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Abstract: Two aeration modes, step aeration and point aeration, were used in a 

full-scale Carrousel oxidation ditch with microporous aeration. The nitrogen removal 

performance and mechanism were analysed. With the same total aeration input, both 

aeration modes demonstrated good nitrification outcomes with the average efficiency in 

removing NH4
+
-N of more than 98%. However, the average removal efficiencies for 

total nitrogen were 89.3% and 77.6% under step aeration and point aeration, 

respectively. The results indicated that an extended aerobic zone followed the aeration 

zones could affect the proportion of anoxic and oxic zones. The step aeration with larger 

anoxic zones indicated better TN removal efficiency. More importantly, step aeration 

provided the suitable environment for both nitrifiers and denitrifiers. The diversity and 

relative abundance of denitrifying bacteria under the step aeration (1.55%) was higher 

than that under the point aeration (1.12%), which resulted in an overall higher TN 

removal efficiency. 
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1. Introduction 

The oxidation ditch (OD), as a modified activated sludge process, has been used for 

many years across the world, and nitrogen removal in an oxidation ditch has been a hot 

research subject for a long time. According to current theory, nitrogen removal in an 

oxidation ditch is achieved in the alternating anoxic-oxic zones by simultaneous 

nitrification and denitrification (SND) (Daigger et al., 2000; Ammary et al., 2005). 

Alternating anoxic-oxic zones can be formed within a channel by controlling the oxygen 

supply with surface aeration equipment (Liu et al., 1996; Liu et al., 2010), which was 

called point aeration in our previous study (Guo et al., 2013). Point aeration refers to 

aeration at several points of the oxidation ditch wherein several alternating anoxic-oxic 

zones are formed. The ideal scenario is that increasing nitrate through nitrification in the 

aerobic zones is equivalent to reducing nitrate by denitrification in the anoxic zones. 

Therefore, the arrangement of the surface aeration equipment and control of dissolved 

oxygen (DO) are critical to improving how well the oxidation ditch process removes 

nitrogen (Saida et al., 2010). 

It is, however, very difficult to control the dissolved oxygen concentration and 

anoxic-oxic zoning proportion accurately under point aeration. The more alternating 

anoxic-oxic zones that are present, the more difficult it is to control the dissolved 

oxygen and anoxic-oxic zoning proportion. Consequently, nitrogen removal efficiency 

has been found to be less than ideal for some oxidation ditch processes (Gao et al., 2006; 

Insel et al., 2003). It has been shown that nitrogen removal could be enhanced and that 

the influence of daily fluctuations in the influent on removing nitrogen could be 
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overcome by optimizing the aeration conditions (Gao et al., 2006; Liu et al., 2013). 

However, as water quality standards for wastewater treatment plants have become 

stricter with the added requirement to meet energy-saving demands, problems for 

surface aeration reactors such as low oxygen supply efficiency and high-energy 

consumption have become unavoidable. Therefore, the oxidation ditch process with 

microporous aeration has received increasing scientific attention. The effects of airflow 

rate and agitation on oxygen transfer efficiency have been studied in a pilot-scale ditch 

system with bubble membrane diffusers (Gillot et al., 2000; Stéphanie et al. 2007). Liu 

et al. (2010) set up a pilot-scale Carrousel oxidation ditch with microporous aeration 

and determined the optimal dissolved oxygen state for simultaneous nitrification and 

denitrification. Zhou et al. (2012) enhanced the removal of nitrogen in a full-scale Orbal 

oxidation ditch with microporous aeration by optimizing the oxygen supply. The use of 

microporous aeration in the oxidation ditch improved the oxygen transfer efficiency and 

reduced energy consumption. However, the microporous aeration zones were arranged 

on several points of the oxidation ditch, such as the surface aeration equipment, and thus, 

this process was essentially still considered to be point aeration. The demand for precise 

control of dissolved oxygen and anoxic-oxic zoning proportion to improve nitrogen 

removal cannot be ignored. Therefore, nitrogen removal must be enhanced with more 

suitable methods. 

