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Abstract. Denitrification in river sediments leads to nitrate 1 Introduction
removal from the aquatic system; therefore, it is necessary
to understand functional diversity of denitrifier communities agricultural and other anthropogenic activities result in in-

in the system. Sediment samples (0-25 cm depth) were colereasing amount of nitrogen compounds entering the fresh-
lected from three typical locations along the Pearl River. Theyater and marine systems, causing eutrophication problems.
real-time PCR approach was used to measure the abundangg the microbial process of denitrification, nitrate (I

of nitrate QarG), nitrite (nirS, nirk andnrfA), and nitrous  is converted to gaseous forms then lost from the systems
oxide (10s2 reductase genes from the sediment samples(canfield et al., 2010). Therefore, the denitrification pro-
Assemblages afirS, nirk andnosZindicated that complete  cess should help to minimize the eutrophication problems.
denitrification occurred in sediment cores, with the great-gjnce there is a large amount of denitrifiers and nitrogen
est number of gene copies from 5-15cm depth. Dissimilacompounds in eutrophication sediment, sediment is an im-

tory nitrate reduction appeared to be important below 15 cMyortant environment for nitrogen removal from an aquatic
depth, based on increasing gene copiegsanG andnrfA with system through denitrification.

i _ 0
sedwpent depth. There was a close match (78 94 %) bgtween Bacterial denitrifiers are taxonomically diverse due to the
thenirS sequences recovered from the Pearl River sedmen{

and those detected in estuarine and marine sediments as we ct that each bac_tgrlal_ species may partl_C|pate n onl_y one
Step of the denitrification process (Burgin and Hamilton,

as actlvg sludgg, suggesting that the mtrogen.source n Fh§007). Denitrification consists of four sequential steps and
Pearl River sediment was affected by domestic sewage in-

puts and irregular tides. Canonical correspondence analysilg.\t/(.)tlveilfoo,u ' entz3|/me(sj.bThe first step |sbto rzduc;%
indicated that the spatial distribution of denitrifying bacteria nitrite (NG, ) ce} ayze' Y & memorane-boun ) Needuc-
was highly correlated with dissolved inorganic nitrogen (in- {2S€ @ar) or periplasmic N@ reductaserap), which are en-
cluding NHf', NO, and NG;) concentrations in sediment. It coded by thenarG or thenapAgenes, respectively. Denitri-
was concluded that the difference in dissolved inorganic ni-YiNg bacteria contain one or both of the @eductase (i.e.,
trogen concentrations along the sediment profile influenced'@’G @ndnapA, in which narG is considered to be more
the distribution of denitrifying genes and th&S-encoding extensive and representative (Deiglmayr et al., 2004;7Sm|th
denitrifier community in the river sediment. In addition, a va- et al., 2007; Reyna et al,, 2010). In the second step, NO

riety of novel denitrifying bacteria were revealed in the river IS réduced to nitric oxide (NO). This reaction distinguishes
sediment. denitrifier community from other N©D-reducing bacteria and

is catalyzed by two functionally and physiologically equiva-
lent types of NQ reductases, either a cytochrome cd1 (en-
coded bynirS) or a Cu-containing enzyme (encodedrigK)
(Glockner et al., 1993)Nir gene sequence diversity in the

Correspondence taQ. Wu environment is taken as a measure for diversity of denitrifiers
BY (eeswgh@mail.sysu.edu.cn) (Prieme et al., 2002; Yan et al., 2003). In the third step, NO is
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reduced to nitrous oxide (\D), catalyzed by NO reductase 2 Materials and methods

(encoded by thaorBgene). NO is an obligate intermediate,

some of which ultimately escapes to the atmosphere. There2.1 Sample collection

duction of NO to nitrogen gas (B is the last step, which

is catalyzed by MO reductase encoded by theosZgene  The Pearl River is located in the subtropical region in the
present in the periplasm (Thrabk et al., 2004; Chon et al., Guangdong Province, Southern China. This river represents
2009) These reductase genes are generally used as biologpne of the most important ecosystems linking the highly de-
cal makers of the denitrification process because an approacteloping land area and the South China Sea. In recent years,
involving 16S rRNA is not suitable to investigate the diverse the Pearl River has experienced high anthropogenic nitrogen
community of denitrifying bacteria (Zumft, 1997; Braker et loading due to rapid population increase and economic de-
al., 1998). velopment.

