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Abstract: Ammonia-oxidizing microorganism communities are abundant and functionally efficacious in 
nitrification. However, ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) 
groups complicate this process in subtropical streams. This study investigates the abundance of 
ammonia-oxidizing communities south of the Dabie Mountains, China, using quantitative polymerase 
chain reaction (qPCR). Clone libraries were utilized to analyze the abundance and microbial structures 
of AOA and AOB in sediments. Such analysis may provide strong evidence reflecting the links within 
the environment. The results show that AOB had a lower abundance of copies of the ammonia-oxidizing 
gene (amoA) than AOA. Interestingly, the AOA and AOB community compositions were correlated with 
ecological characteristics. The dissolved oxygen (DO) and oxidation-reduction potential (ORP) had 
significant positive correlations, whereas the phosphorus within the structure had a negative correlation 
with the abundance of both groups. Our study shows that it might adopt some species related to 
Nitrosotalea clusters that can resist comparably higher pH (toward pH 6.5). Together, these results imply 
that the physiological adaptation of microbial guilds to environmental pressures in ammonia-oxidizing 
archaea might allow them to have a more substantial function of ammonia-oxidizing communities in 
natural habitats. 
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1. Introduction 
The nitrification model has changed with the reduction of ammonia-oxidizing archaea (AOA) in the 

last 15 years, and ammonia-oxidizing bacteria (AOB) were observed as a single group interceding in 
ammonia oxidation [1]. In reality, studies of malodor in stream sediment by the 16S rRNA clone library 
[1] and the determination of ammonia-oxidizing (amoA) genes [2] showed that AOA amoA gene copies 
were based on higher numbers compared with AOB in many soil and stream environments [3]. The 
ammonia-oxidizing gene is an effective indicator of the limiting steps in nitrification and a possible 
community indicator of mineral content [4]. As a gene function target, amoA is more useful than the 16S 
rRNA scheme for investigating AOA and AOB population structures [5].  

The typical optimum pH for nitrification is 7.8 [6,7]. However, nitrification could dispose of excess 
ammonium nitrogen and protect the river from eutrophication [8]. Therefore, the physiochemical 
characteristics may affect the population of microbes to participate in several processes such as nitrogen 
cycling [9,10]. Compared to AOA, AOB is very sensitive to higher pH values [11,12] and less dominant 
[13,14]. 

Reducing ammonia in the environment is one of the key functions of AOA and AOB, and it is 
attained by nitrification. AOA supports nitrification in different habitats, separate studies of AOB and 
AOA functions in ammonia oxidation have attracted significant attention and many researchers [15]. The 
ammonia-oxidation cycle in environmental studies is distinctive compared to microbiological studies 
[16]. The microbial communities are active in nitrogen fixation and strongly participate in the process of 
turnover of river cycling substances. Human influence can significantly increase the eutrophication in 
aquatic ecosystems [17,18], but the density of ammonium in freshwater has risen as a consequence of 
increased farmland use of ammonium, causing environmental hazards [19,20] and affecting the 
nitrification cycle in microbial ecology. 

The high concentrations of ammonia in river streams are toxic to fish and other aquatic living 
organisms. The rivers are characterized by rich geographic and physicochemical ranges. Therefore, they 
represent a good environment for the existence of a diverse microbial ecosystem [21]. Luotian River, also 
known as Yishui, which is 87 km long and 80–220 m wide, converges into the Ba River and then the 
Yangtze River (Figure 1).   

 
Figure 1. A schematic diagram showing the locations of the sampling sites in the Luotian River, upstream (S1, S2, and 
S3), in the human influences (S4, S5, S6, and S7), discharge of waste treatment plant (S9) and in the downstream (S8). 
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Taking DNA samples from the river environment is a new approach for in situ studies of microbial 
diversity. Moreover, the development of technical polymerase chain reaction (PCR) promotes the process 
of DNA amplification [22], even though many microbes are not smoothly achievable as cultured strains in 
the research laboratory, which would enable proper identification and description of species.  

