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Abstract At present, the understanding of the dynamics of denitriﬁers at diﬀerent dissolved oxygen (DO)
layers under organic carbon consumption within the surface sediments remains inadequate. In this study,
high-throughput sequencing and quantitative PCR targeting nirS gene were used to analyze the denitriﬁer
abundance dynamics, community composition, and structure for aerobic (DO 0.5–6.9 mg/L), hypoxic-anoxic
(DO 0–0.5 mg/L), and anoxic (DO 0 mg/L) layers in surface sediments under organic carbon consumption.
Based on the analysis of nirS gene abundance, the values of denitrifying bacteria decreased with organic
carbon consumption at diﬀerent DO layers. When the bacterial species abundance at the genus level were
compared between the high-carbon and low-carbon sediments, there was signiﬁcant increase in 6 out of 36,
7 out of 36 and 6 out of 36 genera respectively for the aerobic, hypoxic-anoxic and anoxic layers. On the
other hand, 14 out of 36, 9 out of 36 and 15 out of 36 genera showed signiﬁcant decrease in bacterial species
abundance respectively for the aerobic, hypoxic-anoxic and anoxic layers. Additionally, 14 out of 36, 20 out
of 36, and 15 out of 36 genera had no change in bacterial species abundance respectively for the aerobic,
hypoxic-anoxic, and anoxic layers. This indicates that the carbon utilization ability of diﬀerent denitriﬁers
on each DO layers was generally diﬀerent from each other. Diversity of denitrifying bacteria also presented
signiﬁcant diﬀerences in diﬀerent DO layers between the high- and low-carbon content sediment layers.
Moreover, under the high-carbon and low-carbon content, the abundance of nirS gene showed a high peak
within the hypoxic-anoxic regions, suggesting that this region might be the main distribution area for the
denitrifying bacteria within the surface sediments. Furthermore, community of unique denitriﬁers occurred
in diﬀerent DO layers and the adaptive changes of the denitriﬁer community followed the organic carbon
consumption.
Keyword: eutrophic freshwater lake; surface sediments; dissolved oxygen proﬁles; denitriﬁer; organic
carbon consumption

1 INTRODUCTION
Nitrate pollution in both surface and groundwater
has for a long time been one of the most important
water quality issues worldwide (Nolan, 2001; Puckett
et al., 2011). Sediment denitriﬁcation is the main
process of nitrogen removal in shallow lakes
(Sirivedhin and Gray, 2006). Normally, reduced
oxygen concentrations and the availability of electron

donors (i.e. organic carbon) and N sources were the
three conditions necessary for the denitriﬁcation. In
nature, the organic carbon compounds are the most
common carbon source for the denitriﬁcation process
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(Van Rijn et al., 2006) and the nature of organic
carbon has inﬂuence on the denitriﬁcation
performance, microbial community structure as well
as denitriﬁcation genes (Srinandan et al., 2012; Xu et
al., 2018). Previous studies have reported on the
eﬀects of organic matter on denitriﬁcation in soil and
sediments of the lakes, oceans and rivers (Groﬀman
et al., 2009; Huang et al., 2011; Jenerette and
Chatterjee, 2012; Wu et al., 2013; Jia et al., 2016; Liu
et al., 2018a). Dissolved oxygen (DO) is usually
considered the most critical proximal regulator of
microbial denitriﬁcation (Cao et al., 2017). Diﬀerent
denitrifying enzymes have varying sensitivity to
diﬀerent oxygen concentrations (McKenney et al.,
2001). Nitrogen removal in wastewater treatment
systems with diﬀerent DO concentrations has been
signiﬁcantly studied (Chen et al., 2016; Waki et al.,
2018; Zou et al., 2018), but the response of denitrifying
bacteria is still not adequately reported. Previous
studies on the physical and chemical properties of the
lake sediment-water interface found that the surface
sediments had severe redox gradient changes within
the range of several millimeters (Santschi et al.,
1990). However, under condition of continuous
degradation of organic matter, the characteristics of
denitrifying bacteria in surface sediments on the
vertical scale based on changes of DO content are still
not adequately known.
Various reductases catalyzed nitrate to nitrite, nitric
oxide, nitrous oxide and dinitrogen gas through the
process of denitriﬁcation (Zumft, 1997). Through this
process, nirS gene that encodes for cytochrome-cd1
nitrite reductase, catalyzes the ﬁrst step in the
evolution of the gaseous product (NOˉ2-NO). The nirS
gene is more widely distributed amongst the bacteria
from the natural environments (Braker et al., 1998)
and has been most frequently used as functional
biomarkers of the denitrifying community (Bulow et
al., 2008; Francis et al., 2013; Yang et al., 2013; Gao
et al., 2016).
In the current study, three lake sediment layers:
aerobic zone (AEZ), hypoxic-anoxic zone (HAZ) and
anoxic zone (ANZ), distinguished using an oxygen
microsensor on a vertical scale over organic carbon
consumption rate, were stratiﬁed and sampled. The
aim of this study was to explore the dynamics in
denitrifying bacteria abundance, community
composition, structure, and diversity along the
vertical DO boundary within the surface sediment
proﬁles using nirS gene. This was to provide a deeper
understanding on the traits of denitrifying bacteria
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based on the consumption of organic carbon within a
eutrophic lake. The information generated from this
study is helpful in providing accurate understanding
on the contribution of lake surface sediments to
denitriﬁcation process, providing insights necessary
in developing eutrophication control strategies.