Based on the above-mentioned problem of point aeration in an oxidation ditch, a new 

step aeration approach was proposed to enhance nitrogen removal. Step aeration refers 

to continuous aeration in a section of the oxidation ditch by gathering the microporous 

aeration zones, and the oxidation ditch system includes one alternating anoxic-oxic zone. 

Aiming to improve nitrogen removal, this study established step aeration in a full-scale 

Carrousel oxidation ditch. The optimal anoxic-oxic zoning proportion under step 
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aeration was ascertained for the Carrousel oxidation ditch with microporous aeration. In 

addition, the mechanism for high-performance nitrogen removal under step aeration was 

analysed by microbial community distribution. This study suggested a novel aeration 

mode for oxidation ditches with microporous aeration that can significantly enhance 

nitrogen removal. 

 

2. Materials and Methods 

2.1. Wastewater treatment plant description 

The six-corridor Carrousel oxidation ditch process with a treatment capacity of 80000 

m3/d was employed in a wastewater treatment plant in Kunming, China. Three group 

processes (A, B and C) were utilized with the same influent water quality and 

independent return sludge system. The width of corridor was 7 m. The microporous 

aeration system was adopted in the Carrousel oxidation ditch, and the effective depth 

was 4.0 m. The four corridors in oxidation ditch were full of diffuser discs, and the 

diffuser discs were divided into lots of parts by pipelines and valves. The area of each 

part was basically the same and a valve and gas flowmeter were installed for each part. 

The air flow of each part could be adjusted by the valve and gas flowmeter while the 

operation of each part was independent. The influent of the wastewater treatment plant 

was mixed and equally distributed to the three groups of oxidation ditch in distribution 

well. Therefore, the quality and quantity of the influent for three groups of oxidation 

ditch was identical, and during the experiment the influent quality was as follows: 

BOD5 = 360±86 mg/L, COD = 620±240 mg/L, TN = 45.5±6.3 mg/L, and NH4
+-N = 

25.1±4.1 mg/L. 

 

2.2. Operating conditions 
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In the Carrousel oxidation ditch, step aeration was adopted for group A (Fig. 1a), 

which involved a continuous aeration section in the oxidation ditch system, including 

one alternating anoxic-oxic zone. Point aeration was adopted for group B (Fig. 1b), 

which involved the four aeration zones in the oxidation ditch system, including four 

alternating anoxic-oxic zones. Only one blower was used for the two groups of 

oxidation ditch systems under different aeration modes, and the air flow of the each 

aeration area was identical by controlling the gas flowmeter and valve during the 

experiment. Therefore, the total aeration input of the oxidation ditch was approximately 

proportional to the area of aeration zones. The area of aeration zones was thus used to 

represent the total aeration input of the oxidation ditch system. By controlling the 

aeration zone area of the oxidation ditch, the total aeration input can be adjusted in the 

step aeration operation. The other operating parameters of the two groups were identical 

(hydraulic retention time (HRT) = 12 h, sludge retention time (SRT) = 30±5 d, sludge 

concentration = 5000±500 mg/L, influent flow rate = 1110±10 m
3
/h, excessive sludge 

flow rate = 200±30 m
3
/d and circulating sludge rate = 1000±10 m

3
/h). 

 

2.3. Chemical analysis 

The soluble chemical oxygen demand (SCOD), total nitrogen (TN), ammonium, 

nitrate, and nitrite were analysed according to standard methods (APHA, 1998). The 

determination of the maximum specific ammonia-uptake rate (AUR) was the same as 

described in our previous publication (Guo et al., 2013). 

The activity of denitrifying bacteria was evaluated based on the maximum specific 

denitrification rate. An aliquot of 1000 mL of biomass from the oxidation ditch was 

placed into a beaker (1000 mL) and kept at 20 °C. Potassium nitrate was added to the 

beaker to obtain an initial nitrate concentration of 20 mg/L. The initial COD was 300 
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mg/L, which was obtained by adding sodium acetate. Eight samples were taken over 

time to determine the denitrification rate, which was based on the consumption of 

NO3
--N (linear correlation coefficient R2 > 0.98). 