The aims of this study are (1) to determine the abundance and diversity of AOA and AOB in the 
stream ecosystem by identifying specific functional gene markers, (2) to extend our knowledge of new 
AOA species in freshwater sediments with various ammonium conditions, (3) to implement a broad 
survey of the supposed ammonia-oxidizing genes with high physicochemical value in various seasons in 
Hubei, China, and (4) to find possible links between environmental stream parameters and the dynamics 
of ammonia oxidizers. 

2. Results2.1. Archaeal and Bacterial amoA-Based Community Structures 

AOA and AOB amoA genes were sequenced partially in nine sites. A total of 109 archaeal amoA clone 
libraries were randomly selected, and 54 archaeal amoA sequences were analyzed. As a result, 34 
operational taxonomic units (OTUs) were recovered based on one amino acid residue cutoff (Figure 2, 
Supplementary Table S3). In addition, 83 bacterial amoA clone libraries were prepared, and a total of 61 
bacterial amoA sequences were analyzed. Out of these, three OTUs were recovered, based on one amino 
acid residue cutoff (Supplementary Figure S1, Table S3). BLASTn analysis identified that most sequences 
were closely associated with uncultured bacteria of amoA genes. For the most similar GenBank sequences 
based on the BLASTn results, ammonia monooxygenase genes were inserted into the dataset. Sequence 
alignment was implemented, and the phylogenetic tree is represented in Figure 2 and Supplementary 
Figure S1. A neighbor-joining tree was designed using amoA gene sequences and sequences related to 
those accessed from GenBank. Most of the sequences were Nitrososphaera (there were four AOA clusters 
(I.1, I.2, I.3, and I.4), and one AOB cluster belonged to genus Nitrosomonas (Supplementary Figure S1)). 
The coverage (C) ranged from 14% to 80% in AOA and 85% to 88% in AOB (Supplementary Table S3). 

 
Figure 2. The phylogenetic tree the neighbor-joining showing the phylogenetic relationships of ammonia 
oxidizing archaea (AOA) amoA gene sequences. Bootstrap support values (1000 replicates) are shown. The 
scale bar represents 0.2; evolutionary analyses were implemented in MEGA 7. 

2.2 Relationship of Bacterial Composition and Environmental Variables 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2018                   doi:10.20944/preprints201812.0154.v1

http://dx.doi.org/10.20944/preprints201812.0154.v1


 4 

4 

The relationship between ammonia oxidization group structures was observed in various sampling 
sites by principal component analysis (PCA) using PAST v.3.15 software [23], based on the ammonia 
oxidization group sequences (Figure 3). 

 
Figure 3. Principal component analysis (PCA) ordination plots for the environmental indicator and 
ammonia oxidizing groups in Luotian River – China and environmental variables axes are represented by 
the lengths of arrows (circles: sampling sits arrows, environmental variables). 

The AOA and AOB communities from upstream were positively related to oxidation–reduction 
potential (ORP), pH, and dissolved oxygen, and negatively associated with phosphorus, which showed 
few dynamics in our investigation sites. The AOB community structure was correlated with conductivity 
in several ways. Canonical correspondence analysis (CCA) was used to describe the key environmental 
factors, showing the functional genes in the amoA groups. We then used CCA to analyze the multivariate 
relationships between the abundance of ammonia oxidization genes (AOA and AOB) and the 
environmental parameters (Figure 4a). All correlation analyses were applied to evaluate the significant 
number of relations (pvalues). Our results show that ORP and phosphorus had important influences on 
AOA and AOB communities in all sediments. Furthermore, the overall composition of the AOB 
communities was negatively correlated with phosphorus and conductivity (Figure 4b). Similarly, pH was 
positively or negatively correlated with the overall composition of the AOB (CCA; Figure 4b). 
Interestingly, with the exception of S4 (pH 6.5), the pH was stable along the season in the whole stream, 
representing the significant explanatory power of our study. The order of the dominant factors 
corresponding to the levels of impact on the ammonia monooxygenase communities was ORP, dissolved 
oxygen (DO), conductivity, phosphorus, and pH. 
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Figure 4. The relationship between (a) the ammonia oxidizing archaea AOA and (b) ammonia oxidizing 
bacteria AOB, amoA community compositions in Luotian River, China and environmental parameters. 
Correlations between canonical correspondence analysis (CCA) and environmental variables axes are 
represented by the lengths of arrows (circles: sampling sits arrows, environmental variables). Only 
analyses that showed significant Spearman corrected pvalues are included. 