2 MATERIAL AND METHOD
2.1 Experimental design
Surface sediment was collected in May 2018 from
Dianchi Lake, located in Kunming, China
(102°38ʹ0.84ʹʹE, 24°58ʹ41.61ʹʹN) using speciﬁc
sampling methods described previously by Tian et al.
(2015). Surface sediment cores were sampled to a
depth of 20 mm and carefully transferred to PVC
cylinders in situ (30 mm diameter × 110 mm high)
before being subject to laboratory microcosm
incubations. A simulation of the overlying lake water
contained in mg/L; 48.6 NaNO3, 5.1 MgSO4·7H2O,
3.8 NH4Cl, 5.6 K2HPO4, 4.4 KH2PO4, 0.1 mL/L of
trace elements (Nancharaiah et al., 2008) and pH of
7.2. A 20-mL aliquot of synthetic lake water was then
gently overlaid onto the sediment using a siphon to
avoid disturbance. The depth of the added synthetic
lake water was approximately 30 mm above the
sediment, resulting in a water׃sediment ratio as
described in Rong et al. (2016). The nitrate
concentration in the overlaid water was measured 1to
2 times per day with an ion chromatography
(ICS5000þ, Thermo Fisher Scientiﬁc, MA, USA),
and when it was lower than 1 mg/L, the water was
replaced. All cylinders were stored in dark incubators
at 25°C for 30 days. Sampling for denitriﬁer bacterial
richness was set up at day 10 when the organic carbon
content was high and at day 30 when the organic
carbon content was low.
2.2 Sediment analyses
At days 10 and 30, the sediment was acquired and
parameters measured in triplicate. Micro-sensors
with a 90–110 μm tip diameter were used to detect
DO levels (Unisense, Denmark). The sediment cores
were cut into 3 parts of the following intervals;
0–2 mm, 2–4 mm, 4–6 mm. Frozen dried sediments
were sieved to measure the total organic carbon
(TOC) by an elementar vario TOC system
(Elementar, Germany). Dissolved organic carbon
(DOC) was extracted by water at a ratio of 1:10
(sediment/water) and measured using a DRB200
digital reactor (HACA, USA).
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2.3 DNA extraction

0
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HAZ
(2–4 mm)

-3
-4
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Quantitative PCR analysis was undertaken for the
denitriﬁcation bacterial abundance based on the
quantiﬁcation of nirS gene and the primer pair
nirScd3Af and nirSR3cd (Kandeler et al., 2006), and
16S rRNA gene with the primer pair 338F and 806R
(Xu et al., 2016). Their abundance was determined by
the qPCR standard curves (Bio-Rad, USA) using
SYBR Green as the signal dye. Standard curve was
obtained by tenfold serial dilution of standard
plasmids containing target functional gene. Each 20μL reaction mixture contained 1 μL of template DNA,
10 μL of iTaq Universal SYBR Green Supermix (BioRad), 1 μL of each primer, and 7 μL of water. The data
were analyzed using the Bio-Rad software. Plasmid
containing target gene and nuclease-free water as
positive and negative controls respectively were run
together with each sample.
The primer nirScd3aF/nirSR3cd of nirS was also
used for sequencing ampliﬁcation on an Illumina
MiSeq platform (Illumina, USA) by LC-Bio
Technology Co. (Hangzhou, China). Raw fastq ﬁles
were demultiplexed and quality-ﬁltered with
Trimmomatic and merged with FLASH. Sequences
with 97% similarity were clustered as Operational
Taxonomic units (OTUs) with UCHIME software
(version 7.1 http://drive5.com/uparse/). Taxonomy of
nirS gene was analyzed using the RDP Classiﬁer
(http://rdp.cme.msu.edu/).