The distribution of denitrifying genes in sediments are Sediment samples were collected on 6 April 2010 at three
affected by many factors, including concentration gradientlocations along the Pearl River near Guangzhou city, China
of the dissolved inorganic nitrogen (DIN) (including NO  (23°8'N, 11317 E), i.e., from the upstream at Zhujiang
NO, and Nl—ﬁ), organic matter content, dissolved oxy- Bridge (ZB), midway down the river at Huadi (H), and to
gen, and redox potential (Dong et al.,, 2009; Reyna et al.the downstream at Ersha (E) (Table 1). The three sample
2010). As the depth increases, oxygen concentrations ddocations were chosen based on the contrasting land use, pol-
crease rapidly, microorganism changed from facultative aerdution sources, and aquatic conditions. There is a munici-
obic phylotypes to strictly anaerobic phylotypes, and differ- pal refuse disposal station near location ZB, resulting in a
ent denitrifiers (base amirS diversity) change with the depth large amount of polycyclic aromatic hydrocarbons deposited
(Tiquia et al., 2006). Concentrations of denitrification sub- in the sediment. Several small factories are around location
strates, among which the DIN and organic matter are mosH, resulting in chemicals, such as chlorinated compounds
important, also change with the sediment depth (Dalsgaard eand metals, detected in the sediment. Also, a large amount
al., 2005; Meyer et al., 2008). More gene copiesaiGand  of water lettuces float on the surface at location H, causing a
nirS were observed in the river sediment with higher NO hypoxia condition in the water body. Location E is close to
concentrations (Chon et al., 2009). Availability of organic residential areas, which input sewage to the river. The wa-
matter and carbon/nitrogen ratio determine bacterial biomaster depths at the sample locations were about 3 m and bottom
and NQ; reduction rates as well as pathways (Burgin andwater temperatures were about’23 Salinity was low in this
Hamilton, 2007; Dodla et al., 2008). Some dissimilatory river section, between 1-12 %. depending upon the tide. Dis-
NOj reducing communities compete for JQvith denitri- solve oxygen level was 0.30 mgt in the water-sediment
fying bacteria. These NPreducing pathways such as anam- interface and decreased rapidly to 0.01 mg within 10 cm
mox (anaerobic ammonium oxidation) and DNRA (dissimi- Sediment (Huang et al., 2011). Three sediment cores were
latory nitrate reduction to ammonium), might appear in dif- collected at each site within a 2m diameter area. Each sed-
ferent sediment depths according to various carbon/nitrogefinent core was 8cm diameter and 30cm long. Sediment
ratios (Burgin and Hamilton, 2007). When sediment condi- cores were transported in ice boxes to the laboratory. In the
tions favor dissimilatory NQ reducing processes, complete laboratory, each sediment core was sectioned into 5pm slices
denitrification of NG} to N should be reduced or inhibited. (0-5, 5-10, 10-15, and 20-25cm) and then put into ster-
One shortcoming of the previous investigations on this topicile containers. About half of the sediment sub-samples were
is their focus on shallow sediments (0-10 cm depth). CompeYsed for chemical anglysis, which was performed within 24 h
titions among the different denitrification pathways and com-©f the sample collection and on 3 replicates per depth. The
munities in the sediment profile are still poorly understood. émaining sediment sub-samples were stored at*<8r
Therefore, further research is needed to study the denitrifymolecular analysis.
ing genes and potentially interacting environmental factors
in deeper sediments. 2.2 Analysis of environmental parameters

The aims of the current study were twofold: (1) to in- i . ]
vestigate the spatial distributions of denitrifying functional Sediment pH values were determined using a pH meter
genesiarG, nirS, nirk, nos2 as well asirfA, a gene marker (FED20_, Mettler, Toledo). Water content gnd grain sizes of
for DNRA (Dong et al., 2009) and diversity of denitrifier the sediment samples were analyzed using the gravimetric
community along the DIN gradient in the Pearl River sedi- Method and pipette method, respectively. By drying a sedi-
ment, and (2) to determine the relationship between sedimerf’€nt sample overnight at 106 to determine the dry weight,

chemistry and denitrifying functional genes in the sediment. the organic matter content was obtained from the subsequent
loss of weight after continuously drying the sample at 550

°C for more than 2 h. Total carbon content (TOC) was calcu-
lated based on the organic matter content and the total nitro-
gen (TN) content was determined using a Foss Kjeltec 2300
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Table 1. Characteristics of sample locations in the Pearl River.
Sample location
Environmental Zhuijiang Bridge (ZB) Huadi (H) Ersha (E)
characteristics | 0-5cm 5-10cm 10-15cm 20-25cmO0-5cm  5-10cm  10-15cm  20-25c¢cmO0-5cm  5-10cm  10-15cm  20-25cm
Latitude (N) 23°6'50" 23°6'8” 23°7'36"
Longitude (E) 113172 1131322 1131316"
Sediment
Depth layers ZB5 ZB10 ZB15 ZB25 H5 H10 H15 H25 E5 E10 E15 E25
TOC(g kgfl) 21.9 32.1 32.3 23.9 39.7 42.5 47.9 49.8 25.7 60.9 33.6 18.9
NO5 (mg kg*l) 8.60 9.52 10.7 12.0 8.71 10.8 22.4 17.7 19.7 27.0 13.7 19.8
NO?;(mg kg’l) 0.34 0.38 0.36 0.37 0.52 0.58 0.47 0.50 1.28 0.60 0.32 0.32
NH, (mg kgfl) 153 313 818 1195 194 349 1273 1218 1613 1867 1324 1252

Analyzer Unit (Foss Tecator AB, étjarés, Sweden). Con- potential presence of PCR inhibitors in sediment DNA ex-
centrations of N@, NO,, and NH; were determined using tracts was tested by running a real-time PCR assay on serial
the methods described by Ryan et al. (2001). dilution of sediment DNA extracts. No inhibition was de-
tected in any case. Standard curves for real-time PCR were
produced based on a serial dilution of known copies of PCR
fragments of the respective functional genes generated using
Three independent samples of nucleic acids for each sediM13 PCR from clones. All the standard curves showed ex-
ment slice were extracted from 500 mg sediment samples uszellent correlations between the DNA template concentration
ing the Fast DNA spin kit for soil as described in the manu- and the crossing point with high coefficients of determination
facturer’s instructions (Bio 101, Qbiogene Inc., CA, USA). (R? > 0.99). The PCR efficiency was estimated as follows
Extraction of DNA was confirmed by gel electrophoresis. (Bustin et al., 2009)