2.3 Relative Abundance of Dominant Bacterial Community Structure South of the Dabie Mountains 

The 84 positive clone sediments of 16S rRNA genes were collected from the sampling station. Out of 
the clones, 3%–14% (Cyanobacteria phylum) were excluded from our analysis since we only focused on 
heterotrophic bacteria. The relative abundance of the bacterial composition community clones is shown in 
Figure 5. It was observed that the Betaproteobacteria appeared at each station during the whole study. 
However, the Bacteroidetes did not appear in May (abundance >1%); May and August clones were the 
most diverse, featuring Deinococcus–Thermus, Actinobacteria, Acidobacteria, Proteobacteria (alpha, beta, and 
gamma), Bacteroidetes, Chloroflexi, Firmicutes, Armatimonadetes, and Planctomycetes (division OP10), while 
the Deltaproteobacteria, Latescibacteria, and Planctomycetes groups only appeared in October. 
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Figure 5. Relative abundance of the amplified 16S rRNA gene clone library with different divisions in the 
bacteria community clone during May, August, and October 2017. The cloned sequences were compared 
with the most closely related sequences obtained from the database (RDP). The clones attached with 
Deinococcus-Thermus, Actinobacteria, Acidobacteria, Proteobacteria (alpha, Beta and Gamma), Bacteroidetes, 
Chloroflexi, Firmicutes, Armatimonadetes, and Planctomycetes division OP10 are included in ‘Others’.  

2.4 Functional Gene Abundance of Bacteria (AOA and AOB) in Streams 

Nine stations along the streams were selected to investigate the functional genes (amoA genes) of 
AOA and AOB. Our results show that there were no significant variations in total microorganisms as 
evaluated by 16S rRNA (Supplementary Table S2), and concentrations of functional (AOA and AOB) 
genes were found irrespective of sampling site.  

The higher numbers of gene copies of AOA and AOB (Figure 6) in the samples from S1 and S8 were 
5.28 × 108 and 5.1 × 108 gene copies (g.soil−1), respectively. In most sampling sites, the higher numbers of 
gene copies were presented by the 16S rRNA group when compared to the AOA group (Supplementary 
Table S2). Among all upstream stations, AOA was higher than AOB, while sites S4 and S5 downstream 
had higher AOB than AOA. 
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Figure 6. Abundance of (AOA) ammonia oxidizing archaea, and (AOB) ammonia oxidizing bacteria gene 
copies in samples. Standard errors were estimated from triplicate an analysis within a single qPCR. 

Spearman’s correlation coefficient was used to describe the ammonia-oxidizing group abundance of 
16S rRNA, AOA, and AOB (Supplementary Figure S2). The temperature and concentrations of total 
nitrogen (TN), Mg, free cyanide (CN), SO4, and NH4 were not correlated with the overall ammonia-
oxidizing community abundance or composition (based on CCA and Spearman’s correlations). 