-6

Alpha diversity was applied in analyzing the
complexity of species diversity of the samples using
the Observation and Chao indices with Mothur
(version
v.1.30.1
http://www.mothur.org/wiki/
Schloss_SOP#Alpha_diversity).
Beta
diversity
analysis was used to evaluate diﬀerences in species
complexity among the samples. Beta diversity was
calculated through Analysis of Similarities (ANOSIM)
with weighted Non-metric Multidimensional Scaling
analysis (NMDS) in the R “vegan” package (v3.2.3).

AEZ
(0–2 mm)

-1

2.4 qPCR and high-throughput sequencing

2.5 Statistical analysis

Day 10
Day 30

1

Depth (mm)

DNA was extracted from approximately 0.8 g of
each sediment sample using an EZNA Soil DNA Kit
(Omega, USA) in line with instructions of the
manufacturer. DNA concentration and quality were
assessed by spectrophotometry and 1% agarose gel
electrophoresis, respectively. All DNA extracts were
stored at -20°C until further processing.
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Fig.1 Dissolved oxygen proﬁles at the sediment-water
interface on days 10 and 30
AEZ, HAZ and ANZ represent the aerobic, hypoxic-anoxic and
anoxic DO layers, respectively.

One-way and two-way ANOVA, and Pearson’s
correlation analysis were conducted using SPSS
version 19.0 software. Other ﬁgures were drawn
using the Origin 2017 program.

3 RESULT
3.1 Chemical properties of surface sediments
among vertical DO proﬁles
Oxygen penetration depth is a measure of
inﬁltration depth of oxygen from the water into the
sediment and determines the thickness of the aerobic
sediment. The experimental results revealed that
oxygen penetrated into the sediment, and that the
depth of penetration for oxygen concentration of
0.5 mg/L varied within the range of 2.0–2.5 mm
during the 10th and 30th sampling days (Fig.1). Based
on the DO penetration depth data, it was determined
that 0–2 mm, 2–4 mm, and 4–6 mm corresponded to
the aerobic, hypoxia-anoxic and anoxic DO layers,
respectively. Two-way ANOVA showed that TOC
content (P<0.01) and DOC content (P<0.01) were
signiﬁcantly consumed over time at the three layers.
Similarly, TOC content (P<0.01) was found to be
signiﬁcantly diﬀerent between the depths in the
surface sediments (two-way ANOVA, Table 1).
Furthermore, interactions between sampling days and
depth were found in DOC content (P<0.01).
3.2 Abundance of denitriﬁers along DO proﬁles
The qPCR analysis of 16S rRNA and nirS gene
copies revealed that the abundance of total bacteria
decreased gradually with increasing depth, while the
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.0

2

R

=0
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Ration of
nirS gene
4
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0.
=
,P
e

HAZ

ANZ

c

d

16S rRNA gene
47.52***
43.37***
0.28

Subject
Organic carbon consumption (OCC)
Depth (D)
OCC×D

nirS gene
51.33***
14.77**
8.89**

Ratio
31.42***
13.78**
5.13*

Number of nirS gene sequences
78.52***
10.17**
0.277

Fig.2 The values of 16S rRNA bacterial gene (a), the denitriﬁer nirS gene abundance (b), the ratio of nirS gene to 16S rRNA
gene according to qPCR (c), the number of nirS gene sequences based on high-throughput sequencing (d), along the
aerobic (AEZ), hypoxic-anoxic (HAZ) and anoxic (ANZ) layers on high and low organic carbon sediment surface
Error bars represent standard error (n=3). The black and white square represent high organic carbon (HOC) and low organic carbon (LOC),
respectively. The following table shows the results of the two-way ANOVA data obtained from the attached ﬁgures. The data in the table presented
the F value (e). Pearson’s correlation between organic carbon (TOC and DOC contents) and the abundance and relative abundance of nirS gene.

