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ab s t r ac t
The microbial rules of nitrogen removal in wetlands with high salinity were unclear, which was 
important in the study of saline wastewater purification. In this study, microbial quantity, diversity 
and physicochemical factors related to nitrogen cycling processes in a saline natural wetland were 
conducted. Results of real-time quantitative polymerase chain reaction (qPCR) revealed that relative 
abundance of anammox 16S rRNA gene (anammox for short) took the majority of the four tested 
nitrogen cycle genes (amoA, Nitrospira 16S rRNA gene or nobL for short, nirS). The abundances of 
anammox were coupled well with salinity, while the aerobic bacteria were inhibited. Deep 16S rRNA 
gene analysis of bacterial and archaea communities from soils showed that there were no significant 
differences in bacteria community structure between inland and inshore soils. However, the archaea 
community analysis indicated interesting results that Euryarchaeota was dominant in inshore soils, 
while Woesearchaeota took up over half of the inland soils. Furthermore, the subdivision halobacteria of 
Euryarchaeota inshore and Woesearchaeota Incertae Sedis AR15-18 inland were the most potential candi-
dates to remove the nitrogen in high-salt areas. These findings provided a preliminary conception for 
the design of constructed wetlands in treating high saline wastewater.
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1. Introduction

Saline wastewater generated from agro-food, petroleum 
and leather industries has become a hot issue recently. Biological 
reactor [1] and physicochemical means [2] have been applied in 
saline effluent purification with much high cost. In contrast to 
those technologies, constructed wetlands are low consumption 
in energy, more environmental friendly [3] and efficient in pol-
lutant removal [4]. Although it was reported that the plants in 
constructed wetlands treatment did not grow well with a saline 
concentration above 24‰ [5], many haloduric plants grow well 

in the Yellow River delta area, and scientists have found with 
the low concentration of nitrogen pollutants [6]. Therefore, it is 
necessary to further study the natural wetlands in Yellow River 
delta area and find ways to raise the removal efficiency of saline 
wastewater in constructed wetlands [7].

Plants and microbes are two major players in the nitrogen 
removal process in wetlands. It was reported that the plants 
are able to absorb nitrogenous compounds, provide carbon 
sources for nitrate removal and provide surface for micro-
bial growth [8]. Moreover, some microorganisms, such as 
the ammonia-oxidizing bacteria (AOB), the nitrite-oxidizing 
bacteria (NOB), denitrifying bacteria and also anoxic ammo-
nium-oxidizing bacteria (anammox) [9], play the main role 
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in nitrogen removal. These processes mediated by the above 
microbes are limited by salinity [10]. Although scientists 
have separated and identified some salt-tolerant bacteria in 
nitrogen removal [11], there was little studies on the spatial 
distribution (soil, water and plant rhizosphere) of nitrogen 
cycle related microbes in coastal wetlands [12], because dif-
ferent environmental parameters could show a various sys-
tem of nitrogen cycle microorganisms [13].

Furthermore, in long-term natural wetlands, such as the 
Yellow River delta area, haloduric microbial communities 
in soils have been stable and responsible for the relatively 
high pollution removal rates [14]. Other research suggested 
that a diverse and unique microbial community inhabited 
in the constructed wetlands treating saline wastewater [15]. 
Therefore, it is of vital importance to figure out the quantity 
and diversity of different nitrogen removal microbes in natu-
ral saline wetland soils.

The object of this paper was to figure out which kinds of 
microbes, including anammox, NOB, AOB, and denitrifying 
bacteria, were dominant in hyperhaline environments. The 
study site is located in the Yellow River delta area (Fig. 1). The 
real-time qPCR was performed to illustrate the absolute abun-
dance of anammox 16S rRNA genes (anammox), Nitrospira 
16S rRNA genes (nobL) (other nitrite-oxidizing bacteria was 
not detected in our samples), and two functional genes amoA 
and nirS in water, soil and rhizosphere microbes, respectively. 
We also investigated the effect of temperature, dissolved oxy-
gen (DO), pH and salinity on the process of nitrogen cycle in 
a high salinity wetland. Analysis of the bacterial and archaea 
community structure of soils was conducted by Illumina 
high-throughput 16S rRNA gene amplicon sequencing. Based 
on the results, these dominant microbes would be enriched in 
order to improve the effect of saline wastewater treatment in 
the future.

