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Nitrate is mainly converted via aerobic nitrite oxidation during the second step of

nitrification, which is catalyzed by nitrite-oxidizing bacteria (NOB) and the

recently discovery complete ammonia oxidizers (comammox). Members of the

genus Nitrospira are the most diverse and widespread known NOB and

comammox. However, the community assembly of Nitrospira in estuary and

coastal wetland and the major environmental shaping factors remain

understudied. Here in this study, we investigated the geographical distribution

pattern of Nitrospira along the large-scale coastal wetlands of China. The results

showed that the abundance of Nitrospira ranged from 4.96×106 - 3.88×107

copies/g dry sediment, significantly (more than one order of magnitude) higher

than amoA gene of ammonia-oxidizers. The identified Nitrospira belong to

Nitrospira lineage IV (50%), lineage I and II. The adaptability of the three

lineages to environmental factors (such as temperature, pH, salinity and

particle size) are different, which leads to the diversity of its distribution

composition in different estuaries. Network analysis showed that the

cooperation takes greater portion than competition in the relationship of

Nitrospira population. This study revealed the abundance and community

composition of Nitrospira bacteria, as well as the major environmental driving

factors in coastal wetland ecosystems, which deepens our understanding of the

niche separation of Nitrospira with the nitrogen cycling.

KEYWORDS
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Introduction

Nitrogen is an essential component of all living organism and

considered as a growth limiting factor in many ecosystems. As a

major source of bioavailable nitrogen, nitrate is mainly converted by

aerobic nitrite oxidation during the second step of nitrification,

which is catalyzed by chemolithoautotrophic nitrite-oxidizing

bacteria (NOB) (Kuypers et al., 2018).

To date, the known NOB were found in seven genera

(Nitrobacter, Nitrococcus, Nitrospina, Nitrospira, Nitrotoga,

Nitrolancea, and Candidatus Nitromaritima) (Daims et al., 2016).

Among these NOB, Nitrospira is the most diverse genus and

consists of six phylogenetically diverged sub-lineages (Daims

et al., 2016). Nitrospira is globally distributed in natural and

engineered ecosystems, including soil (Pester et al., 2014), ocean

(Watson et al., 2004; Pachiadaki et al., 2017), freshwater habitats

(Altmann et al., 2003), geothermal springs (Lebedeva et al., 2005;

Edwards et al., 2013), wastewater treatment plants (WWTPs)

(Daims et al., 2001; Kruse et al., 2013; Ushiki et al., 2013; Daims

et al., 2015; Gruber-Dorninger et al., 2015; Annavajhala et al., 2018),

saline-alkaline lakes (Daebeler et al., 2020), and aquaculture

biofilters (Keuter et al., 2011; van Kessel et al., 2015). The

Nitrospira lineage I and II exhibited dominance in WWTPs

(Okabe and Watanabe, 1999; Daims et al., 2001; Kruse et al.,

2013), with ventilation intensity emerging as a significant factor

influencing their relative abundance (Park and Noguera, 2008).

Furthermore, within marine ecosystems, it is the linage IV rather

than linage II that assumes dominance among NOB (Pester

et al., 2014).

Nevertheless, Nitrospira have a reputation for being difficult to

isolate and grow under laboratory conditions so that progress in

Nitrospira-related research is lagging (Daims et al., 2016).

Remarkably, the hitherto known lineage I Nitrospira were mainly

detected in the activated sludge of WWTPs (Lucker et al., 2010;

Fujitani et al., 2014).

Nitrospira had been regarded as obligate chemolithoautotrophic

organisms that gain growth energy solely from nitrite oxidation for

a long time. However, the discovery of complete ammonia oxidizers

(comammox) belonging to Nitrospira lineage II challenged our

perception (Daims et al., 2015; van Kessel et al., 2015). Meanwhile,

some Nitrospira were physiologically confirmed of being able to

grow with various organic substrates. For example, nitrite oxidizers

of the genus Nitrospira can hydrolyze urea or cyanate to NH3 and

CO2, then provides ammonia-oxidizing bacteria (AOB) with

ammonia. Subsequently, they can acquire nitrite from the AOB.

This interaction between NOB and AOB called “reciprocal feeding”

(Koch et al., 2015; Palatinszky et al., 2015). Moreover, genomic

analysis and physiological experiment prove that several Nitrospira

can grow aerobically with hydrogen or formate as sole energy

source. Meanwhile, under anoxic conditions, they are capable of

reducing nitrate to nitrite with hydrogen or formate as electron

donor (Koch et al., 2014; Koch et al., 2015). All of these studies

revealed previously unrevealed metabolic potentials of Nitrospira

beyond the autotrophic nitrite-oxidizing lifestyle.