The relative abundance of some individual AOA and AOB was negatively correlated with 
phosphorus and conductivity (p < 0.01; Supplementary Figure S2). However, the abundance of AOA and 
AOB was positively correlated with ORP, DO, NO3, and pH (p < 0.05). 
2.5 Physical and Chemical Characteristics 

The seasonal ecological parameters indicate that the site samples were influential as evidenced by 
the variability in many characteristics (Table 1). Our study observed that the conductivity (Cond), 
oxidation-reduction potential (ORP), sulfate (SO4–2), and total nitrogen (TN) at S9 were relatively higher 
than at other stations. Moreover, lower pH was observed at S4. The other environmental parameters, 
although variable, did not appear consistent between seasons or sites.  
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Table 1. Mean standard deviations (± SD) values of Seasonal physical and chemical environmental Parameters (May, August, and October 2017) 

 Unit S1 S2 S3 S4 S5 S6 S7 S8 S9 

DO mg.L-1 9.26±0.01 9.24±0.01 9.53±0.02 11.62±0.01 8.33±0.1 6.45±0.02 11.31±0.01 7.73±0.01 5.7±0.02 

pH - 8.52±0.24 7.1±0.21 7.8±0.1 6.58±0.1 7.6±0.001 7.3±0.001 8.73±0.1 7.73±0.001 7.49±0.001 

NH4 mg.L-1 0.043±0.127 0.013±0.01 0.083±0.01 0.087±0.01 0.02±0.001 0.06±0.001 0.15±0.01 0.06±0.001 0.68±0.21 

CN mg.L-1 0.001 0.001 0.001 0.001 0.001 0.001 0.005 0.001 0.003 

SO4 mg.L-1 9.33±0.52 9±0.43 9.33±0.2 15±0.1 7.66±0.01 9.33±1.02 13±0.1 15.3±0.6 16.67±1.95 

NO2 mg.L-1 0.009 0.031 0.009 0.006 0.005 0.009 0.02 0.033 0.375 

NO3 mg.L-1 0.45±0.124 0.31±0.177 0.39±0.02 0.023±0.013 0.12±0.125 0.033±0.02 0.35±0.01 0.36±0.01 0.47±0.01 

TN mg.L-1 1.97±0.468 1.6±0.177 0.65±0.03 1.9±1.34 0.87±0.2 3.63±1.03 1.67±0.234 1±0.815 7.97±1.21 

Mg mg.L-1 0.74±0.08 1.38±0.03 1.2±0.01 0.76±0.174 1.4±0.03 1.36±0.124 1.37±0.001 1.28±0.01 2.79±1.12 

Ca mg.L-1 1.5±0.031 2.4±0.231 2.395±0.12 2.596±0.11 2.73±0.02 2.75±0.14 2.67±0.01 3.02±0.01 1.19±0.21 

TSS mg.L-1 1±0.02 2±0.1 1±3.412 1±1.541 4.33±1.31 0.67±0.42 12.33±2.01 5±2.31 11±3.66 

ORP mV 141.63±3.89 137.33±3.22 132.03±4.26 124±4.51 91.43±11.18 103.57±5.57 67.03±1.43 92.83±1.47 -65.067±1.5 

Cond µS.cm-1 65.07±5.79 130.67±5.97 131.67±5.65 96.37±4.61 119.5±3.14 137.17±3.84 158.53±3.2 163.83±4.01 612.67±14.11 

P mg.L-1 7.47±0.003 7.537±0.001 7.539±0.001 7.54±0.003 7.605±0.001 7.599±0.001 7.606±0.001 7.617±0.001 7.59±0.001 

Temp °C 17.4±0.33 19±0.1 20±0.01 20.73±0.77 19.75±0.02 19.8±0.01 21.7±0.01 19.7±0.32 21.96±0.41 
DO, dissolved oxygen; CN, free cyanide; TSS, total suspended solids; ORP, oxidation-reduction potential; Cond, conductivity; TN, total nitrogen; P, 
phosphorus; Temp, temperature; mV, milli-volts. 
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3. Discussion 