 

2.4. Analysis of microbial community by high-throughput 454 pyrosequencing 

Sludge samples of both aeration modes with the same proportion of anoxic and oxic 

zones were taken from the system for DNA extraction using the Power Soil DNA 

Isolation Kit (MO Biomedicals, USA). The above DNA mixture was pooled and 

amplified by PCR using primer 357F (5’-CCTACGGGAGGCAGCAG-3’) and 926R 

(5’-CCGTCAATTCMTTTRAGT-3’) (Shu et al., 2015) targeting the V3–V5 regions. 25 

ml of the PCR mixture contained 2.5 �l of 10 × Ex Taq Buffer, 2 �l of dNTP mixture, 

16.50 �l of sterilization ultrapure water, 1 �M aliquots of each primer (10 �M), 0.125 �l 

of ExTaq (TaKaRa, Dalian, China) and 2 �l DNA (2 ng/�l). The thermocycling steps 

were as follows: 93 °C for 3 min followed by 27 cycles at 94 °C for 30 s, 55 °C for 45 s, 

72 °C for 1 min and a final extension step at 72 °C for 10 min. The composition of the 

PCR products of the 16S rRNA gene’s V3–V5 region was determined by 

pyrosequencing using the Roche 454 GS FLX+ Titanium sequencer. 

 

2.5. Statistical analysis 

Qiime software (Caporaso et al., 2010) was applied to remove sequences containing 

more than one ambiguous base (‘N’) and sequences with a single-base high repetition 

zone (homologous) > 8. The sequences shorter than 200 bps or more than 1000 bps 

were also removed. Chimera sequencing was performed using the uchime (Edgar et al., 

2011) method in the Mothur software application. The “RDP Align” tool in RDP’s 

Pyrosequencing Pipeline served to align the effective sequences. The table for Qiime 
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Species Abundance and Distribution Map for Multi-sample Species was used as the 

OTU table. Clusters of the same OTU at the phylum and genus levels were constructed 

by adopting metastats (White et al., 2009) order in Mothur to analyse significant 

differences between groups. An evolutionary tree and abundant information were 

generated by applying MEGAN4 software (Huson et al., 2011). 

 

3. Results and discussion 

3.1. Effects of aeration zones on nitrogen removal 

The stability of the Carrousel oxidation ditch to remove nitrogen under the step 

aeration mode with various aeration zones is shown in Fig. 2. When the aeration zones 

occupied 1/7–1/4 of the volume of the oxidation ditch (aeration area/oxidation ditch, 

A/O), the system demonstrated a high nitrification effect with the mean concentration of 

the effluent NH4
+-N being less than 1 mg/L. When the volume of the aeration zones was 

reduced, the TN removal effect was gradually enhanced. TN in the effluent decreased 

from 13.2 mg/L to 5.2 mg/L. The corresponding removal efficiency increased from 

71.1% to 88.9%. Nitrite accumulation was not observed during the whole operation 

process. In addition, the COD concentration in the effluent was lower than 30 mg/L, 

which indicated that the dissolved oxygen supply was enough to remove the NH4
+
-N 

and organic matter when the aeration zones accounted for 1/7 of the volume of the 

oxidation ditch. As the anoxic zones increased, the TN removal effect was enhanced 

accordingly. Meanwhile, with the decrease of aeration zones, the consumption of the 

influent carbon source by aerobic microorganisms was further reduced. The utilization 

rate of the carbon source for denitrification was improved, and the TN removal 

efficiency was ultimately enhanced. 

However, as the aeration zones in the oxidation ditch process fell to 1/8 and 1/9 of the 
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total volume, the effluent NH4
+-N concentration increased to 2.67 mg/L and 6.44 mg/L, 

respectively, indicating that the NH4
+-N cannot be completely oxidized because of the 

insufficient aeration input to the system. When the aeration zones occupied 1/4 and 1/5 

of the volume of the oxidation ditch, the sludge volume index (SVI) was about 112±16 

mL/g and 122±9 mL/g respectively. The SVI gradually increased with decreasing the 

volume of aeration zones, the SVI was 136±17 mL/g and 142±14 mL/g when the A/O 

decreased to 1/6 and 1/7. The SVI increased to 170–180 mL/g when the A/O was 1/8 

and 1/9. The microscopic examination of the sludge showed that there were many 

filamentous bacteria in the sludge, and the sludge was in a slight bulking state (Kim et 

al., 1998). This phenomenon was caused by excessive reproduction of filamentous 

bacteria due to the insufficient dissolved oxygen input (Guo et al., 2014). 