2. Materials and methods
2.1. Survey region

The Yellow River delta is located in the northeast of 
Shandong Province, China. The delta was formed as the 
Yellow River re-entered the Bohai Sea in 1855. Until now, it 
has stretched to an area of 6,010 km2. The Yellow River delta 
expands every year for the accumulation of sediment from 

the upstream and midstream. The warm temperature and 
semi-humid climate make the annual mean temperature range 
from 11.7°C to 12.6°C, while the annual mean precipitation is 
530–630 mm. The total area of wetlands is 4,167 km2. The study 
site was chosen in a typical estuary wetland with the domi-
nant species of Phragmites australis (P. australis) and Suaeda salsa 
(S. salsa) (119°10′08″E, 37°46′01″N to 119°10′17″E, 37°45′23″N).

2.2. Samples collection and analysis

Six sampling plots were selected every 200 m along the 
downstream tidal ditch with three paralleled points for each 
plot, of which water, soil, and plant samples were all collected. 
Each substrate core was 20 cm diameter and 15 cm depth, 
which was then put into iceboxes before depositing to the lab. 
Water samples (200 mL) were homogenized and collected in 
polyethylene plastic bottles, while temperature (T), pH, DO, 
and salinity (‰) of water and soil solution were measured on 
the spot. Temperature was measured by mercury thermom-
eters. DO was tested with an HQ30d 53LEDTM DO analyzer 
(HACH, USA). Soil salinity was measured by a HI98331 soil 
electrical conductivity meter (HANNA, Shanghai), while 
water salinity was measured by DDBJ-350 portable electrical 
conductivity meter (Leici, Shanghai).

All water, soil, and plant samples were placed in polyeth-
ylene bottles or bags and brought to the laboratory at once 
and stored at 4°C for further analysis. Before soil charac-
ter analysis, the soil samples were freeze-dried and sieved 
through a 2-mm nylon sieve to remove coarse debris and 
stones and then ground with a pestle and mortar until all 
particles passed a 0.149-mm nylon sieve. Rhizosphere soil 
samples were taken from two kinds of the plants with the 
largest numbers (P. australis and S. salsa). The soil in rhizo-
sphere was shaken off, while 15-cm roots were cut down and 
immerged into the NaCl solution (0.85%).

2.3. DNA extraction and quantification

Total DNA of the soils were extracted using soil DNA 
rapid Isolation kit (Bioteke Ltd., China). The rhizosphere 
microbial samples were isolated by adding 0.85% NaCl solu-
tion to the roots and shaking for 20 min. DNA extraction 
kits (Omega, USA) were used to extract and purify the total 
genomic DNA from water samples and rhizosphere microbial 
samples treated above. Extracted genomic DNA was detected 
by 1% agarose gel electrophoresis and stored at –20°C until 
analyzed. Real-time qPCR was conducted on the target frag-
ments of the following functional genes or 16S rRNA genes: 
amoA (ammonia monooxygenase), nobL (Nitrospira 16S 
rRNA), nirS (cd1-containing nitrite reductase), and anammox 
(anammox bacterial 16S rRNA). Of these genes, amoA and nirS 
are the functional genes in ammonia oxidation and denitrifi-
cation, while anammox and nobL represent the total bacteria 
in anaerobic ammonia oxidation and nitrite-oxidation stage, 
respectively. Specially, in all samples, we didn’t detect other 
NOB 16S rRNA genes expect Nitrospira (nobL). That was why 
we represented NOB by nobL abundance. The primers infor-
mation, protocols, and parameters of target genes used in 
qPCR analysis are listed in Tables 1 and 2. All primers were 
synthesized by TAKARA Biotechnology Company (Dalian, 
China), and diluted to 20 µmol·L–1.