The concentration of the extracted DNA was measured us- /s

ing a Nano-drop spectrophotometer (Nano-Drop Technolo£ =10 -1 @)

gies, USA) at 260nm. A test of replicate extractions wasyheref is the PCR efficiency andlis the slope of the line of
performed to ensure reproducible yields from the DNA ex- gtanqard curve obtained from the tenfold dilution series. The
tractions. Q-PCR efficiency values for 16S rRNAarG, nirS, nirk,
nosz andnrfA were 0.964, 1.114, 0.863, 0.987, 1.020, and
1.258, respectively. The ratios of denitrifying genes to 16S
rRNA gene extracted from total bacteria were used to eval-
uate the relative abundances of various denitrifies compared
to total bacteria.

2.3 DNA extraction

2.4 Real-time PCR analysis

Table 2 lists the information on the primers selected for am-
plification of the different genes encoding 16S rRN®&SG,
nirS, nirK, nosZ,and nrfA. Each assay contained a stan-
dard curve, independent triplicate sediment DNA template52_5 Nirs-encoding bacterial clone |ibrary ana|y5es

for each sediment slice, and triplicate no template controls

(NTC). Experimental Q-PCR triplicates for each DNA sam- ThenirS gene fragments{890 bp) were amplified using the
ple were then averaged to obtain a single gene copy numprimer pair nirS1F (5CCT A(C/T)T GGC CGC C (A/G)C
ber. Real-time PCRs were carried out in LightCycler480 A(A/G)T 3’) and nirS6R (5CGT TGA ACT T(A/G)C CCG
with Sequence Detection Software v1.4 (Applied Biosys-T 3') (Braker et al., 1998). PCR amplificationsmfS from
tems, USA). Each PCR mixture (10 uL) was composed ofenvironmental samples were performed in a total volume of
5uL of SYBR Premix Ex TaqTM Il (X), 0.4puL 10nM of  50uL, containing 5uL of 1& PCR buffer (500 mM KCl,
each forward and reverse primers, 3.2 uL,@Hand 1.0uL 25 mM MgCh, 200 mM Tris-HCI [pH 8.4]. 0.1 % Triton X-

of template DNA (TaKaRa Biotechnology, Japan). PCR am-100), 200 uM each deoxyribonucleoside triphosohate, 1.0vU
plification and detection were performed in LightCycler480 of Taq polymerase (5U ptl; Appligene Oncor, lllkirch,
Multiwell (384-well) reaction plates with optical cap (Ap- France), 35pmol of both primers (5 pmolpit each), and
plied Biosystems, USA). The PCR temperature program waPDNA (10ng). After a denaturation step of 5min at 95
initiated with 30s at 94C, followed by 40 cycles of 5s at °C, a touchdown PCR was performed (Thermocycler 2400;
94°C, 30s at the specific annealing temperature (Table 2)Perkin-Elmer, Branchburg, N.J.). The touchdown PCR con-
and 30s at 70C. A melting curve analysis for SYBR Green sisted of a denaturation step of 30s at°@5 a primer-
assay was prepared after amplification to distinguish the tarannealing step of 40s, and an extension step of 40s at
geted PCR product from the non-targeted PCR product. Th&2°C. After 30 cycles, a final 7 min incubation at /2 was
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Table 2. Real time PCR primers used for the amplification of denitrifying genes.

Primer Target gene  Sequence (5'-3’) Annealing temp  Reference

narG328F narG GACAAACTTCGCAGCGG 61 Reyna et al. (2010)
narG497R narG TCACCCAGGACGCTGTTC 61 Reyna et al. (2010)
nirS3F nirS CCTA(C/IT)TGGCCGCC(A/G)CAAIG)T 57 Braker et al. (1998)
nirS5R nirS GCCGCCGTC(A/G)TG(A/CIG)AGGAA 57 Braker et al. (1998)
NirkK1F nirk GG(A/C)ATGGT(GIT)CC(CIG)TGGCA 57 Braker et al. (1998)
NirkK5R nirk GCCTCGATCAG(A/G)TT(A/IG)TGG 57 Braker et al. (1998)
nos1527F nosz CGCTGTTCHTCGACAGYCA 57 Scala and Kerkhof (1998)
nosl773R nosZ ATRTCGATCARCTGBTCGTT 57 Scala and Kerkhof (1998)
nrfA-2F nrfA CACGACAGCAAGACTGCCG 60 Smith et al. (2007)
nrfA-2R nrfA CCGGCACTTTCGAGCCC 60 Smith et al. (2007)

1055f 16SrRNA ATGGCTGTCGTCAGCT 57 Casamayor et al. (2002)
1392r 16SrRNA ACGGGGCGGTGTGTAC 57 Casamayor et al. (2002)

performed. During the first 10 cycles, the annealing temperMarkov chains for 19 million generations, and sampling the
ature was decreased by O every cycle, starting at 4% Markov chains every 100 generations. Tracer V1.5 (Rambaut
until it reached a touchdown at 4CQ. The additional 20 cy- and Drummond, 2009) was used to judge convergence of the
cles were performed at an annealing temperature 643 Bayesian Markov chain Monte Carlo runs. The first 14 000
The amplification products were analyzed by electrophore-sampled trees were discarded as burn-in. A consensus tree as
sis on 1 % (wt/vol) agarose gels (Genesnap, SYNGENE) fol-show in Fig. 1 was constructed from the remaining sampled
lowed by a 15 min stained with Genefinder (0.02 pL ThL trees.