 

3.2. Effect of extended aerobic zones on anoxic-oxic zoning proportion  

Due to high flow velocity in the oxidation ditch process, the dissolved oxygen 

concentration could not be reduced to anoxic conditions (DO 0.5 mg/L) immediately 

in a short distance as occurred in the AAO process when the sewage flowed into the 

anoxic zone. There were extended aerobic zones that followed aeration zones, and the 

dissolved oxygen concentration was higher than 0.5 mg/L. The length of the extended 

aerobic zones is mainly affected by the oxygen consumption rate of the activated sludge 

(the rate is obtained by adding together the oxygen consumption of nitrobacterium, the 

oxygen consumption rate of heterotrophic bacteria and the endogenous respiration rate 

of the sludge), the flow velocity of the oxidation ditch, and the dissolved oxygen 

concentration of the aeration section. As can be seen from Fig. 3a, the length of the 

extended aerobic zones was positively correlated with the dissolved oxygen 

concentration of the aeration zones. The length of the extended aerobic zones increased 
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gradually with increasing dissolved oxygen concentration of aeration zones. When the 

dissolved oxygen concentration of the aeration zones was 2.0 mg/L, the length of the 

extended aerobic zones was more than 20 m. The dissolved oxygen of the aeration 

zones under point aeration was in the range of 1.0 to 1.5 mg/L. Due to continuous 

aeration occurring in the step aeration, the dissolved oxygen at the end of the aeration 

zone was approximately 2–3 mg/L. Therefore, the extended aerobic zones were the 

essential part of the aerobic zones of the oxidation ditch, and it had significant effects on 

the anoxic-oxic zoning proportion of the oxidation ditch. In the design of oxidation 

ditch with microporous aeration, more attention must be paid to the extended aerobic 

zones. However, the length was not proportional to the dissolved oxygen concentration. 

This is mainly because enhancing the aeration intensity to increase the dissolved oxygen 

concentration increased flow velocity at the end of the aeration zone, resulting in a 

further increase in the length of the extended aerobic zones. 

The volume of the aerobic zones under point aeration with more frequent aeration 

was significantly larger than that under step aeration with the same area of aeration 

zones (the same aeration input). The aerobic zones occupied 28% and 20% of the total 

volume of the oxidation ditch under point and step aeration, respectively, when the 

aeration zones occupied 1/7 of the volume of the oxidation ditch (Fig. 3b). 

Consequently, the TN removal effect could be enhanced because the larger anoxic zones 

were present under step aeration. 

As the length of the extended aerobic zones was affected by the dissolve oxygen and 

others factors, the anoxic-oxic zoning proportion of the oxidation ditch with 

microporous aeration was difficult to control. The more the extended aerobic zones are 

present, the more difficult to control the anoxic-oxic zoning proportion is. Only one 

extended aerobic zones was formed in step aeration so as it was easier to control the 
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anoxic-oxic zoning proportion of oxidation ditch under step aeration mode. 

 

3.3. Performance of step aeration in nitrogen removal 

Fig. 4 shows the nitrogen removal under the two aeration modes when the aeration 

zones both took up 1/7 of the volume of the oxidation ditch. A favourable nitrification 

effect was obtained under the two aeration modes, with 98.1% and 98.4% removal 

efficiencies for NH4
+
-N. The mean concentrations of NH4

+
-N in the effluent were 

0.53±0.11 mg/L and 0.42±0.09 mg/L under step aeration and point aeration, respectively. 

The TN removal efficiencies were 89.3% for step aeration and 77.6% for point aeration. 

The effluent TN under step aeration was approximately 5.3±0.56 mg/L, which was less 

than that of 11.1±1.2 mg/L under point aeration (Fig. 4b). It is obvious that the TN 

removal efficiency under step aeration was higher than that under point aeration when 

the same aeration zones were employed. 

