
tools. Nucleic Acids Research 25, 4876-4882.

Thorsten, D., José, L.R., 2001. Do mangroves rather than rivers provide nutrients to coastal
environments south of the Amazon River? Evidence from long-term flux measurements. Marine
Ecology Progress Series 213, 67-77.

Tiedje, J.M., 2002. Shewanella—the environmentally versatile genome. Nature Biotechnology 20, 1093-
1094.

Tréger, P., Le Corre, P., 1975. Manuel d’analyse des sels nutritifs dans 1’eau de mer (Utilisation de
’auto analyser Technicon), Université de Bretagne occidentale.

Trimmer, M., Nicholls, J.C., Deflandre, B., 2003. Anaerobic Ammonium Oxidation Measured in
Sediments along the Thames Estuary, United Kingdom. Applied and Environmental
Microbiology 69, 6447-6454.

Trimmer, M., Risgaard-Petersen, N., Nicholls, J.C., Engstrom, P., 2006. Direct measurement of
anaerobic ammonium oxidation (anammox) and denitrification in intact sediment cores. Marine
Ecology Progress Series 326, 31-47.

Ward, B.B., 1995. Diversity of culturable denitrifying bacteria. Archives of Microbiology 163, 167-175.

Ward, B.B., 2005. Molecular approaches to marine microbial ecology and the marine nitrogen cycle.
Annual Review of Earth and Planetary Sciences 33, 301-333.

Yoshinari, T., Hynes, R., Knowles, R., 1977. Acetylene inhibition of nitrous oxide reduction and
measurement of denitrification and nitrogen fixation in soil. Soil Biology and Biochemistry 9,
177-183.

Zeitzschel, B., 1980. Sediment-water interactions in nutrient dynamics. In: Tenore, K.R., Coull, B.C.
(Eds.), Marine benthic dynamics. University of South Carolina press, Columbia, pp. 195-218.

Zhang, Y., Dong, J., Yang, Z., Zhang, S., Wang., Y., 2008. Phylogenetic diversity of nitrogen-fixing
bacteria in mangrove sediments assessed by PCR—denaturing gradient gel electrophoresis.
Archive of Microbiology 190,19-28.

23



Legend to tables and figures:
Table 1: Fractions of sand, silt and clay (+£SD) at various depths in mangrove sediment
Table 2: Abundance of major macrofaunal groups in mangrove sediments

Table 3: Results of principal component analysis on the biogeochemical parameters and bacterial
activities associated with the nitrogen cycle

Table 4: Denitrification rates in mangrove sediments

Fig. 1. Down-core total organic carbon profile (+se) at the anthropogenically-influenced site Divar and
the relatively pristine Tuvem.

Fig. 2. Sediment extractable ammonium (+se) throughout the profile at Divar and Tuvem.

Fig. 3. Nitrite and nitrate concentration (+se) profile for pore water at Divar (D) and Tuvem (T). The
concentration of NO, at Divar is represented by dark hatched bars while at Tuvem lighter
hatched bars have been used. The concentration of NOs™ at Divar is shown by darker dotted bars
while those at Tuvem have been represented by lighter dotted bars.

Fig. 4. Di-nitrogen production profile from denitrification (hatched bars; +se) and anammox (dotted
bars; £se) at Divar (D) and Tuvem (T). Denitrification at D is represented by darker hatched bars
while at T, it has been shown using lighter shaded bars. Similarly, darker (at D) and lighter (at T)
dotted bars have been used to distinguish anammox at the two sites.

Fig. 5. Di-nitrogen fixation profile (+£se) at Tuvem. No activity was detectable at Divar.

Fig. 6. Down-core profile of di-nitrogen budget at Divar and Tuvem (+se) where consumption= N,
fixation while N, production occurs through denitrification and anammox. N;
fixation/consumtion has not been observed to occur at Divar.

Fig. 7. Down-core variation in the abundance of N0SZ genes (+se) at Divar and Tuvem.

Fig. 8. The nosZ DGGE profiles for mangrove sediments at Divar (D) and Tuvem (T); a= band BDI,
b=BD2; c=BD3; d=BT1.

Fig. 9. Neighbor-joining phylogenetic tree incorporating nosZ genes from BD1, BD2, BD3 & BTI.
Bootstrap analyses (1000 replications) were conducted and values greater than 700 are indicated
in the nodes. Bar, 0.05 change per nucleotide position.