Limited studies have concentrated on the ammonia-oxidizing communities in stream sediments. 
This research focused on the abundance of microbial community construction and the effects of specific 
parameters on AOA and AOB groups along streams south of the Dabie Mountains (from upstream to 
downstream), China. The phylogenetic analysis of the AOA amoA communities in the rivers and 
sediments showed that most of the revealed sequences (90.0%–97.0%) in the nine sampling sites were 
linked with Nitrososphaera viennensis and Nitrosopumilus sp clusters I.2, I.3, and I.4 [24]. N. viennensis and 
Nitrosopumilus sp (moderately) (Figure 2) were extracted from sediments, which could autotrophically or 
heterotrophically, or even mixotrophically, be involved in ammonia oxidation in freshwater and 
sediment environments [25]. Yang et al. [26] reported that Nitrososphaera-like microbes were the major 
AOA groups in sediments of freshwater in the Qinghai–Tibetan Plateau. This result was in agreement 
with a previous analysis focused on global amoA gene distribution and diversity [27]. It was found that 
AOA related to this subcluster may appear as a significant function of ammonia oxidation in the 
sediments of the sampled stream sites; most of the operational taxonomic units (OTUs) obtained were 
grouped within one cluster in the Nitrososphaera. Our results are in agreement with previous reports that 
most of the sediment-expected AOA sequences were dominated by cluster I (Figure 2) in neutral pH [28]; 
N. viennensis was enriched by the availability of ammonia as the initiator [29], and N. gargensis has been 
observed commonly in subtropical zones [30]. The habitats with acidic pH had a variety of AOA 
correlated with Nitrosotalea linked with an acidic soil environment [31]. Sequences connected to 
Nitrosotalea cluster I.1 were revealed at S4, where the pH was 6.5. It is apparent that Nitrosotalea 
devanaterra cannot grow at neutral pH [32], while acidophilic ammonia oxidation hints at novel 
physiological mechanisms in N. devanaterra, which appears to have the greatest substrate affinity for 
AOA [33]. This phenomenon contradicted the results of a previous study [34], which showed that the 
acidophilic AOA Nitrosotalea devanaterra and Nitrosotalea sp lived at an optimal pH ranged between 4 and 
5 [35] and were totally prevented if the pH increased to 6.5. Nevertheless, our findings indicated the 
presence of some adapted species related to the Nitrosotalea cluster that can resist a comparably acidic pH 
(>6.5). Furthermore, our findings imply that, regarding the physiologic adaptation of microbial guilds to 
environmental pressure [36-38], most of the OTUs found in the sampling sites (more neutral pH) were 
correlated with sequences of freshwater [39-41]. Out of the AOB genes (Supplementary Figure S1), 61 
sequences were collected, and these sequences were clustered into three OTUs. With a 99% similarity for 
each OTU, as previously predicted [42], Nitrosomonas cluster is usually found in river ecosystems [43]. 
Our results also confirmed this phenomenon; 99.7% of the total AOB sequences were obtained from S7 
and S9 downstream. Furthermore, our investigation indicates that some sites did not obtain OTU 
numbers (Supplementary Table S3), and this may be due to the environmental factors [44] and high 
similarity sequences [45].  

Principal component analysis (PCA) was used to measure the environmental characteristics, 
especially in sediment samples. PCA1 and PCA2 accounted for 50.38% and 23.02% of the variation, 
respectively (Figure 3). CCA analysis showed that dissolved oxygen and phosphorus are powerful 
parameters influencing the dynamics of amoA functional genes (Figure 4). This agrees with a previous 
study [46], which suggested that DO is one of the most correlated factors in the amoA gene community. In 
the current investigation, the sampling sites from upstream to downstream revealed that, through CCA, 
the spatial distribution of the depositional environment of AOA and AOB is potentially related to ORP. 
This result could be linked to previous studies [47,48] in which the changes in ORP and pH values were 
linked to ammonia-oxidizing microbial communities in the Luotian River. Interestingly, the community 
of ammonia oxidizers showed an inverse relationship between ORP and phosphorus [49,50]. Some 
environmental factors did not influence gene abundance of AOA and AOB in the same way, suggesting 
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that environmental factors have various influences on these communities, as seen in previous studies 
[51,52]. Together, these data suggest an inverse relationship between phosphorus and ORP, and the 
primary factors influence the community of ammonia oxidizers.  