According to the analysis on anoxic-oxic zoning proportion allocation of oxidation 

ditch under two aeration modes, it can be found that the volume of anoxic zones in step 

aeration mode was larger with the same area of aeration zones, which may be a reason 

for higher TN removal efficiency in step aeration mode. The aerobic zones under point 

aeration were reduced to 20% of the total volume of the oxidation ditch by decreasing 

the aeration zones. During three months of stable operation of the system under point 

aeration, the effluent NH4
+-N concentration was 0.79±0.32 mg/L, and the TN 

concentration decreased to 8.3±2.3 mg/L. This finding demonstrates that TN removal 

efficiency can be improved by reducing the volume of the aerobic zones under point 

aeration. However, under the same proportion of anoxic and oxic zones, the NH4
+-N and 

TN removal efficiencies under step aeration were still higher than those under point 

aeration. The AUR of activated sludge under step aeration and point aeration with the 
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same proportion of anoxic and oxic zones were 1.81±0.13 mgNH4
+-N/gMLSS·h and 

1.64±0.15 mgNH4
+-N/gMLSS·h, respectively. This finding showed that the aeration 

zones gathered in the continuous section of the oxidation ditch under step aeration, 

resulting in a higher dissolved oxygen concentration, which proved to be beneficial to 

the growth of the nitrifying bacteria and improved the nitrification capacity. 

The TN removal paths in the oxidation ditch process were ammonia stripping, 

assimilation, and nitrification-denitrification. However, ammonia stripping was assumed 

to be negligible because the pH of the mixed liquor in the ditch was usually below 7.5 

(Peng et al., 2008; Tiranuntakul et al., 2005). The nitrogen mass balances in Table 1 

were compared under both aeration modes with identical process parameters such as the 

proportion of anoxic and oxic zones, influent TN load, SRT, HRT and MLSS. An 

average of 18% of the influent TN was removed via assimilation in the form of waste 

sludge under both aeration modes. TN in the effluent occupied 11% (141 kgTN/d) and 

17% (221 kgTN/d) of the influent TN under step aeration and point aeration, 

respectively. Denitrification was the dominant TN removal pathway under both aeration 

modes. Approximately 942 kgTN/d and 833 kgTN/d were removed by denitrification 

under step aeration and point aeration, respectively. It is obvious that more TN was 

removed via denitrification under step aeration than under point aeration. Therefore, 

with the same proportion of anoxic and oxic zones, step aeration was conducive to 

denitrification in the Carrousel oxidation ditch with microporous aeration. 

 

3.4. Microbial community distribution 

Pyrosequencing of the samples from the oxidation ditch under step and point aeration 

modes yielded 8144 and 9764 effective sequences reads, respectively. The number of 

sequences was comparable to that of a previous study (Feng et al., 2012). For the 
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sequences determined from the pyrosequencing, 1588 and 1906 operational taxonomic 

units (OTUs) were identified at the 3% cut-off for step aeration and point aeration, 

respectively. Fig. 5 shows the relative bacterial community abundances at the phylum 

level for both aeration modes. The phyla with relative abundances higher than 0.5% are 

presented. Proteobacteria, Chloroflexi and Bacteroidetes were the main bacteria in both 

systems, which is consistent with most reported research results (George et al., 2011; 

Zang et al., 2008; Trilok et al., 2014). The relative abundance of each species in the 

communities was influenced by the aeration mode. Table 2 shows the differences in 

microbial community structure at the phylum level under the two aeration modes. 

P-value is an individual measure of the false positive rate and is a function of the 

observed sample results (a statistic) that is used for testing a statistical hypothesis. 

P-value analysis indicates that there were significant differences for a phylum of a 

microorganism under the two aeration modes when the p-value was less than 0.05. The 

varying analysis results of the microbial community at the phylum level indicated that 

there were significant differences in the microbial community structure of these three 

main bacteria and many other phyla. As the influent loading and sludge operation 

(including the hydraulic retention time, sludge retention time, excessive sludge rate and 

circulating sludge rate) of the two processes were identical, it can be speculated that the 

microbial community was influenced by the different aeration modes. 