Fig. 10. Principle component analysis (PCA) bi-plot of two sites (Divar (D) and Tuvem (T); sampled at
5 sampling levels- D1/T1=0-2 cm, D3/T3=2-4 cm, D5/T5=4-6 cm, D7/T7=6-8 cm, D9/T9= 8-10 cm)
based on the biogeochemical parameters (nitrate, nitrite, ammonium, total organic carbon (TOC) and
bacterial activities associated with nitrogen cycle: di-nitrogen fixation (Nif), total denitrification (D),
anammox (Anx), N, production (DytAnx).
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Table 1

Location: Divar

Location: Tuvem

Depth Sand Silt Clay Sand Silt Clay
(cm) (%) (%) (%) (%) (%) (%)
0-2 70.14 (£0.72)  16.69 (£0.89)  11.59 (£2.25) 48.42 (£1.46)  32.02 (£1.66) 16.31 (x1.40)
2-4 69.88 (£1.85)  14.32(x£0.77)  13.60 (£1.20) 44.56 (£0.70)  32.36 (£1.07) 20.05 (+£0.96)
4-6 72.88 (£0.25)  12.37(£0.70)  12.71 (£0.15) 43.07 (£0.44)  32.45(£0.77) 20.10 (£1.51)
6-8 70.03 (£0.71)  13.16 (£0.40)  15.62 (£1.65) 47.93 (£1.49)  30.71 (£0.57) 19.62 (x0.72)
8-10 79.31 (£2.12) 8.68 (£0.71) 10.50 (x0.19) 44.16 (£0.74)  31.86 (£0.28) 22.54 (£0.17)
Texture Sandy Silty sand
Table 2

Macrofaunal group

Density at Divar (nos. m~)

Density at Tuvem (nos. m™)

Polychaeta 1376 224
Oligochaeta 32 16
Crustacea 32 16
Gastropoda 16 -
Table 3
Component 1 ~ Component2  Component 3
Variable (PCI) (PC2) (PC3)
NH," 0.634 0.291 0.643
NOy 0.762 0.304 0.473
NO;5 0.101 0.692 -0.585
TOC 0.588 -0.616 0.387
Diot 0.790 0.479 -0.281
Anx 0.179 -0.624 -0.512
Av. nosZ -0.452 0.381 0.493
Nif -0.789 0.450 0.046
N, production 0.786 0.175 -0.464
Total variance (%) 38.2 22.6 21.5

"Correlation significant at 0.05 probability level; TOC= Total organic carbon, Nif= di-nitrogen fixation, Dy, = total

denitrification, Anx= anammox, N, production= D+Anx. The most significant variables in each component have been

highlighted bold.
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Table 4

sg Area Denitrification rates Method Reference
: - 2
. F_rllnge mangrove: 9.4 umol m Rivera-
Terminos lagoon, h 15nr -
. N isotope Monroy et al.,
! Mexico technique 1995
Basin mangrove: 1.9 to 4.5 q
pmol m™ h!
Vegetated sediments: 1.91 pmol
2yl
Mangrove fqrest, m~h N isotope Kristensen
2 Phuket, Thailand technique etal., 1998
Unvegetated sediments: 0.54 d ?
pmol m?2h’!
3q.-1
Logan/Albert river, § > nmol N cm_l h_l N isotope Meyer et al.,
3 . (38 nmol N g~ h™ or 240 umol .
Queensland, Australia 21 technique 2005
N2 m~-h )
21 -1
Matang mangrove 16458 umol N, m “ h N»-gas ’ Alongi et al.,
4 forest reserve, flux technique
: 2004
Malaysia
2
5 Jiulongjiang estuary, 46.08 to 157.5 pmol No m™ h N,-gas Alongi et al.,
China flux technique 2005
-2 1.-1
Southwest coast 0.12 and 7.8 umol N;,O m “ h Gas Corredor et

6 of Puerto Rico chromatography  al., 1999
Divar:
1.58-224.51 nmol g' h™!
*(10-2080 pmol N, m? h™)

>N isotope
Tuvem: technique
0.05-77.13 nmol g h!
*(4-660 pmol N, m? h'')

7 Goa, India Present study

* .
Converted for comparison
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