Our investigation shows that 3%–14% of the clones were related to the Cyanobacteria phylum, which 
was discussed previously [53]. In our filtered sequences, we detected 125 bacterial phyla across all 
sediment samples with the Ribosomal Database Project (RDP) Classifier. The prevalent groups (<1% 
abundance) of each sample are shown in Figure 5. Proteobacteria (19%–52%) was the most abundant 
species. This result could be linked to a previous study [54,55] that, confirmed that Betaproteobacteria 
could be classified as the one dominant group in the ecosystem of streams during May, August, and 
October. Our investigation showed that Bacteroidetes did not appear in May (abundance >1%), suggesting 
that Bacteroidetes was present in low numbers, was missed in those selected points, or did not perfectly 
amplify with the PCR primers. In reality, the absence of the group in a small percentage of the abundance 
communities is not the challenge in most cases [56]. 

In this investigation, the gene copy ratios of AOA were higher than those of AOB at the upstream S6 
and S7 sites (Figure 6), which confirmed the previous investigations of AOA dominance in many 
environments [57,58]. At S4, S5, and S8 (downstream), the AOB genes were slightly more numerous than 
AOA, as confirmed in previous studies looking into locations such as lakes [59], estuaries [2], and 
sediments [60]. The AOA and AOB communities appeared at many locations and periods. Despite the 
pH, AOA and AOB abundance was high (3.92E+8 to 3.60E+8 gene copies per µg DNA extract) at site S4, 
with pH as low as 6.5. Due to consequent decreased pH in the bioavailability of nitrogen, acidic 
environments might preference AOA dominance over AOB because of their significant correlation with 
ammonia [41,61]. Various results of the comparative abundance of AOB and AOA have been reported in 
streams. However, the environmental factors that affect relative abundance are not well understood. 

Briefly, we chose nine specific stream sites as target locations to find clear differences in the 
sediments and bacteria communities, as well as a linkage of biotic factors to environmental characteristics 
(Table 1). The physicochemical properties of the rivers varied among the evolutionary stages of the four 
streams and were responsible for the differences in nitrification. At the upstream sites (S1, S2, and S3), 
these properties were more suitable than those from S9, indicating the general environmental quality (far 
from human activities) of the S5, S6, and S7 sites. Many environmental factors reflected some effect on the 
amoA gene community, including oxygen availability [62], phosphorus [63,64], sulfide [65], pH [66,67], 
soil type [68], NH4+–N, and NO3–N [69]. However, these indicators did not have an appreciable impact on 
archaeal or bacterial ammonia oxidation. Therefore, further investigations are required in the future to 
prove this linkage 

4. Materials and Methods 

4.1 Site and Sampling 

The study was carried out in Luotian, Huanggang City, Hubei Province, south of the Dabie 
Mountains, China (30°35′N, 115°06′E) (Figure 1). This location is characterized by a series of mountains 
covered by forests (70%). Five streams originate from the Dabie Mountains and flow to the southwest. 
They meet the Ba River and then flow inward into the Yangtze River.  

Various chemical and physical parameters— oxidation–reduction potential (ORP), temperature 
(Temp), total suspended solids (TSS), conductivity (Cond), pH, and dissolved oxygen (DO)—were 
measured using a multiparameter probe (YSI Professional Plus). Moreover, magnesium (Mg), calcium 
(Ca), nitrate (NO3–), ammonia (NH4+), nitrite (NO2–), total nitrogen (TN), sulfate (SO4–2), free cyanide (CN), 
and phosphorus (PO4-3–P) were analyzed by electronic spectrophotometer (Hach model DR2800, Hach 
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Company, Loveland, CO, USA). Estimation of environmental parameters was carried out in triplicate in 
the covered sediment samples, according to standard methods [70]. 