Fig. 1. Sampling sites in the Yellow River delta area, China (Coor-
dinates: 119°10’08”E, 37°46’01”N to 119°10’17”E, 37°45’23”N 
(linear)).
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The plasmids containing amoA, nobL, nirS, and anam-
mox were prepared as standard samples based on the stan-
dard-curve quantification method by Light Cycler 480II/96 
(Roche Diagnostics Ltd., Switzerland) user’s manual. The stan-
dard samples were diluted to yield a series of 10-fold concentra-
tions and used for qPCR standard curves. The R2 value for each 
standard curve exceeded 0.99, indicating linear relationships 
over the concentration ranges used in this study. The qPCR pro-
cedures are presented in Table 2. Each qPCR amplification was 
conducted in 40 cycles and followed by a melting curve anal-
ysis. The qPCR efficiencies were from 80.66% to 98.52% [20]. 
Since there were large differences of total bacteria abundance 
among water, soil, and rhizosphere samples, we applied relative 
abundance to analyze the microbial abundances. The relative 
abundances of amoA, nobL, nirS and anammox were equal to the 
absolute amount of these genes divided by that of the bacterial 
16S rRNA gene.

2.4. High-throughput 16S rRNA gene amplicon 
sequencing-Illumina

In order to describe the data, we divided all six sampling 
sites into two groups. The sites that are relatively far from the 

sea were defined as inland, in which the salinity was exceeded 
1‰. Those near the sea were called inshore with salinity under 
1‰. The PCR reactions and Illumina MiSeq sequencing was 
carried out in Shanghai Majorbio Bio-pharm Technology Co., 
Ltd. (Shanghai, China). After sequencing, BIPES pipeline was 
used to process the raw sequences. Then we used a two-stage 
clustering (TSC) algorithm to cluster tags into operational tax-
onomy units (OTUs) at sequence divergences of 3% [21]. We 
assigned the taxonomy of all tags using the global alignment 
for sequence taxonomy method [22]. The coverage percentage 
was calculated by Good’s method [23]. Rarefaction curves, 
Shannon weaver, Simpson diversity indices, abundance-based 
coverage estimators (ACE), Chao1, and Good’s coverage were 
calculated by Mothur analysis (http://www.mothur.org). 
Illumina sequencing data was deposited in the national center 
for biotechnology information Sequence Read Archive under 
BioProject Number PRJNA304204 (A1), PRJNA304207 (B1), 
PRJNA304209 (A2), and PRJNA304214 (B2).

2.5. Quality control and data analysis

Differences of spatial distribution of four nitrogen cycle 
genes were analyzed by histograms using origin 8.0 (Origin 

Table 1 
Primers of target genes used in qPCR analysisa

Target gene Primer Primer sequence (5′–3′) Amplification 
size (bp)

Reference

Bacterial 16S rRNA 338F ACTCCTACGGGAGGCAGCAG 180 [16]
518R ATTACCGCGGCTGCTGG

anammox 16S rRNA AMX809F GCCGTAAACGATGGGCACT 257 [17]
AMX1066R AACGTCTCACGACACGAGCTG

amoA amo598f GAATATGTTCGCCTGATTG 120 [18]
amo718r CAAAGTACCACCATACGCAG

nirS nirScd3aF GT(C/G)AACGT(C/G)AAGGA(A/G)AC(C/G)GG 425 [19]
nirSR3cd GA(C/G)TTCGG(A/G)TG(C/G)GTCTTGA

Nitrospira 16S rRNA NSR1113f CCTGCTTTCAGTTGCTACCG 119 [18]
NSR1264r GTTTGCAGCGCTTTGTACCG

aThis table was made by taking our previous work [20] as a reference.