PCR products were purified by agarose gel extraction and

cloned into a PMD19-T vector. Positive recombinant clones2.7  Statistical analysis

were identified by colony PCR and the PCR products were .

cleaned with ExoSap treatment and sequenced on an autd'€ coverage of each clone librarg’X was calculated by
mated ABI3730 automatic sequencer (Applied Biosystems (Mullins etal., 1995)

USA). C = 100 %[1—(n/N)] 2)

Six sediment sub-samples were selected and used for
an extensive analysis ofirS gene diversity as determined wheren is the number of unique OTUs amdthe total num-
through cloning experiments. The six samples were obtaineder of clones in a library. Indices of gene diversity (Shannon-
from locations ZB and H at three depths (0-5, 5-10, and 10-Wiener H and SimpsonD) and evennessE() were calcu-

15 cm), respectively. TheirS gene sequences were grouped lated using the methods of Schloss and Handelman (2005).
into operational taxonomic units (OTUs) based on a 5% se-Rarefaction analysis and two nonparametric richness esti-
quence distance cutoff calculated using the DOTUR progranmators, the abundance-based coverage estimggee) and
(Schloss and Handelsman, 2005). Sequences reported in thige bias-corrected ChaoISdhaon, wWere calculated using
study were deposited in GenBank database under accessi@OTUR (Schloss and Handelman, 2005). Correlations be-

numbers JN016541-JN016591. tween the gene distributions pnirS-encoding cluster assem-
blage vs. the environmental factors were analyzed with the
2.6 Phylogenetic analysis canonical correspondence analysis (CCA) (Dang et al., 2008,

2009). In the analysis, the OTU percentage frequency data in
Datasets ofirS sequences were analyzed using the Bayesiareach library were used as the species input and the environ-
inference (BI) (Huelsenbeck et al., 2001), implemented withmental variables were normalized via Z transformation (Ma-
MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003)galhées et al., 2008). Some large deviation of species might
A best fitting model of nucleotide substitution was identi- appear due to high occurrence of unique sequences. Consid-
fied using the Akaike information criterion (AIC) (Akaike, ered the low coverage, we used the uni-modal CCA analy-
1973) as implemented in MrModelTest 2.3 (Nylander, 2004).sis to minimize the potential errors. Analyses of Spearman
Bayesian analysis was carried out using GTR+I+G modelrank, multivariate and stepwise linear regressions of environ-
selected by MrModelTest 2.3, in which model parametersmental and gene abundance variables were carried out using
were treated as unknown and estimated through the Bl. Th&PSS v12 on both raw and log-transformed data. All data
following settings were applied: implementing two Markov were analyzed using one way analysis of variance (ANOVA)
chain Monte Carlo (MCMC) runs, running four simultaneous with the significant leveP < 0.05.
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Table 3. Copy numbers of denitrifying genes and bacterial 16S rRNA genes in the Pearl River sediment.

Ratios
16S rRNA gene narG/16SrRNA  nirS/16SrRNA  nirK/16SrRNA  nosZ16SrRNA  nrfA/16SrRNA

Layer g lsedimentg10l) (x1073) (x1072) (x1073) (x1073) (x1073)

ZB5 4.91+0.18 7.24+0.12 13.14+-1.24 6.3 1.22 7.24+2.22 17.5:4.11

ZB10 1.584+0.42 9.69t 0.23 11.3+1.03 3.22£0.32 11.6+5.67 21. 4517

ZB15 1.75+0.66 6.65+-0.11 3.30+0.17 2.10+0.09 9.68+4.32 23.6+3.39

ZB25 0.31+0.14 3.52:0.08 4.88+0.19 2.05£0.17 2.10+0.15 25.94-5.26

H5 1.26+0.33 3.06£0.10 26.8+3.28 7.35+1.03 4.94+0.23 32.4+ 3.57

H10 0.98+0.64 10.9£0.38 20.42.17 421+ 0.54 6.63+0.28 29.94-2.48

H15 0.57+0.14 12.2£0.42 6.70£0.28 2.84+0.12 2.73:0.08 37.1+2.16

H25 0.20+£0.05 13.A40.33 4.38t0.12 2.33+0.13 6.3 0.48 33.9£3.11

E5 3.37+£0.29 1.3A#0.03 2.94+0.11 5.214-0.23 0.34+0.05 7.98+1.21

E10 2.40+0.09 2.48+0.12 9.45+0.80 2.45£0.09 1.93£0.08 9.2%H2.47

E15 1.39£0.07 2.43+0.14 5.60+ 0.58 2.010.11 1.48+0.27 10.6+1.18

E25 1.63+0.32 4.88+0.16 6.55+0.71 1.8 0.07 1.0 0.09 33.5-5.02
@ The values represent the mean and standard eres3j.
3 Results 3.2 Relative abundances of different denitrifying genes
3.1 Environment conditions of Pearl River sediments Distributions of the denitrifying genesndrG, nirS, nirk,