Table 1 Vertical distribution and two-way ANOVA of
carbon properties in sediments
Time (d)

Depth (mm)

TOC (mg/g)

DOC (μg/g)

10

0–2

45.57±0.39a

341±5.20a

2–4

b

49.07±0.20

319.67±3.38b

4–6

49.83±0.53b

342.67±3.84a

0–2

a

25.12±1.45

276±2.89a

2–4

30.99±0.29b

281±8.50b

4–6

34.52±0.54

247.67±3.28a

DF

F

Time (T)

1

938.04***

Depth (D)

2

47.36

T×D

2

6.44

30

b

***

272.82***
3.75
16.48***

Diﬀerent lowercase letters represent signiﬁcant diﬀerences among three layers
at day 10 and 30 as determined by one‐way ANOVA method. ***: P<0.001.

abundance and relative abundance of nirS gene
increased to a peak at hypoxia-anoxic DO layers
(2–4 mm) both at high and low organic carbon
sediment content (Fig.2). Moreover, two-way ANOVA

showed that the abundance of total bacteria as well as
the abundance and relative abundance (ratio of
nirS/16S rRNA gene copies) of nirS gene were
signiﬁcantly diﬀerent based on the consumption of
organic carbon and increase in the depth (P<0.01;
Fig.2a, b, c). Additionally, the interaction of depth and
organic carbon consumption through the abundance
and relative abundance of nirS gene was signiﬁcantly
diﬀerent (P<0.05). The number of nirS gene sequences
based on Illumina Miseq-based sequencing also
showed the same trend (Fig.2d). Moreover, Pearson’s
correlation showed that TOC and DOC contents were
the signiﬁcant factors correlating with the abundance
and relative abundance of nirS gene (Fig.2e).
3.3 Community composition and structure of
denitriﬁer bacteria
Illumina Miseq-based sequencing identiﬁed 36
genera in all the samples, among which only six genera
were classiﬁed as unknown genera. Azoarcus,
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Fig.3 Relative abundance of nirS-based representative denitriﬁer communities in the surface sediment
AEZ: aerobic layer; HAZ: hypoxic-anoxic layer; ANZ: anoxic layer; HOC: high organic carbon; LOC: low organic carbon.

Arenimonas,
Planctomycetales_noname,
Dechloromonas and Rubrivivax were the predominant
denitriﬁer representatives at the surface sediment
(Fig.3). When the bacterial species abundance at the
genus level were compared between the high-carbon
and low-carbon sediments, there was signiﬁcant
increase in 6 out of 36, 7 out of 36 and 6 out of 36
genera respectively for the aerobic, hypoxic-anoxic and
anoxic layers. On the other hand, 14 out of 36, 9 out of
36 and 15 out of 36 genera showed signiﬁcant decrease
in bacterial species abundance respectively for the
aerobic, hypoxic-anoxic and anoxic layers. Additionally,
14 out of 36, 20 out of 36, and 15 out of 36 genera had
no change in bacterial species abundance respectively
for the aerobic, hypoxic-anoxic and anoxic layers. The
numbers of bacteria at the genus level were compared.
Among them, the dominant genera Azoarcus,
Rubrivivax, Kocuria and Alicycliphilus signiﬁcantly
increased, Arenimonas, Ideonella, Dechlorospirillum
and Thauera decreased, while Planctomycetales_
noname, Dechloromonas, Azospira and Cupriavidus
did not show any signiﬁcant change at the aerobic layer
(0–2 mm). At the hypoxic-anoxic layer (2–4 mm), the
predominant genera Dechloromonas, Rubrivivax,
Kocuria and Azospira signiﬁcantly increased,
Arenimonas, Pseudomonas and Sulfuricella decreased