Table 2 
Protocols and parameters of target genes used in qPCR analysisa

Target gene Primer (uL) Programs

Bacterial 16S rRNA 0.4 Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 60°C for 1 min, and extension at 72°C for 1 min

anammox 0.4 Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 56°C for 45 s, and extension at 72°C for 30 s 

amoA 1.6 Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 56°C for 45 s, and extension at 72°C for 30 s

nirS 0.4 Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 57°C for 30 s, and extension at 72°C for 30 s

 nobL 0.4 Pre-heating at 50°C for 2 min, pre-denaturation at 95°C for 10 min, denaturation at 
95°C for 15 s, annealing at 58°C for 45 s, and extension at 72°C for 30 s

aThis table was made by taking our previous work [20] as a reference.
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Lab, US). Effect of different physical conditions on the absolute 
abundances of nitrogen cycle genes was carried out by princi-
pal components analysis (PCA) by means of IBM SPSS Statistics 
20.0 and Canoco for windows 4.5. Statistical significant of dif-
ference between different samples was determined with a one-
way analysis of variance (ANOVA) by using SPSS 13.0.

3. Results and discussion
3.1. Spatial distribution of the genes in different nitrogen 
transformation processes

The relative abundance of the nitrogen cycle related 
genes of amoA, nobL, nirS and anammox were shown in 
Fig.  2. Furthermore, the absolute abundances of these 
genes and total bacteria were listed in Table 3. In Fig. 2(A), 
the relative abundance of amoA in inland water and plant 
rhizosphere samples were much larger than inshore (P < 
0.05), with the aquatic plants rhizosphere inland yield oxy-
gen into the water [24]. However, in soils, the two groups 
shared a similar amoA abundance (P > 0.05) for the relative 
low DO. In addition, Fig. 2(A) shows that for the samples 
inland, there were more amoA genes around rhizosphere 
of S. salsa than that in the soil, water, and P. austrilis rhi-
zosphere (P < 0.05). The different salt-tolerant strategies 
might responsible for the result with the Na+ ions accu-
mulation in the rhizosphere of P. australis [25], and Na+ 
ions decreasing with the ion uptake into the vacuole of 

S. salsa [26]. For samples inshore, the relative abundance 
of amoA in water and soil was similar (P > 0.05), which was 
much larger than that of P. austrilis and S. salsa rhizosphere 
(P < 0.05). It is reported that the organic pollution inshore 
was very serious [27], which may be correlated with the 
large amount of amoA gene [28]. 

As shown in Fig. 2(B), the relative abundance of 
soil, water, and S. salsa rhizosphere nobL had no signifi-
cant differences in inland and inshore samples (P > 0.05). 
However, the nobL amounts of inland P. austrilis were far 
more than those of inshore ones (P < 0.05). For both inland 
and inshore, the relative abundance of nobL in soil was the 
largest, far more than that in water and plant rhizosphere 
(P < 0.05) [29]. Figs. 2(A) and (B) together showed that the 
amoA gene relative abundance was always lower than that 
of the nobL gene. This is quite different to the other studies 
[30], in which the AOB is generally more than NOB. In this 
investigation conditions, it could not be ignored that the 
impact of salinity on AOB was stronger than on NOB, and 
led to the big differences between gene copies AOB and 
NOB [31]. In addition, the expression amount of the 16S 
rRNA of Nitrospira is generally larger than the functional 
genes of AOB.

From Fig. 2(C), the relative abundance of nirS gene 
of soil, water, and plant rhizosphere had no significant 
difference between inland and inshore (P > 0.05). This 
was probably due to the similar salinity in all study sites 
(Table 1), for which among all the environmental factors, 

Fig. 2. Relative abundance of four genes in different samples, (n = 3) (Figure A–D represents the relative abundance of amoA, nobL, 
nirS and anammox, respectively).
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the nirS gene abundance was only significantly related to 
the change of salinity [32]. Similar to nobL, for both inland 
and inshore, the nirS relative amount in soil was the larg-
est, which was far larger than in other parts. The soil 
chemical parameters were much fitter for these microbes 
[33]. As is shown in Fig. 2(D), the relative abundance of 
anammox of water inland and soil inshore were the larg-
est, probably because of their high total organic carbon 
content [34].