Due to the sea-land interaction, estuaries are highly productive

environments that harbor active and diverse microbial
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communities so that have always been a hotspot for the study of

biochemical cycles. Meanwhile, estuaries also continuously enrich

reactive nitrogen from the upstream of the rivers (Hou et al., 2015;

Osburn et al., 2016; Hou et al., 2018b). Therefore, the process and

mechanism of nitrogen biogeochemical cycling are the focus of

estuarine research. China has a wide latitude range of eastern

coastline, the researching to Nitrospira of the coastal wetlands

may expand our knowledge of ecological niche differentiation

among Nitrospira genus. In this study, we aimed to examine the

diversity and distribution of Nitrospira in the eastern estuaries of

China, and determine the key environmental factors shaping the

community structure of Nitrospira.
Experimental procedures

Sample collection

Sediment samples were collected from 16 estuarine intertidal

zones of China in May 2019 (Sun et al., 2020), including LH, BDH,

HH, YR, SYH, BCYH, CJ, JJ, OJ, MJ, MLX, JLJ, YFX, ZJ, YJ and NLJ

(Figure 1). The collected sediment samples were sealed in sterile

plastic bags, subsequently refrigerated and transported back to the

laboratory. Then aliquots of the sediment samples were used for

enrichment cultures and physicochemical properties analyses, the

others were stored at -20°C for molecular analyses.
DNA extraction and quantitative PCR

DNA was extracted in duplicate from the sediment samples

according to the standard protocol of the FastDNA Spin Kit for Soil

(QBIOgene, Carlsbad, CA, United States). The nxrB gene of

Nitrospira was amplified using nxrB169F (TACATGTGG

TGGAACA and nxrB638R (CGGTTCTGGTCRATCA) primers.

Reactors for quantitative PCR were prepared with Maxima SYBR

Green qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA,

USA). The reaction comprised 10 µL Hieff ® qPCR SYBR Green

Master Mix with Low Rox Plus (Yeasan, China), 1 µL template

DNA (approximately 5 ng), 0.4 µL of forward and reverse mixed

primers (10 µM) and 9.2 µL of ddH2O. Samples were run in

triplicates on an ABI 7500 sequence detection system (Applied

Biosystems, Canada). Standard curve for quantitative PCR (qPCR)

was created by purifying PCR products containing the target gene

fragments with the QIAquick PCR Purification Kit (Qiagen,

Germany) according to manufacturer’s instructions, the

concentration was measured with the Nanodrop-2000

Spectrophotometer (Thermo, United States) and serially 10-fold

diluted before qPCR was conducted. The correlation coefficient (r2)

value for standard curve was greater than 0.99, and the

amplification efficiency was between 96% and 105%. The

amplicon specificity was assessed by the melting curve. The qPCR

results were showed as the copy numbers calculated as: Copy

number = (C × 10-9/MW) × NA (C represents template

concentration (ng/µL); MW indicates template molecular weight

in Daltons; NA indicates Avogadro’s constant, 6.022 × 1023). For
frontiersin.org

https://doi.org/10.3389/fmars.2023.1288142
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhao et al. 10.3389/fmars.2023.1288142
each qPCR assay, negative controls were performed by the no-

template DNA for ruling out any possible contamination.
Phylogenetic analysis

For amplicon sequencing, DNA was extracted from sedimental

samples and used as template for PCR with primers targeting the

nxrB gene of Nitrospira. Then PCR products for Illumina MiSeq

sequencing were performed at Shanghai Majorbio Biomedical

Technology Company (Shanghai, China). The processing of raw

data was performed by Quantitative Insight into Microbial Ecology

(QIIME) (Caporaso et al., 2010). Paired-end reads were stitched

with FLASH plugin based on matched overlapping regions. Then

the sequences were grouped into operational taxonomic units

(OTU) with a similarity threshold of 95% (Schloss, 2013). The

closest reference strain to each OTU was searched using the NCBI
Frontiers in Marine Science 03
Web BLASTn program. All of the sequences we obtained were