nosZ,andnrfA) varied between the three sampling locations.
The sediments were mainly soft silt, and had a light hydrogenaithough the highest concentrations of DIN and TOC ap-
sulfide smell. As shown in Table 1, on average, DIN con-peared at location E, the relative abundance of denitrifying
tents were rather high, especially ljiHcompared to other genes was the lowest at this location. The lowest abundance
river sediments (Richardson et al., 2004; Laverman et al.of 16S rRNA was founded at location H, whereas the relative
2010). DIN concentrations of the sediment surfaces (0-5 cmhpundance of denitrifying genes was the highest at this loca-
increased from locations ZB to E, such that NONO, , and  tjon (Table 3). The relative contributions wirS gene to total
NH; increased from 8.60, 0.34, and 153 mgkdo 19.7,  bacteria were the highest among the denitrification genes at
1.28, and 1613 mgKkdf, respectively. DIN concentrations all locations. Abundances of 16S rRNA decreased with the
at location E were much higher than those at the other samsediment depth at the three sampling locations.
pling locations, which were attributable to the inputs of do- The relative abundance ofrG gradually increased with
mestic wastewater. Tides might be another factor to caus¢he sediment depth except for location ZB with the lowest
the pollutant accumulation. NDand NI—Q increased with  proportion at 25 cm depth. FaiirS andnirK, the relative
the sediment depth at locations ZB and H. Nitrate concen-abundance was high within the depth of 0-10cm and de-
trations at locations ZB and H, respectively, changed fromcreased rapidly below 10cm. Since the proportiomuf
8.60 and 8.71 mgkg' in the sediment surface to 12.0 and genes can represent the potential denitrification rate (Dong
17.7 mgkg? in the bottom layer, while NEI concentra- et al., 2009; Graham et al., 2010), the result indicated that
tions changed from 153 and 194 mg#go 1195 and 1218  nitrite reduction process should mainly occur above 10cm
mgkg1, respectively. Nitrate and I\Q’-|concentrations at inthe sediment. FonosZ the highest proportions appeared
location E were the highest among sample locations, whildn the depth of 5-15cm. Interestingly, different from other
NO; and NH} concentrations at location E showed insignif- denitrifying genes, relative abundancenmisZwas higher at
icant variations with the sediment depth. In contrast, the verdocation ZB. FomrfA, the relative abundance also gradually
tical change of NG at location E was significant, and the increased with sediment depth except for location H. It was
concentrations were highest at the sediment surface and dé&oted that the totairfA numbers actually decreased with the
creased with depth of 0-15cm. TOC was abundant in thedepth although the relative abundancedf increased with
sediment and the maximum content appeared in E10 (10 crthe depth.
depth at location E) layer (60.9 g kg, Table 1). TOC values
increased gradually from locations ZB to E.

www.biogeosciences.net/8/3041/2011/ Biogeosciences, 8, 30812011
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Table 4. Biodiversity and predicted richnesswifS sequences recovered from six layers in the Pearl River sediment.

Layer Coverage (%) Shannd#) Simpson(1D) Evennes¥) Sace Schaol

ZB5 85.5 2.82 7.72 0.83 66.0 64.3
ZB10 78.5 3.07 8.16 0.82 97.9 119
ZB15 72.4 3.43 9.13 0.78 129 130
H5 74.8 3.25 8.91 0.75 109 168
H10 70.8 4.15 13.6 0.86 146 142
H15 65.3 4.39 15.6 0.84 135 107
3.3 Phylogenetic diversity ohirS-encoding bacteria 17.4%, and 10 % of the total number of clones in H5, H10,

and H15, respectively. Clones in this cluster were related

ThenirS gene libraries from the layers of ZB5, ZB10, ZB15, t0 speciesDechloromonas aromaticCluster-F was related
H5, H10, and H15 resulted in totally 30&S gene sequences {0 SPeciesiromatoleum aromaticurt80-92 % identity) and
from clones. ThesairS gene sequences were assigned to 51Mainly appeared in ZB sediment with the largest percentage
OTUs based on a 5% cutoff. The coverage of thes8 (40 %) for layer ZB10. Cluster-G and Cluster-H were only
clone libraries was 86 %, 79 %, 72 %, 75 %, 71 %, and 65 %detected in deeper layer at location H, accounting for 4.3 %
in the layers ZB5, ZB10, ZB15, H5, H10, and H15, respec-and 4.4% in layer H10, 10.0% and 5.0 % in layer H15, re-
tively. The diversity indexes of these libraries suggestedSPectively. Sequences of Cluster-G were relateiiagne-

a slightly increasing diversity of the denitrifying bacterial tOSPirillum sp. (84 % identity), which was a Gram-negative

community with increasing depth (Table 4). The rarefaction-Proteobacterium. This is a group of facultative anaerobic
curve suggested a similar trend (data not shown). bacteria related to iron oxidation (Matsunaga et al., 2005).

o . luster-H was related witHerbaspirillumsp. and belonged
Nitrite reductase gene sequences from the Pearl River seq- . . .
. C : . o the family Burkholderiaceae These bacteria were usu-
iment were similar to those of other typical estuarine and

. . ally found in the rhizosphere of soil and sediment environ-
marine environments, as well as sewage treatment systems.