In Fig. 2, the anammox 16S rDNA copies were always 
the most in the four tested nitrogen cycle genes, which was 
similar to Bae et al. reported [35]. Obviously, soil provided 
more nutrient and larger solid surface than flow water, in 
which more microbes stayed and worked in their appropri-
ate position [36]. Rhizospheric microorganisms of S. salsa 
and P. australis differed from the non-rhizospheric microor-
ganisms in the soil because of the different living environ-
ment, such as pH, enzymes activities, and so on [37]. In a 
word, both salt concentration and rhizosphere parameters 
affected the microbial activity and quantity of nitrogen 
cycle microbes [38].

3.2. Effect of physicochemical parameters on the absolute 
abundance of functional genes

The characteristics of water and soil were listed in Table 4. 
The correlations among various characters of water and soil 
and relative abundance of nitrogen cycle genes were studied 
(Fig. 3). The first and second PCA axis explained 74.41% and 
24.52% of variation in gene types, respectively. The angles 
between the arrows indicated the correlations between dif-
ferent soil characters and nitrogen cycle genes. The correla-
tion value was deduced by perpendicular projection of one 
arrow tip onto the line overlaying the other arrow. 

It seemed that temperature was a negative factor for 
amoA, nobL, and nirS in traditional nitrogen cycle. For exam-
ple, nirS-type denitrifiers tend to be less sensitive to warm-
ing [39]. The pH has a larger positive effect on nirS than 
on amoA and nobL, which is probably due to the higher pH 
tolerance of nitrification bacteria [40]. It has already been 
found that the community structures of AOB are influenced 
by soil pH [41,42]. Moreover, the sequences representa-
tive of Nitrosospira cluster 2 were found in greater relative 