while Azoarcus, Planctomycetales_noname, Ideonella
and Thauera had no observable changes with respect to
the consumption of organic carbon. With respect to the
consumption of organic carbon, the ascendant genera
Dechloromonas, Rubrivivax, Kocuria, and Cupriavidus
signiﬁcantly increased, Alphaproteobacteria_noname,
Magnetospirillum, Arenimonas, and Planctomycetales_
noname
signiﬁcantly
decreased,
while
Dechlorospirillum, Azoarcus, Azospira, and Thauera
did not show any signiﬁcant change at the anoxic layer
(4–6 mm) (Fig.4).
ANOSIM was used to analyze the diﬀerences in
the community structure of denitriﬁers across the
vertical proﬁles with the consumption of organic
carbon in the surface sediment. These comparisons
revealed signiﬁcant diﬀerences in denitrifying
community structure (R2=0.93, P=0). NMDS also
showed signiﬁcant diﬀerence among vertical proﬁles
and between high and low organic carbon sediment
surface at the OTU level. On the other hand, the
bacterial communities at the same layer and for the
same organic carbon content tended to cluster
together, with high organic carbon content visibly
separated from low organic carbon content, and
aerobic (0–2 mm), hypoxic-anoxic (2–4 mm) and
anoxic (4–6 mm) clearly parted (Fig.5).
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Fig.4 Comparison of the compositions of denitriﬁer communities of HOC and LOC content within the sediment at three
layers (aerobic, AEZ; hypoxic-anoxic, HAZ; and anoxic, ANZ)
The relative abundances (percentage) of the microbiota at genera level are presented. Red and black asterisks indicate signiﬁcant increase and
decrease form HOC to LOC, respectively (*: P≤0.05). HOC: high organic carbon; LOC: low organic carbon.
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Fig.4 Continued
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Fig.5 NMDS showed diﬀerences in nirS-based representative denitriﬁer communities among the three layers (AEZ, HAZ
and ANZ) between HOC and LOC
AEZ: aerobic layer; HAZ: hypoxic-anoxic layer; ANZ: anoxic layer; HOC: high organic carbon; LOC: low organic carbon.
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Table 2 Diversity indices of nirS-type denitriﬁers through
Illumina Miseq-based sequencing in surface
sediment DO proﬁles between high and low
organic carbon content by two-way ANOVA

TOC
R2
=0

2

0
0.0

,
42

.6

P=

69

,P
=0

0.5
2=
R

.0

Organic carbon
consumption (OCC)

02

Observation
indices

Chao indices
R2
=0

High organic carbon

07

.0

=0
,P

.4

01

,P
=0

.0

2

DOC

Fig.6 Pearson’s correlation between organic carbon (TOC
and DOC) and the indices of Observation and Chao

3.4 Community diversity of denitriﬁer bacteria
Based on nirS-type Illumina Miseq-based
sequencing results, the alpha diversity indices,
Observation and Chao, were used together to evaluate
the denitriﬁers community diversity along the surface
sediment under the organic carbon consumption.
Two-way ANOVA showed that the Observation
indices (P<0.001) and Chao indices (P<0.01) diﬀered
signiﬁcantly between the high and low organic carbon
content in the surface sediment. With respect to the
consumption of organic carbon, the alpha diversity
indices increased at the aerobic (0–2 mm) and anoxic
layers (4–6 mm) and decreased at hypoxic-anoxic
layers (2–4 mm). Under high organic carbon content,
the indices showed peak values at the hypoxic-anoxic
layers (2–4 mm), and decreased with the increase in
the DO levels at the low organic carbon content. The
interaction of depth and organic carbon consumption
of the Observation (P<0.001) and Chao (P<0.01)
indices were signiﬁcantly diﬀerent (Table 2).
Moreover, Pearson’s correlation analysis revealed
that TOC content and DOC content were also potential
nutrients that were signiﬁcantly correlated with the
diversity indices (Fig.6).

4 DISCUSSION
Nitrate loading and contamination of surface waters
(e.g., lakes) has become a common environmental and
health problem, especially in developing countries.
Microbiological processes can remove excess nitrogen
in waterbodies. These processes occur mainly at the
surface of the sediment, where microbial activities are
higher (Saarenheimo et al., 2017). In this study, the
consumption of organic carbon is related to the
abundance community composition, community

Depth
(mm)

Observation

Chao

0–2

3 084±214.50a 5 353±449.63a

2–4

3 905±192.20b 6 848±351.67b

4–6

3 433±136.42ab 5 852±258.30ab

0–2

4 540±23.22a

7 333±71.47a

2–4

3 896±27.06b

6 773±52.41b

4–6

3 707±38.15

6 447±94.38c

DF

F

Organic carbon
consumption (OCC)