A phylogenetic tree indicated that the BIrS OTUs could ments. They were considered to participate in nitrogen fix-

be classified into nine clusters (Cluster-A to Cluster-I) baseatlon (Jung et al., 2007). Cluster-1 belonged to the family

on their class and function (Fig. 1). Cluster-A dominated in Candidatus chumullbactewhlch was ecologically signifi-
) i . cant because it was used to remove phosphorous from waste
all clone libraries with 57 %, 80 %, 52 %, 63 %, 61 %, and . .
: water (Fukushima et al., 2007). Cluster-I appeared in ZB5,
65 % in the layers of ZB5, ZB10, ZB15, H5, H10, and H15, ;
. ; ZB10, ZB15, H5, and H10, accounting for 14.3%, 13.3 %,
respectively. This cluster belonged to the fanflfrodocy- .
. . ; . st 4.4%, 12.5%, and 8.7 %, respectively.
claceasvhich contained mainly aerobic and denitrifying rod-
shaped bacteria with very versatile metabolic capabilities S o
(Martins et al., 2010; Wongwilaiwalin et al., 2010). One 3-4 Spatial distributions of denitrifying genes and the
OTU was closely related to the familgomamonadaceae. nirS-encoding bacterial assemblage
Both these families were usually found in aquatic sediment
habitats, constructed wetland, and activated sludge (RuizSpatial distributions of denitrifying genes anulS-encoding
Rueda et al., 2007; Spain et al., 2007). Sequences of Clustebacterial assemblages might be influenced by nutrient con-
B were similar to specieRalstonia eutropha strai(?8—90%  ditions in the Pearl River sediment. The CCA analysis of
indentify),belonging to the famil\BurkholderiaceaeR. eu-  denitrifying gene abundance ani@S-encoding bacterial as-
tropha H16was previously known aslcaligenes eutrophus semblages in response to environmental variables confirmed
and originally isolated from sludge. Cluster-C was closely the influence. In Fig. 2a, the first two CCA axes (CCAL1 and
affiliated with the specie3hiobacillus denitrificans This =~ CCA2) explained 73 % of the total variance in the denitri-
is a chemoautotrophic bacterium using sulfide as electrorfying gene abundance and 83 % of the cumulative variance
donor (Beller et al., 2006). The bacterium was only de- of the gene-environment relationship. Dissolved inorganic
tected in deeper layers at location ZB with 3.3 % and 8.7 %nitrogen had significant effects on distributions of denitrify-
in ZB10 and ZB15. Cluster-D had high sequence similarity ing genes. The CCA analysis showed that CCAL represented
(88—-94 % identity) with an environmental clone from Chesa- the vertical distributions of denitrifying genes. Nitrite reduc-
peake Bay sediment (Bulow et al., 2008), accounting fortase genes mainly assembled in 0—-10 cm in the sediment and
7.1%, 6.7 %, 13.0%, 6.3 %, 13.0%, and 20.0% in layers ofnosZdistributed in 5-15cm, while a large numberredrG
ZB5, ZB10, ZB15, H5, H10, and H15, respectively. Cluster- andnrfA genes gathered below 15 cm. Distributions of den-
E was detected in the sediment of location H with 12.5%, itrifying genes had obvious stratification in the Pearl River
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sediment (Fig. 2a). CCA2 represented the nutritional level
of the sediment. Results show that TOC was not limited to

oo lene e 7 the distribution of denitrifying genes (Fig. 2a). Concentra-
[ Decrioromonas so. AM220913 tions of NH} were significantly affectingrfA distributions
[ Ctone 28548 . (P =0.025), andnirS and nirk abundance was correlated
[ Crome 20550 with NO; (P =0.032). Distributions oharG were affected
T T ane w004 by the combined effects of DIN. HoweverpsZwas nega-
CZC:;{‘ tively related to various sediment nutritional factors, which
[ glone .10, Asrezz00 indicated that oligotrophic conditions might promote the ac-
ol ione oTMsG, £r 177802 tivity of nosZ(Fig. 2a).
 cione roa6 Clustaca In Fig. 2b, the first two CCA axes (CCA1 and CCA2) ex-
Loione ooz plained 71 % of the total variance in thirS-encoding bac-
[molone S-247. AB162303 terium composition and 81 % of the cumulative variance of
I crome D15 Erstaars the bacteria-environment relationship. CCA1 and CCAZ2 dis-
L crane zre tinguished thenirS-encoding bacterial assemblage of layer
FEione zB1s it ZB15 from those of the other layers. TOC and N©on-
clone S-Z26, AB162282 . . . . .
i mrone S tributed more to the bacteria-environment relationship than
o Lmoione M asos the other environmental factors (Fig. 2b). The distribution of
o . stosort, Oara546 Cluster-D was positively correlated with I\IHand Cluster-E