4.2 Collection of Samples 

The samples were collected from 9 stations (S1 to S9) (Figure 1). The samples were taken from each 
of the 3 branches at S1, S2, and S3 (upstream) and 4 other locations, S4, S5, S6, and S7 (human influence); 
one stream had a length of 78.2 km, from S9 (discharge of waste treatment plant) and from S8 
(downstream). The surface water from 0.5 to 5 m in each site in the stream was picked up (15 L). The 
water was fully mixed following filtration experiment methods as described previously [71]. The filter 
was preserved immediately in liquid nitrogen to convey to the laboratory. Sediments were collected from 
the same side as the water collection at each of the 9 stations at the 0–5 cm level. Several soil samples were 
compounded for a microbial sample (50–100 g). Sediments were also preserved in an impermeable 
sampling packet in liquid nitrogen and transported to the laboratory. All samples were conserved at –80 
°C before DNA extraction. 

4.3 Nucleic Acid Extraction, PCR, Cloning, and Sequencing 

Microbial organisms from the environmental sediments were studied by extracting DNA using the 
fast DNATM spin kit for soil (MP Biomedicals, Solon, OH, USA). Consequently, a NanoDrop (2000c) 
spectrophotometer (Wilmington, DE, USA) was used to quantify the DNA according to the 
manufacturer’s standards. 

The major cycling program for each primer set and the primers’ names are listed in Supplementary 
Table S1. The PCR amplification was performed with a peqSTAR 2× double block thermocycler, 
(PEQLAB Biotechnologie GMBH, Erlangen, Germany), using the following conditions: 50 µL mixture 
comprising 25 µL 2× Master Mix (Thermo Fisher Scientific, USA), 0.2 µM of each primer, and 50–100 ng 
of DNA. Thermal cycling was carried out by an initial denaturation step for 5 min at 95 °C. The presence 
and sizes of the PCR amplification products were determined by agarose (1%) gel electrophoresis. 

Clone libraries of AOA and AOB amoA gene-amplified products from all the sampling sites were 
constructed following a previously described method [72]. Briefly, after DNA extraction and PCR 
amplification of the amoA genes, the mixture of PCR products was gel-purified and cloned with a 
pMD19-T cloning kit (Takara). More than 30 clones were randomly picked from each clone library and 
verified for correct insertion of DNA fragment by PCR amplification with primer set M13F and M13R. 
PCR products from the positive clones were sequenced by ABI 3730×1 sequencer (Wuhan, China). DNA 
sequences were analyzed and edited using BioEdit software version 5.07 and MEGA version 7. 

4.4 Phylogenetic Analysis 

The sequences were first cropped. Then the vectors, primers, and alignments were completed by 
ClustalW and analyzed by BLASTn corresponding to the nonrepetitive National Center for 
Biotechnology Information (NCBI) database [73]. Operational taxonomic units (OTUs) were determined 
as groups where the sequence identities were performed greater than 90% using the Ribosomal Database 
Project (RDP) (http://rdp.cme.msu.edu and https://www.mothur.org). Phylogenetic trees were created 
using MEGA 7, the neighbor-joining method of reference [74], (http://www.phylogeny.fr), and FigTree 
v1.4.3. All OTU sequences of 16S rRNA, AOA, and BOA were deposited in the NCBI database under 
accession numbers MG238515–MG238543 and MG519671–MG519707. 

4.5 Real-Time Quantitative PCR 
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Functional genes related to nitrification were measured in the sediment samples collected during 
May, August, and October 2017 from a 0.5–5 cm depth at each station. The bacterial concentration was 
defined in triplicate by amplification of the 16S rRNA (archaeal and bacterial) part using the primers and 
PCR conditions [75]. The primers used for this study are tabulated in Supplementary Table S1. All 
samples of archaeal and bacterial 16S rRNA, AOA, and AOB were quantified by an ABI Prism sequence 
detection system based on the SYBR Green I method. The 25 µL reaction mixtures contained 12.5 µL of 
SYBR Premix Ex TaqTM (Takara, China), 1 µL of the forward and reverse primer, and 1 µL of template 
DNA. The specificity of the PCR for each target gene was verified by the generation of melting curves 
and agarose gel electrophoresis. All samples were assayed in triplicate.  