aligned using ClusalX (Thompson et al., 1997). Neighbor-joining

phylogenetic trees from one representative OTU sequence and its

closest reference sequence retrieved from GenBank (Kumar et al.,

2004) were created using MEGA 7.0 with 1000 bootstrap replicates

to confirm the tree topologies (Tamura et al., 2007).
Statistical analysis

The alpha diversity was calculated for the numbers of OTU,

richness estimator (Chao1) and diversity indices (Shannon-Weiner

and Simpson) using the Vegan packages V2.5-4 in R V3.4 (Okasen

et al., 2007; R Core Team, 2020). Non-metric multidimensional

scaling (NMDS) ordination was performed in R (R Core Team,

2020), and principal coordinate analysis (PCoA) was conducted in

QIIME, both of them were employed to explore the community
FIGURE 1

Sampling site and Nitrospira nxrB Gene abundance in the coastal wetlands of China. This figure illustrates the geographical location of our sampling
site within the coastal wetlands of China, as referenced in Sun et al. (2020). The pie chart inset depicts the relative abundance of the nxrB gene
across three lineages of Nitrospira: Lineage I, Lineage II, and Lineage IV. Each segment of the pie chart is proportionally representative of the
respective lineage's abundance within the sampled population.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1288142
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhao et al. 10.3389/fmars.2023.1288142
classification of Nitrospira. The correlation between community

structure and environmental parameters was determined by

canonical correspondence analysis (CCA) using Canoco 4.5

(Braak and Šmilauer, 2002). Pearson correlation in SPSS 22.0 was

used to uncover the relationship between the abundance, diversity

and sediment physiochemical parameters. For network analysis, the

highly representative OTUs were selected. The network analysis was

conducted using the “Hmisc” package in R and was visualized in

Gephi V0.9.2.
Results

Abundance and diversity of Nitrospira in
coastal wetlands of China

Based on the qPCR results, Nitrospira was discovered in all of

the sediment samples from 16 sites, and the nxrB gene of Nitrospira

with an abundance between 4.96×106 - 3.88×107 copies/g dry

sediment (Figure 1), was significantly (more than one magnitude)

higher than amoA gene of ammonia-oxidizers (Sun et al., 2020).

Among these studied areas, MLX has the most copy number of nxrB

gene, similar as comammox Nitrospira amoA gene (Sun et al.,

2020). Meanwhile, the abundance of the Nitrospira nxrB gene was

lower in the southern than in the northern and middle estuaries.

Overall, 141,688 high-quality were generated from the 16

sediment samples after trimming and chimera moving. There

Nitrospira nxrB gene sequences were further clustered into 451

OTUs based on 95% nucleotide similarity cutoff threshold, and the

number of OTUs for each sample ranges from 53 to 201 (Table S1).

The richness of Chao1 ranged from 64.14 (for the NLJ site) to

234.39 (for the JLJ site). For diversity indices, the Shannon indices

ranged from 1.01 (for the BCYH site) to 3.39 (for the JLJ site) and

Simpson indices ranged from 0.32 (for the BCYH site) to 0.93 (for

the JLJ site).
Phylogeny of Nitrospira nxrB gene

The neighbor-joining tree based amino acid was constructed

with 25 representative OTUs which are more than 0.5% abundance

together constituting 85.26% of the total sequences (Figure 2). In

sediment samples from 16 estuaries, we detected diverse Nitrospira

phylotypes affiliated within lineage I, II and IV. Nitrospira lineage II

and IV were more prevalent and abundant than lineage I, with the

lineage I mainly present in 5 samples (YR, CJ, MJ, MLX and JLJ).

OTU 526 was mainly presented in YR and was the major OTU

in lineage I, closely related to Ca. Nitrospira defluvii. Besides, the

remaining four representative OTUs of lineage I clustered without

any reported Nitrospira species, among them, OTU 830 and OTU

832 possessed a relatively low abundance and were only detected at

YR. OTU 1005 was the most abundant OTU in Nitrospira lineage II

and was related to Pearl River estuary clone NprPB841, similarly,

OTU 1005 reached high relative abundance in Nanliu River (NLJ)

and Pearl River (ZJ) estuaries. However, OTU 602, which is also

closely related to Pearl River Estuary Clone NprPS979, was nearly
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absent in all sample sites. OTU 562 was dominant in Nitrospira

lineage IV and was detected in most sample sites but YR.