Table 3 
Real-time qPCR results of each sample

Genes Sample number Soil Water P. austrilis S. salsa

Bacteria 16s rRNA 1 1.76 × 108 2.56 × 108 4.33 × 1010 1.39 × 1011

2 2.61 × 109 6.17 × 107 1.49 × 1010 5.79 × 1010

3 2.84 × 108 7.93 × 107 1.12 × 1010 1.17 × 109

4 2.01 × 1010 1.30 × 108 5.15 × 1010 4.96 × 1010

5 1.62 × 1010 1.08 × 109 1.80 × 1010 2.58 × 1010

6 6.58 × 108 2.11 × 108 1.41 × 1010 1.06 × 1011

amoA 1 2.14 × 103 1.99 × 103 1.18 × 105 3.68 × 106

2 6.80 × 103 2.11 × 103 2.85 × 105 3.30 × 106

3 5.38 × 103 1.86 × 103 1.97 × 105 1.99 × 106

4 3.50 × 104 1.99 × 103 5.88 × 104 2.88 × 104

5 4.93 × 104 2.10 × 103 2.17 × 104 1.84 × 104

6 3.07 × 104 3.25 × 103 2.14 × 104 3.28 × 104

nobL 1 7.56 × 106 6.03 × 105 5.71 × 107 1.33 × 107

2 1.78 × 107 2.75 × 105 5.56 × 107 1.69 × 107

3 3.85 × 106 1.81 × 105 2.14 × 107 4.46 × 107

4 9.78 × 107 6.49 × 105 1.83 × 107 3.60 × 107

5 6.70 × 107 1.08 × 106 8.57 × 106 3.45 × 107

6 4.78 × 107 5.76 × 105 9.64 × 106 6.05 × 107

nirS 1 4.64 × 107 4.28 × 105 3.70 × 107 1.09 × 107

2 1.96 × 107 4.91 × 105 2.16 × 107 7.49 × 106

3 2.78 × 107 1.13 × 105 7.08 × 106 1.65 × 106

4 3.33 × 108 2.76 × 105 5.95 × 107 2.67 × 106

5 2.09 × 108 1.84 × 106 1.93 × 107 5.92 × 106

6 1.60 × 108 4.21 × 105 1.30 × 107 1.98 × 107

anammox 1 1.34 × 108 1.27 × 108 1.25 × 109 6.53 × 109

2 1.40 × 108 3.20 × 107 1.99 × 109 5.83 × 109

3 1.34 × 108 3.42 × 107 9.10 × 108 4.11 × 109

4 7.00 × 109 8.23 × 107 2.26 × 108 2.01 × 109

5 6.12 × 109 2.48 × 108 3.03 × 108 1.66 × 109

6 4.34 × 109 1.01 × 108 1.20 × 108 4.19 × 109
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abundance in acidic agricultural soils, which suggesting that 
cluster 2 may be adapted to growth at low pH, even pH 2.9 
[1,43]. DO had a negative effect on the abundance of anam-
mox for its anaerobic characters [44]. Salinity was correlated 
with anammox positively, confirming that both low DO and 
high salinity stimulated the anaerobic microbes. In other 
words, although DO concentration is limited, the anaerobic 
microbes can slowly adapt to increasing salinity after a long 
period of time [45]. 

3.3. Bacterial and archaea communities of soils

The pyrosequencing-based analysis of the 16S rRNA gene 
was used to assess the soil bacterial and archaea community 
compositions. In order to better understand the difference 

between the samples, A1 and B1 represent the archaea and 
bacterial communities of inland, respectively, while A2 
and B2 represent the archaea and bacterial communities of 
inshore, respectively. 

The comparison of phylotype coverage, diversity, and 
richness estimators at a phylogenetic distance of 3% between 
bacteria and archaea are shown in Table 5. For archaea, a total 
of 31,442 reads were obtained from the two samples through 
pyrosequencing analysis with an average read length of 370–
376 bp. For bacteria, a total of 56,265 reads were obtained 
with an average read length of 420–423 bp, which was larger 
than that of archaea. The numbers of sequences per sample 
were 15,331 in A1, 16,111 in A2, 31,237 in B1, and 25,028 in B2. 
Good’s coverage estimates were 99.26%, 98.37%, 95.52%, and 
90.36%, which indicated that the number of sequences was 
sufficient to characterize the microbial communities (Table 5). 

The community diversity was analyzed by calculating the 
Shannon and Simpson diversity index (Table 5). The Chao esti-
mator indicated that the richness of B2 (9,186.67) was larger than 
that of B1 (5,752.38), followed by A2 (957.60) and A1 (706.37). 
These results were most correlated with the different salin-
ity. Brandon et al. also found that archaeal and bacterial com-
munities in anoxic sediments of a California hypersaline lake 
responded differently to environmental gradients of salinity 
and carbon [46]. Besides, the Shannon index of B1 and B2 were 
similar (6.47 and 6.40, respectively), which were larger than that 
of A1 (5.32) and A2 (3.59). These results suggest that B2 had the 
highest community richness, and the similar bacterial commu-
nity diversity as B1. Community richness of A2 was larger than 
A1. However, A2 had smaller archaea community diversity 
than A1, for the relatively low salinity in soils [46].

Beside the bacterial and archaea community richness and 
diversity, community composition is also important to under-
stand the difference between soil inshore and inland. The com-
position of bacterial and archaea communities at the phylum 
level in the soils is shown in Fig. 4. As shown in Fig. 4(a), there 
are no significant differences among the ten bacterial phyla, 
including AOB, NOB, and anammox bacteria (in accordance 
with Fig. 2). However, in Fig. 4(b), the relative abundance of 

Table 4 
Characteristics of the water and soil from the study sites

Coordinates 1 2 3 4 5 6

119°10′08″E, 37°46′01″N to 119°10′17″E, 37°45′23″N (linear)
Water
DO (mg·L−1) 1.48 4.34 3.87 1.7 1.27 2.59
Temperature (°C) 23.4 25.3 24.7 22.8 23.5 23.7
pH values 8.10 8.21 8.12 8.12 8.04 8.11
Salinity (‰) 14.19 14.66 15.42 14.90 14.88 12.67