Tenfold serial dilutions of a known copy number of the plasmid DNA were subjected to real-time 
PCR assay in triplicate to generate an external standard curve. The sequences were matched with each 
other using BLAST®. The DNA concentrations (ηg.µL−1) of individual clones, including the objective 
sequences of 16S rRNA, AOA, and AOB, were determined by NanoDrop 2000c spectrophotometer 
(Wilmington, DE, USA) and transformed to copy numbers of DNA per µL, which were determined using 
a program accessible at http://cels.uri.edu/gsc/cndna.html. 

4.6 Statistical Analysis 

The correlation between the environmental parameters and sampling sites was determined using 
PAST v.3.15 [23] and represented in the form of principal component analysis (PCA). To understand the 
strength of the correlation between the parameters, canonical correspondence analysis (CCA) was carried 
out using Excel add-in XLSTAT 2017. Spearman’s correlation was used for the analysis of correlations 
among the abundance of AOA, AOB, and environmental dynamics. Relative abundance of the clones was 
used as the input of species. Two ecological indices, the Shannon–Weiner index (H′) [76] and the Simpson 
index (D) [77], were calculated using the number of OTUs. We used the algorithm in BLASTn to define 
the most homogeneous sequences. The aligned sequences were converted into amino acids by applying 
MEGA 7 and used for the assembly of phylogenetic tree neighbor-joining by using Poisson model 
distances and pairwise deletion of gaps and missing data. Bootstrapping (1000 replicates restructured) 
was used for phylogenetic restructuring. 

5. Conclusion 

In conclusion, our results suggest that the abundance of AOA genes was higher than AOB genes at 
most of these sites, reflecting the influence of environmental characteristics on the abundance and 
diversity of ammonia-oxidizing communities at various streams. Ammonia oxidizer groups were 
significantly correlated with dissolved oxygen and ORP. Our results surprisingly indicated that some 
species might be related to the Nitrosotalea cluster, which resists comparably low acidic pH (>6.5). 
Furthermore, it is implied that the physiological adaptation of microbial guilds to environmental pressure 
might describe a fundamental niche of ammonia-oxidizing communities in natural habitats. Interestingly, 
this investigation provides a hint to the linkage between the amoA gene and ORP, which may be the 
primary factor influencing ammonia-oxidizing communities. Finally, these data could assist further 
researchers to establish significant studies concerning nitrogen cycling in stream ecosystems. 

Supplementary Materials: S1: Phylogenetic tree the neighbor-joining showing the phylogenetic relationships of 
ammonia oxidizing bacteria (AOB) gene sequences. Bootstrap support values (1000 replicates). The scale bar 
represents 0.2; evolutionary analyses were implemented in MEGA 7, Figure S2: Spearman correlation matrix 
representative significant relationships between investigation parameters, for correlations among log-transformed 
qPCR data, gene copies (g.soil-1), and physicochemical data of environments samples. The colors of the scale bar 
indicate the nature of the correlation with 1 denoting perfect positive correlation (green), and -1 denoting perfect 
negative correlation (red) were tested at p < 0.01 and p < 0.05. The used geo-physicochemical data of the samples 
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applied to Xlstat (www.xlstat.com), Table S1: The PCR primer pairs and thermal programs, Table S2: Gene copy 
numbers of 16S rRNA bacteria and archaea (stream and sediment), ammonia oxidizing archaea (AOA), and ammonia 
oxidizing bacteria (AOB) in sampling sites. Values and standard deviations were estimated from triplicate an analysis 
within a single qPCR, Table S3: Comparison of AOA and AOB diversities as well as coverage estimates in sampling 
sites base on 95% nucleotide sequences similarity. 
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