To further compare the microbial communities of the two samples under step aeration 

and point aeration, all-against-all comparison was conducted with the MEGAN software 

application. Proteobacteria was the most abundant phylum under both aeration modes, 

and Alphaproteobacteria was an important class in Proteobacteria. Fig. 6 shows the 

difference of Alphaproteobacteria on the different levels of biological classification 

under both aeration modes. The pie charts adjacent to the leaves of the tree indicate the 
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relative abundance of microorganisms on the class, order, family and genus levels in the 

two samples. The ratio of red area to blue area in each pie represent the ratio of the 

relative abundance of the corresponding microorganisms under point aeration to that 

under step aeration. It can be seen from Fig. 6 that the effect of different aeration modes 

on microbial communities was greater at low levels of biological classification, 

especially at the genus level. Most genera exist both in step aeration and point aeration, 

but the relative abundance of many genera, such as Hyphomicrobium, 

Prosthecomicrobium, Rhodobacter, etc, was quite different. Meanwhile, some genera, 

for example, Caulobacter, Fodinicurvata, Erythromicrobium, etc., appeared only in step 

aeration. Many other genera, such as Agromonas, Pseudochrobactrum, Pedomicrobium, 

etc., existed only in point aeration. 

The species and relative abundances of denitrifying bacteria under the two aeration 

modes with the same proportion of anoxic and oxic zones are shown in Table 3. There 

were 14 and 8 genera for denitrifying bacteria under the step aeration and point aeration 

modes, respectively. Denitrifying bacterial species under step aeration were richer 

compared to point aeration. The relative abundance of denitrifying bacteria under step 

aeration and point aeration was 1.55% and 1.12%, respectively. There were more 

denitrifying bacteria under step aeration than under point aeration. Thauera, Zoogloea 

and Hyphomicrobium were three main denitrifying bacteria under both aeration modes, 

accounting for more than 80% of the total denitrifying bacteria. The relative abundance 

of Thauera was the highest under both aeration modes, and the relative abundance of 

Thauera under step aeration was double that under point aeration. The higher relative 

abundance and diversity of denitrifying bacteria under step aeration led to higher 

denitrification activity. The maximum specific denitrification rates under step aeration 

and point aeration were 2.43±0.12 mgNO3
-
-N/gMLSS·h and 2.01±0.14 
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mgNO3
--N/gMLSS·h, respectively. These results correspond to the TN removal 

efficiency of the two systems. This indicated that point aeration did not favour the 

enrichment of denitrifying bacteria, some of which cannot adapt to the frequently 

alternating anoxic-oxic environment. Consequently, they were eliminated, which 

compromised the denitrification process. In contrast, step aeration, in which anoxic 

zones gathered continuously with fewer anoxic-oxic alternating frequencies, benefitted 

and enhanced the enrichment and activity of denitrifying bacteria. 

 

4. Conclusions 

A new step aeration approach was proposed to enhance nitrogen removal in oxidation 

ditch. The advantage of step aeration is that the influence of extended aerobic zones on 

anoxic-oxic zoning proportion can be controlled and ideal zoning proportion in 

oxidation ditch can be achieved. Compared with the traditional point aeration, step 

aeration provided the suitable environment for nitrifying bacteria and denitrifying 

bacteria. The effects of frequent alternating anoxic-oxic environment under point 

aeration on microorganism activity were reduced. The diversity and relative abundance 

of denitrifying bacteria under step aeration was found to be higher to achieve better 

nitrogen removal efficiency. 
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Figure captions 

 

Fig. 1 Operation mode of Carrousel oxidation ditch: (a) step aeration and (b) point 

aeration. 

 

Fig. 2 (a) NH4
+
-N, NO3

-
-N and NO2

-
-N and (b) TN profiles of Carrousel oxidation ditch 

under step aeration with different aeration zones (aeration area/oxidation ditch, A/O). 

 

Fig. 3 (a) Length of extended aerobic zones with different DO and (b) proportion of 

anoxic and oxic zones under two aeration modes with the same aeration input. Values 

are means ± SD (error bars) for three replicates.  

 

Fig. 4 (a) NH4
+
-N and (b) TN profiles under point aeration and step aeration with the 

same aeration zones. 