Interestingly, lineage I was not detected in the samples with

higher relative abundance of lineage IV, such as BDH, HH, SYH,

BCYH and MLX. Conversely, lineage IV was absent at YR and MJ,

where lineage I was more abundant.
Community structure of Nitrospira

PCoA and NMDS analyses based on the Bray-Curtis distances

of Nitrospira OTUs were performed to evaluate the differences of

Nitrospira community structure in acidic areas (pH: 6-7) versus

alkaline areas (pH: 7-9), and both of them exhibited a significant

separation of Nitrospira community (Figure 3). In order to illustrate

the occurrence pattern among Nitrospira, network was constructed

according to the significance (Spearman, p<0.05) and correlation

coefficients (Spearman, |x|>0.6) of highly representative Nitrospira

OTUs. The network showed a complicated structure containing 42

nodes and 100 edges with the average degree of 4.762 and the

average clustering coefficient of 0.573. In general, majority of the

nodes belonged to Nitrospira lineage IV (50%), and the ratio of

positive edges was higher (66%). Therein, the correlation between

lineage I and lineage II was mainly positive, while both of them

competed with lineage IV. Especially, there were no positive edges

in OTU 622 belonging to Nitrospira lineage IV, suggesting the

different physiological characteristics from most Nitrospira.
The effects of physiochemical parameters

The environmental factors of the sample sites refer to previous

studies (Table S2). The correlations of Nitrospira community

structure with physiochemical parameters were tested by CCA

(Figure 4). The first two CCA dimensions explained 44.06% of

the cumulative variance of the Nitrospira community-environment

correlation. The results confirmed that Nitrospira community

structures had significant correlation with pH (P=0.004, F=2.9),

salinity (P=0.028, F=1.6) and particle size (P=0.046, F=2.5),

theseparameters provided 38.3% of total CCA explanatory power.

By contrast, other parameters had little effect on community

structure (P>0.064), and they accounted for 50.9% of CCA

explanatory power.

Environmental impacts on Nitrospira diversity indices

including the Chao1, Shannon, Simpson and OTU numbers were

evaluated by Pearson correlation analysis (Table S3). The results

demonstrated that Chao1 richness varied with salinity, but other

indices seemed stable among different salinity. In addition,

Shannon index, Simpson index and OTU numbers were

negatively correlated to temperature, the lower diversity at higher

temperature indicating that only a few Nitrospira species could

tolerate high temperature. Shannon index and Simpson index also

showed negative correlation with nitrate concentration, but no

significant correlation with nitrite concentration. Meanwhile,

OTU numbers were significantly correlated to ammonia and

ferric ion content, additionally, the correlation between other
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parameters we studied and Nitrospira diversity indices was

not significant.

Correlation between abundance of 12 dominant Nitrospira

OTUs and environment parameters was performed by Spearman

correlation analysis (Figure 5), which showed a strong association

between the representative OTUs and selective physiochemical

properties such as temperature, pH value, particle size, moisture

and Fe3+. In general, the correlation of abundance with

environment parameters was inverse between Nitrospira lineage I
Frontiers in Marine Science 05
and lineage II. For example, OTUs affiliating with lineage II were

negatively correlated with pH value, particle size and the content of

sulfur, while the correlation with lineage I was positive. The content

of Fe3+, total nitrogen, total organic carbon showed positive

correlation with the relative abundance of lineage II, but negative

correlation with lineage I. Besides, temperature was positively

correlated to the OTUs belonging to lineage IV but negatively

correlated to lineage I, suggesting the different adaptations to

temperature among them.
FIGURE 2

Neighbor-joining phylogenetic tree of Nitrospira nxrB genes. Sequences were collected from this study and the GenBank database. Bootstrap values
were given on the branches of the tree. The scale bar represents 2% nucleic acid sequence divergence.
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FIGURE 4

CCA plots for the first two principal dimensions of the relationship between the Nitrospira community pattern and the environmental parameters.
Blue circles, samples; Blue triangles, Nitrospira OTUs; Red arrows, environmental factors.
A B

FIGURE 3

(A) PCoA plots of Nitrospira community dissimilarities among sampling sites based on Bray-Curtis distance; (B) NMDS plots showing the Nitrospira
community composition separation. Red solid circle, acidic (pH: 6-7); Green solid circle, alkaline (pH: 7-9).
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Discussion

Community pattern of Nitrospira bacteria
in coastal wetlands of China

Members of the Nitrospira bacteria were considered as the most

diverse and widespread known NOB. However, distribution pattern

of Nitrospira in large-scale coastal wetland are missing, and a

systematic assessment of multi-factor effects their different niche

adaptation strategies is scarce (Daims et al., 2016). In this study, we

investigated the abundance, diversity and community pattern of

Nitrospira in sediments along the eastern estuary and coastal line of

China and identified the major driving environmental factors of

their niche partitions.