,cc‘lg‘é'Ii;?iaiiim"“ } was related to TOC and ND However, the distributions of
It Cluster-F and Cluster-I were negatively correlated with the
— Baiuicnia sckgoln 8L id20050 nutrient-rich conditions. Along the most important CCA1
AZEi::,.’:;f:j‘u:'jgn,m,,m& crovoite ]C'“S‘E"C axis, Cluster-D, -E, -G, and Cluster-H might correspond to
ECione ted0 o the nutrient-rich conditions in the sediment, whereas Cluster-
o O B one Zat8a2 F and Cluster-I corresponded to the less eutrophic conditions
I don,;:ngnz% fzgjfizmsvsm Cluster-p (Fig. 2b). Various denitrifier communities were found among
_Clone zB5-51 the different locations and sediment depths.
O cotormonas asn crovoass
T&ions rrocn
T ione a0t Cluster-E 4 Discussion
] e Tonaza | en 5 GRo00088
e The spatial distributions and concentrations of DIN in the
ilane Zm10.00 et sediment clearly showed the urban river characteristics of the
Azoarcus foum. OR Pearl River. Because of a large amount of domestic wastew-
Clone ZB5-49

ter sp.,
Clone H15-42

Clone ZB5-46
L2 ctone ot 676755 | Cyerorec ater inputs, various pollution characteristics appeared at dif-
ferent locations. Concentrations of IfHn the sediment of
, APO07255 . . . . .
glpne Nir>-9, GUs6486S this river section were higher than those of other rivers, and

Clone H10-38
o0

B the vertical variations of N©, which accumulated at deeper

m sp., Cluster-H

Vs Cupriaviaus tamanensis sir, CUs33750 layers, were different from those in other river sediments

Clone H5-34

cione Sats, ABt6zzas (Tiquia et al., 2006; Laverman et al., 2010). Previous stud-
—|Ei;c3321§fifa ies showed that denitrifying bacterial diversity was higher
clone A58, EF558420 Cluster-l . . e .
——— clone OTUzss. EF1TTTES at deeper sediment layers, but denitrification rates of deeper
il Ce us A vt clade IIA str.,, CPOG1715

sediments could be neglected due to the absence of oxidized
NO3 a|_1d N?‘d (Tiqtga et al., 20'?16)5 Hov(\;gver, I\gDcohnj )

: . - centrations did not decrease with the sediment depth in the
Fig. 1. Phylogenetic tree of PCR-amplifiatirS gene. The tree Pearl River and the relative abundanceafG was higher at

was constructed using the Bayesian inference (Bl) methods with

nirS sequences from the Pearl River sediment and from other typi-deeF’er sediment layers (Tables 1 and 3). These results indi-

cal estuarine and marine environments, as well as sewage treatmefated that N@ reduction rates in the deeper sediments could
systems. Sequences determined in this study are in bold. Bootstrapot be neglected in the river region. Dramatically decrease
values were based on 1000 replicates each and are shown at tig§ abundances aiirS andnirkK below 15cm did not cause
nodes with>50 % bootstrap support. OTUs with bootstrap value NO, accumulation, indicating that there were other)N@-
either>80 % were utilized to designate th&S phylogenetic clus-  duction pathways in the deeper sedimeriRelative abun-
ters. The scale bar represents 10 % sequence divergence. dance ofnrfA increased with the sediment depth and DNRA
might become more active in the deeper sediment. However,
low C/N below 15 cm inhibited the DNRA process (Burgin

o
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O Sample locations A Denitrifying genes (a) or nirS clusters (b) —» Environmental factors.
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Fig. 2. Ordination plots of the canonical correspondence analysis (CCA) for the first two dimensions of CCA of the relationship between the
distributions of(a) denitrifying genes an¢b) nirS clusters vs. the nutrients in the Pearl River sediment. Correlations between environmental
variables and CCA axes are represented by the length and angle of arrows (environmental factor vectors).

and Hamilton, 2007). Therefore other metabolism pathwaysurban characteristics. When the river is affected by both do-
such as anammox that drives lroduction in the marine  mestic pollutions and irregularly tides, diversity and distri-
and estuarine environments, might be important processes toutions of denitrifying bacteria should become more com-
consume NQ@ in this river sediment (Kuypers et al., 2003; plicated. In comparable environments, similar denitrifying
Dalsgaard et al., 2005). The.Nenerate efficiency of anam- communities may develop despite of different geographical
mox and its impact on denitrification needs further studies.locations (Castro-Gdzlez et al., 2005; Falk et al., 2007).
Our results showed that denitrification processes in differenSediments from locations ZB and H were use to study the di-
sediment depths were dominated by different;Néhd NG, versity of denitrifier community according to the high abun-
reduction pathways. Therefore, it is essential to study thedance ohirSgenes in these locations. Some of S gene
vertical distribution of denitrification in the river sediment.  sequences were unique with the sampling locations, and sev-
. . ) . eral nirS gene sequences were novel in the Pearl River, as
In this study, botmirk andnirSwere detected inthe Pearl o<t of them had<70% nucleic acid identity with those
River sediment. Howevenirk abundance was much lower o0 cyitivated strains anet90 % identity with those from
thannirS abundance in the sediment becans® only pre- o ironmental clones. Cluster-G and Cluster-H were only
vails in conditionally oxygen-exposed environment (DesnueSygiected at location H, corresponding to the serious pollution
et al., 2007; Knapp et al., 2009). The enzymes encoded by eated by the aquatic plants and metal release at this loca-
nirS andnirk require different substrates. Particularly envi- 1. Bacteria of Cluster-E and Cluster-F, which utilize dif-
ro_nme_ntal cor_lditions may alter the propqrtion of denitrifiers ferent aromatic compounds, appeared only in the sediments
with nirk or nirS. Moderate levels of NQ in the river sed- ¢ |5cations H and ZB, respectively, due to different cate-
iment increasenirS diversity (Yan et al., 2003). ThairS  gjes of polycyclic aromatic hydrocarbons (Chakraborty et
gene is found to be more widespread in the bacterial COM3|., 2005; Tamang et al., 2009). It was very likely that at
munities in various sediments (Priénet al., 2002; Liu et o55¢ some of these bacteria were the contaminant-degrading
al., 2003; Throkck et al., 2004; Tiquia et al., 2006; Oak- ghecies in thenirS communities. Existence of many novel
ley et al., 2007; Dang et al., 2009). Therefore, we used thg),cteria was another reason for the lower abundannare
nirS gene to characterize the diversity of denitrifier commu- ¢ nareq tirS in this environment (Table 1). Further re-
nities in the Pearl River sediment. Most of tieSsequences g rch is needed to cultivate the novel denitrifying bacteria,
in this s_;edlment.had a close_match ywth those originally de- study their ecophysiology, and to understand their roles
tected in estuarine and marine sediments as well as sludgg,q mechanismsin N cycling and environmental bioremedia-