1

28.40***

15.28**

Depth (D)

2

3.368

3.381

OCC×D

2

17.400

8.044**

48

0.
2=
R

Vol. 38

Low organic carbon

c

***

Diﬀerent lowercase letters represent signiﬁcant diﬀerences among three layers
at day 10 and 30 as determined by one‐way ANOVA method. ***: P<0.001;
**: P<0.01; *: P<0.05.

structure and diversity of denitrifying bacteria in
surface sediments, and there is a signiﬁcant diﬀerence
in stratiﬁed distribution of denitrifying bacteria under
diﬀerent DO concentrations.
4.1 Eﬀects of organic carbon consumption on
denitrifying bacteria in surface sediments
The values of diﬀerent forms (TOC and DOC) of
organic carbon aﬀect denitriﬁcation in two ways.
First, it can provide the substrate needed for the
growth of bacteria, which consequently inﬂuences the
denitrifying bacteria richness. Secondly, the
decomposition of organic matter depletes oxygen.
Generally, lower oxygen content was required for
denitriﬁcation. Therefore, high organic concentration
will create a favorable environment for denitriﬁcation
(Knowles, 1982; Lee and Rittmanm, 2003; Wu et al.,
2019). In the present study, the abundance of nirS
gene decreased signiﬁcantly with the organic carbon
consumption, indicating the potential weakening of
denitriﬁcation ability because of the continuous
utilization of organic carbon of lake surface sediment
by bacteria.
Microbial community composition, abundance and
diversity vary with the environmental gradients (Bier
et al., 2015; Fan et al., 2016), and these changes could
be explained by the mechanisms of community
adaptability to the variation of ecosystem functioning
(Liu et al., 2018b). In this study, 36 representatives of
denitriﬁers were identiﬁed by nirS sequencing.
Azoarcus Arenimonas, Planctomycetales_noname,
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Dechloromonas, and Rubrivivax were the dominant
genera within the lake sediment surface. Such result
have also been achieved in agricultural soils, activated
sludge, landﬁll leachate and coking wastewater
(Thomsen et al., 2007; Remmas et al., 2016; Coyotzi
et al., 2017; Li and Lu, 2017). Out of the 36 genera
identiﬁed through nirS sequencing, six were not
identiﬁed at the level of genus. This conﬁrms the
existence of many potentially novel bacterial
populations that need to be explored and identiﬁed.
Among the identiﬁed genera, the dominant Rubrivivax
increased signiﬁcantly with the consumption of
organic carbon for the three DO layers at the sediment
surface, indicating that the genus could be properly
adapted properly to low carbon content. This could be
maintaining its high abundance within the lake
sediment surface. In bioﬁlm reactors, this genus has
also showed a relatively high abundance with
degradation of exogenous carbon (Qiu et al., 2017). In
the present study, the dominant genera of Arenimonas
decreased with respect to the consumption of organic
carbon in three DO layers within the surface sediment.
This indicates that the genus may be driving
denitriﬁcation process at high organic carbon content,
which consequently aﬀects their growth under the
limitation of organic carbon content. This study also
showed no signiﬁcant change in the genera Azoarcus
and Ideonella within the hypoxia-anoxic layer
(2–4 mm) and anoxic layer (4–6 mm). This revealed
that the content of organic carbon had no eﬀect on
them within the study conditions. Environmental
change is a selective force for the sensitive bacterial
individuals, which leads to changes in species and
may have cascaded eﬀects on ecosystem functions
(Carlisle and Clements, 2005). In the present study,
the change of organic carbon concentration in
eutrophic lake sediment had selective eﬀect on the
species and abundance of denitrifying bacteria.
The inﬂuence of organic matter to denitriﬁer
community structure and diversity has often been
mentioned in variable ecosystems (Lu et al., 2014;
Chen et al., 2018; Si et al., 2018; Xu et al., 2018).
However, there are few studies on denitrifying bacterial
community structure and diversity in surface sediments
with organic matter consumption under diﬀerent DO
concentrations. In this study, the structure of nirSbased denitriﬁer communities in the surface sediments
showed signiﬁcant diﬀerence between high and low
organic carbon content in the surface sediment based
on NMDS analysis. Chao and Observation indices
also showed variation among the diﬀerent DO layers