Quantification results showed that the nxrB gene of Nitrospira

was detected in all of the sediment samples, and was more abundant

than ammonia oxidizers (Sun et al., 2020). This result was in line

with one previous study showing the high proportion of NOB in the

detected environment (Winkler et al., 2012), and the growth on

alternative energy source from hydrogen or formate utilization may

sometimes explain higher in situ abundances of NOB than their

ammonia-oxidizing counterparts (Koch et al., 2014; Koch et al.,

2015). According to the phylogenetic analysis, Nitrospira lineage IV

was present at all sites except YR at which lineage I was dominant.

Meanwhile, the relative abundance of lineage IV was higher than

other two lineage at most sites, suggesting a dominant but

fluctuating role of lineage IV in the nitrite oxidizing of coastal

wetlands. Hitherto, strains belonging to Nitrospira lineage I and

lineage II were mainly obtained from engineering systems, but
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rarely founded in marine (Ushiki et al., 2013; Fujitani et al., 2014;

Gruber-Dorninger et al., 2015). In contrast, Nitrospira lineage IV

was usually present in marine or hypersaline systems (Watson et al.,

2004; Daebeler et al., 2020; Bayer et al., 2021). Due to the influence

of the ocean, most of the sample sites we studied showed significant

marine characteristics, therefore lineage IV was more abundant. As

a large amount of sediment from the upstream deposited in the

estuary, the riverbed at the YR site uplifted and turned into the

elevated stream, thus was relatively less affected by seawater, this

may be the reason why lineage IV was not found here. In addition to

the large amount of nutrients carried by sediment, the excessive

application of fertilizers in the downstream of the Yellow River

caused inorganic nitrogen was enriched in the estuary, therefore

lineage I was dominant here.

The network analysis showed that the positive correlations were

more dominant among Nitrospira (Figure 6), suggesting the

cooperation is more than competition in the relationship of

Nitrospira population. Interestingly, OTU 622 belonging to

Nitrospira lineage IV was negatively corelated with the OTUs of

lineage I, II and IV, suggesting its unique characteristic

in Nitrospira.
Influence of environmental factors on the
distribution of Nitrospira bacteria in coastal
wetlands of China

Previous study proved that the concentration of nitrite was a

key factor affecting the population and niche separation, the growth
FIGURE 5

Correlation of relative abundance of 12 dominant Nitrospira OTUs with environment parameters. *P<0.05, **P<0.01, ***P<0.001. PS, particle size; S,
sulfur; TN, total nitrogen; TOC, total organic carbon; C/N, ratio of carbon to nitrogen.
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of some Nitrospira would suspend with the increasing nitrite

concentration (Wagner et al., 2002). However, the correlation

between nitrite concentration with abundance or diversity was

not significant in this study, which may be explained by the

limited accumulation of nitrite in natural environment. Besides,

we investigated more other physicochemical parameters

contributing to the community construction, which broaden our

understanding of niche differentiation of Nitrospira.

It is generally accepted that Nitrospira strains grew in the

optimum temperature between 25 and 31 (Spieck and Lipski,

2011), while nitrite oxidation by these organisms was still

detected in a broad temperature range (10 to 65 °C) (Alawi et al.,

2009). Comparatively, Nitrospira lineage I has weak tolerance to

higher temperature, and Nitrospira found in geothermal springs

was mainly affiliated with lineage II and lineage IV (Lebedeva et al.,

2011; Marks et al., 2012; Edwards et al., 2013). Additionally, the

studies performed in the Yangtze River showed that, with the

increase of ambient temperature, the relative abundance of NOB-

Nitrospira lineage I or lineage II decreased, while that of

comammox-Nitrospira increased (Liu et al., 2020). Nitrospira

showed different adaptation characteristics to temperature, only a

few strains were able to tolerate the higher temperature (Alawi et al.,

2009). Similarly, Nitrospira diversity tended to decrease with the

elevating temperature in this study. Meanwhile, the positive

correlation between the relative abundance of lineage IV OTUs

and temperature suggesting lineage IV was more adaptable to

higher temperature conditions.
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The recent study reported that Nitrospira population was

decreased with the salinity gradient (Cébron and Garnier, 2005),

whereas another study showed the richness of Nitrospira in the high

saline regions of Pearl River estuary (Hou et al., 2018a). Members of

Nitrospira lineage IV were mostly detected in marine and

hypersaline environments so far (Watson et al., 2004; Foesel

et al., 2008; Keuter et al., 2011; Haaijer et al., 2013; Daebeler

et al., 2020), but there were no members of lineage I and II found

in these habitats (Santos et al., 2017; Sun et al., 2020), suggesting the

different adaption of Nitrospira lineage to salinity condition. Here,

we discovered a higher abundance of Nitrospira lineage I and II in

the estuaries that salinity was low, while lower than lineage IV when

the salinity was above 1 ppt. The result might guarantee the

tolerance of Nitrospira lineage IV to hypersaline habitats and the

role of salinity in niche separation between Nitrospira lineage IV

and lineage I, II.