Soil
DO (mg·L−1) 1.67 2.24 3.26 1.07 1.85 5.24
Temperature (°C) 18.3 18.1 19.6 18.4 17.5 18.7
pH values 8.08 8.07 8.17 8.01 8.04 8.40
Salinity (‰) 17.32 15.84 14.31 6.85 6.77 6.92

Fig. 3. Correlation between abundance of nitrogen pathway 
genes and impacting factor by principal components analysis 
(PCA), (n = 3).
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different archaea phyla of the two samples was quite different 
from each other. The major six phyla observed in the two sam-
ples were Euryarchaeota, Nanohaloarchaeota, Thaumarchaeota, 
Crenarchaeota, Woesearchaeota, and Diapherotrites. Of the six 
phyla, Euryarchaeota was dominant in A2 with a relative 
abundance of 86.16% (325) OTUs and (13,881) reads, while 
Woesearchaeota took up 53.00% (378) OUTs and (8,125) reads 
in A1. Sequences that could not be classified into any known 
group were assigned as unclassified, with a proportion of 
12.81% and 3.42% in A1 and A2, respectively.

Since the archaea community composition of A1 and A2 
was quite different, the subdivisions relative abundance of 
the two different phyla Euryarchaeota and Woesearchaeota were 
shown in Fig. 5. We supposed that the most abundant and 
different phyla might be the potential candidate for nitrogen 

removal under high salinity. In previous investigations about 
salinity effects on the microbial community composition, 
halophilic Halobacteriales of the Euryarchaeota was the most 
important group in the hypersaline sediments [47]. Therefore, 
in natural saline wetlands, halophilic microorganisms might 
be the main force in nitrogen cycle and pollutant removal. 
Interestingly, in this study, the most abundant Woesearchaeota 
inland was AR15-18. Besides, it was reported that AR10-13 
took up the majority in the DNA samples of complex sedi-
ment and planktonic consortia from an aquifer adjacent to 
the Colorado River (USA) [48], which was different from 
our findings. In other words, our findings provided another 
source for the newly expanded archaea – Woesearchaeota [49]. 
The relationship between these new archaea and the nitrogen 
removal still needs further study.

Table 5 
Comparison of phylotype coverage, diversity and richness estimators at a phylogenetic distance of 3%

Sample OTUs (97%) ACE Chao Shannon Simpson (×10–3) Good’s coverage (%)

A1 472 778.92 706.37 5.32 7.89 99.26
A2 579 1,345.37 957.60 3.59 84.5 98.37

B1 3062 7,136.09 5,752.38 6.47 6.98 95.52

B2 4108 1,3094.27 9,186.67 6.40 8.26 90.36

Fig. 4. Composition of different archea (A1 and A2) and bacteria 
(B1 and B2) communities at phylum level. A1 and B1 represent 
the archea and bacteria communities of inland soils, while A2 
and B2 represent archea and bacteria communities of inshore 
soils.

Fig. 5. Relative abundance of Euryarchaeota (A) and Woesearchaeota 
(B) subdivisions at class level (The number of reads was marked 
over the column).
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4. Conclusion

The results revealed that the microbial distribution in 
the Yellow River delta were quite different as the changes 
of distance away from the estuary. The relative abun-
dance of four nitrogen cycle genes showed that anammox 
was the dominant microbes and might be the candidate to 
remove nitrogen pollutants in hypersaline areas. In addition, 
more environmental parameters could affect the microbial 
nitrogen removal process. In the archaea community study, 
we dramatically detected a couple of the domain archaea and 
found different dominant domains. This study, together with 
the recently published work on expanded genetic diversity 
within archaea, improves the knowledge of the archaea com-
munity and diversity. 
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