 

Fig. 5 Bacterial community compositions at the phylum level revealed by 

454-pyrosequencing. 

 

Fig. 6 Sequences from step aeration and point aeration assigned to NCBI taxonomies 

with BLAST and MEGAN. (Pie charts indicate the relative abundance for each genus. 

The ratio of red area to blue area in each pie represented the ratio of the relative 

abundance of the corresponding genus under point aeration to that under step aeration.) 
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Table 1  

Nitrogen mass balance in the Carrousel oxidation ditch under step and point aeration 

modes with the same proportion of anoxic and oxic zones  

TN removal paths Step aeration Point aeration 

The removal amount (kgTN/d) and percentage (%) by denitrification  942 (71 %) 833 (65%) 

The removal amount (kgTN/d) and percentage (%) by assimilation  238 (18%) 231 (18%) 

The removal amount (kgTN/d) and percentage (%) by effluent 141 (11%) 221 (17%) 
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Table2  

The differences in microbial community structure at the phylum level under two 

aeration modes 

Taxonomy 
Percentage of sequences (%) 

p-value 
Point aeration Step aeration 

Proteobacteria 23.863  24.963  0.047
a
 

Chloroflexi 21.200  17.890  0
 a
 

Bacteroidetes 17.605  19.192  0.003
 a
 

Acidobacteria 7.005  6.655  0.418  

Actinobacteria 5.315  5.906  0.070  

Firmicutes 2.438  2.468  0.846  

TM7 1.004  0.982  0.940  

Planctomycetes 0.830  0.417  0.001
 a
 

Gemmatimonadetes 0.492  0.516  0.832  

OP10 0.348  0.602  0.015
 a
 

Nitrospira 0.369  0.196  0.037
 a
 

OP11 0.205  0.368  0.046
 a
 

Synergistetes 0.051  0.061  0.763  

Verrucomicrobia 0.051  0.098  0.274  

WS3 0.215  0.160  0.491  

Cyanobacteria 0.031  0.061  0.481  

a: P-value is an individual measure of the false positive rate. It indicates that there 

are significant differences for a phylum of microorganism under the two aeration modes, 

when p-value is less than 0.05.
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Table 3 

Species and relative abundances of denitrifying bacteria under the two aeration modes 

Denitrifying bacteria 
Percentage of sequences (%) 

Point aeration Step aeration  

Thauera 0.328  0.724  

Hyphomicrobium 0.358  0.246  

Zoogloea 0.236  0.319  

Thiobacillus 0.072  0 

Paracoccus 0.061  0.012  

Methylobacter 0.031  0.037  

Lactobacillus 0.020  0.012  

Bacillus 0.010  0.012  

Microbacterium 0 0.049  

Comamonas 0 0.037  

Eubacterium 0 0.037  

Acinetobacter 0 0.025  

Diaphorobacter 0 0.012  

Flavobacterium 0 0.012  

Stenotrophomonas 0 0.012  

Total 1.116  1.547  
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Fig. 1



 

�

24 

�

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120 140 160 180 200 220 240 260

N
it

ro
g
en

 c
o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (d)

influent NH3-N effluent NH3-N effluent NO3-N effluent NO2-N

A:O=1:4 A:O=1:5 A:O=1:6 A:O=1:7 A:O=1:8 A:O=1:9

Influent NH4+-N Effluent NH4+-N Effluent NO3-N Effluent NO2-NNH4
+-N NH4

+-N NO3
--N NO2

--N(a)

 
 

0%

20%

40%

60%

80%

100%

0

10

20

30

40

50

60

70

80

0 20 40 60 80 100 120 140 160 180 200 220 240 260

T
N

 r
em

o
v

al
 (

%
)

N
it

ro
g

en
 c

o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (d)

Influent TN Effluent TN TN removal

A:O=1:4 A:O=1:5 A:O=1:6 A:O=1:7 A:O=1:8 A:O=1:9

(b)
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no A new step aeration mode was proposed in oxidation ditch with microporous aeration 

2. The aeration modes resulted in different microbial community 

3. Step aeration mode was advantageous for the denitrifying bacteria enrichment 

4. Step aeration mode showed the higher nitrogen removal performance 