In addition to salinity, pH was another environmental factor that

affects the abundance and diversity of Nitrospira. Previous study

reported that Nitrospira defluvii belonging to lineage I grew best at

pH 7.3 (Hupeden et al., 2016). Besides, study of Nitrospira

community in the saline-alkaline lakes showed the decrease of

Nitrospira diversity with the increasing pH and the Nitrospira

lineage IV enrichment cultures, “Candidatus Nitrospira

alkalitolerans”, could oxidize nitrite at the condition of neutral to

pH 10.5 (Daebeler et al., 2020). In this study, both PCoA and NMDS

analysis showed a clear separation of the Nitrospira communities

with the pH conditions (Figure 3). According to the results of CCA
FIGURE 6

Co-occurrence network analysis of representative Nitrospira OTUs. The size of circles means relative abundance; orange lines represent negative
interactions; blue lines represent positive interactions.
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analysis, the relative abundance of Nitrospira OTUs was significantly

correlated with pH. The result of Pearson correlation showed that

OTUs number was significantly negative corelated with pH value,

indicating that only specific Nitrospira species tolerate the highly

alkaline conditions. The negative correlation between relative

abundance of Nitrospira lineage II and pH might explain the

vacancies of Nitrospira lineage II detected in alkaline environments.

These results suggested a strong influence of pH on the community

pattern of Nitrospira bacteria.

As a chemical catalyst, iron could enhance the cell membrane

permeability and hence accelerate the nutrients transmission rate.

Meanwhile, iron presents in the center of various active enzymes

which function in the molecular oxygen transportation and the

nitrogen species’ transformation in nitrifying microbes. Fe3+ in

NOB also was hypothesized to act as alternative terminal electron

acceptors for nitrite oxidation in the oxygen minimum zone (Lam

and Kuypers, 2011). Here, our study showed that Fe3+ content was

positively correlated with the relative abundance of Nitrospira

lineage II (Figure 5), whereas this correlation tended to be

negative with lineage I. Besides, the significantly negative

correlation between Fe3+ content and Nitrospira OTUs was

showed by the Pearson correlation. All of the results suggested

Fe3+ might play different role in Nitrospira lineages, and further

physiological verification is needed.

Particle size directly influences the physicochemical property of

the sediments and thereby affects the distribution of microbial

community (Dang et al., 2010). We found that Nitrospira lineage

II abundance was negatively correlated with particle size of

sediments. In addition, growth of Nitrospira could be inhibited

under high concentration of nitrate. For instance, growth of

N.moscoviensis ceased to grow in the presence of 75mM nitrate

(Ehrich et al., 1995), and the marine lineage IV Nitrospira ecomares

2.1 80mM nitrate (Keuter et al., 2011). Consistently, our study

showed that Nitrospira diversity decreased with the increasing

nitrate concentration. Moreover, previous study showed the high

concentration of TOC would mutually strengthen the effect on

nitrification in low oxygen conditions (Ling and Chen, 2005). Here,

with the low oxygen concentration of estuarine tidal flats, there were

a positive correlation between TOC and the relative abundance of

Nitrospira lineage II, suggesting the community composition of

Nitrospira was affected by TOC, whereas the interaction mechanism

requires further research. As for any other parameters, clay and

moisture had a remarkable influence on the abundance of

Nitrospira OTUs, whereas sulfur content seemed to only

significantly effect Nitrospira lineage I. These factors might

exhibit a role in niche differentiation of Nitrospira lineage I and

II, therefore the experimental tests are needed.
Concluding remarks

Nitrospira was prevalent and abundant in the estuarine tidal flat

wetlands of China and was higher than ammonia oxidizers in

abundance. Meanwhile, Nitrospira phylotypes were affiliated with

Nitrospira lineage I, II and IV, in which lineage IV was dominant

but fluctuating at different sites.
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