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with the organic carbon consumption. The interspeciﬁc
competition and coexistence among genera and
species of bacteria have been proposed by previous
studies (Schmid et al., 2003; Kartal et al., 2007). In
the surface sediment, denitrifying bacteria could
compete for nutrient with other bacteria and lead to
variability in the diversity indices. The signiﬁcant
correlations of DOC and TOC with the diversity
indices also hinted as the key factor inﬂuencing
denitriﬁer diversity in sediment surface. However, the
eﬀect of organic carbon on the diversity of denitrifying
bacteria and the source of organic carbon such as
submerged plant degradation, algal decomposition, or
exogenic organic matter input in eutrophic sediment
surface needs to be assessed further.
4.2 Vertical distribution of denitrifying bacteria in
diﬀerent dissolved oxygen layers
The vertical distribution of anaerobic ammoniaoxidizing bacteria under diﬀerent DO concentrations
in lake sediment has been studied and reported (Qin et
al., 2018). However, the study on denitrifying bacteria
based on DO content within the surface sediments has
not been adequately reported. It is generally believed
that denitriﬁcation can only proceed normally when
the DO concentration is kept below 0.5 mg/L in the
system (McKenney et al., 2001). In this study, the
depth of DO penetration was about 2.0–2.5 mm
within the surface sediment, and the oxygen content
was below ~0.5 mg/L from a depth of 2.0 mm. The
depth of DO penetration recorded here is similar to
depths that have been reported in other studies
(Laverman et al., 2007; Wang et al., 2014). Based on
these ﬁndings, we believed that it may be prudent to
refer to the zone above a depth of 2 mm as the aerobic
layer and below the depth of 2 mm as the hypoxia and
anoxic layer based on this study.
The nirS-type denitrifers are more widely
distributed in natural environments and is therefore
more frequently used as a biomarker of denitrifying
bacteria within the sediments (Braker et al., 2001;
Bulow et al., 2008). The abundance of nirS denitriﬁers
changes with water and sediment depth (Kim et al.,
2011; Mao et al., 2017). In the present study, the
abundance of nirS gene was higher in hypoxia and
anoxic layer than in the other layers within the vertical
DO proﬁles, indicating that denitrifers were most
abundant in this hypoxia and anoxic layer. Some
studies have also shown that the penetration depth of
nitrate is greater than that of oxygen based on
microelectrode measurements, inferring that the
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dominant denitriﬁcation layer should be below the
oxygen layer (Christensen et al., 1989; Sweerts and
de Beer, 1989; Nielsen et al., 1990a).
The change in DO concentration can alter the
bacterial community structure. When the DO
concentration is from 0–0.7 mg/L, then variations of
microbial community structures can be realized in a
sulﬁde oxidation and nitrate reduction reactor (Wang
et al., 2016). The 2.5 mg/L DO concentration also
ensures the optimal bacterial community in a moving
bed sequencing batch reactor (Cao et al., 2017). In the
present study, the structure of nirS-based denitriﬁer
communities in the surface sediments showed
distinctive diﬀerence among DO proﬁles both on high
and low organic carbon consumption based on
ANOSIM and NMDS analyses. This was consistent
with vertical structured patterns of denitriﬁcation
activity within aquifers (Ben Maamar et al., 2015).
This indicated the signiﬁcant variation of denitrifying
community structure formed at aerobic (0.5–
6.9 mg/L), hypoxic and anoxic (0–0.5 mg/L) and
anoxic (0 mg/L) DO layers within lake sediment.

5 CONCLUSION
In this study, speciﬁc denitriﬁer communities
existed in diﬀerent DO layers and the adaptive
changes of denitriﬁer communities were formed with
the consumption of organic carbon. The change of
organic carbon concentration in eutrophic lake
sediment had selective eﬀect on the species and
abundance of denitrifying bacteria. In addition, the
hypoxic-anoxic layer (2–4 mm) appears to be the
main distribution area of denitrifying bacteria in the
surface sediments. These ﬁndings provide new
insights into niche separation based on characteristics
of denitriﬁer communities within the vertical column
of lake surface sediment over a few millimeters.
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