(Noggles et al., 2002; Tsunedg et al., 2005; Osalfa et alyion, In addition, more specific primers should been designed
2006; Ruiz-Rueda et al., 2007; Spain et al., 2007; Bulow,, 4 verified experimentally.

et al., 2008), suggesting that this river has both tidal and
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In this study, besides the abundance of denitrifying genessuggesting that distributions of denitrifying bacteria in the
the composition of denitrifying bacterial communities basedsediment were determined by combined effects of,NDd
on nirS gene also showed vertical variations. Denitrifier other depth-dependent factors. Environmental factors that re-
communities were dominated by a few phylotypes in the sur-strict thenosZdistribution also deserve to be studied because
face layers and showed higher diversity in the deeper laynosZis the key functional gene for the complete denitrifica-
ers. On the other hand, unique denitrifying bacterial phylo-tion. The CCA analysis showed that abundanceasZwas
types appeared in the different sediment depths (Table 4 antigher at the least nutrient condition in the sediment. This
Fig. 1). Denitrifying bacteria changed from facultative aer- result was contrary to that of Laverman et al. (2010), who
obic phylotypes to strictly anaerobic phylotypes attributable considered that higher numbersmfsZappeared in nutrient-
to the decrease of dissolved oxygen with the sediment depthich sediment and clean river might reduce the efficiency of
Bacteria of Cluster-l was facultative denitrifying bacteria, N2 production. Our result implied that the distribution of
which preferred low dissolved oxygen conditions and usuallynosZwas not limited by concentrations of organic carbon or
accumulated in the upper sediments (Fukushima et al., 2007 itrogen but by the ratios of them. The uncertain conclusions
Nitrification and denitrification processes can simultaneouslyabout NO reduction andosZneed for further studies.
occur in the surface sediment, thereby increasing the reduc-
tion rates of N@ and NG, (Rysgaard et al., 1993; Scott et
al., 2008). R. eutropha H16of Cluster-B, which preferred 5 Conclusions
non-halophilic habitats and did not require oxygen, appeared
in the deeper sediment (Schwartz et al., 2003). With the ca® direct relationship was established between the depth-
pability to carry out DNRA processes, bacteria of Cluster-D dependent environmental characteristics and the distributions
did not exist in the sediment surface, but the bacterial pro-0f various denitrifying genes as well as the structuraicd-
portion became remarkable with the sediment depth. All oféncoding denitrifier community in the Pearl River sediment.
these results suggested that the vertical distributions of denlt was found that the diversity of the denitrifier communities
itrifying genes in this sediment had a similar stratified char-Was high in the sediment because the river sediment was af-
acteristic, and that transformation, competition, and cooperfected by both domestic sewage inputs and irregular tides.
ation of different denitrifier communities were determined The sediment depth and nutrient conditions were the major
by the depth-dependent sediment characteristics. Based dactors to control the distributions and diversities of denitrify-
the stratified characteristic, the sediments could be divided"d genes. Denitrification stratification in the sediment could
genera”y into three |ayers_ In our sediment, at 0-5cm, Synbe classified based on the vertical distribution of denltrlfylng
chronic nitrification and denitrification processes dominated9enes and DIN. Many noveiirS-encoding denitrifiers were
in this low oxygen environment (Fan et al., 2006). At 5— found in this typical sediment environment. The physiology
15 cm, nitrite reductase geneirS and nirk ) andnosZwere and ecological roles of these novel denitrifiers in the nitrogen
concentrated, potential denitrification ability was high, and transformation and contaminants degradation in the environ-
the complete denitrification process (with the final product of Ment should be of great interests in future studies.

N2) accommodated this environment (Graham et al., 2010). _
Below 15 cm, a strictly anoxic condition limited nitrification, AcknowledgementsThis work was partly supported by grants from
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