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Abstract—Nitrification is essential to biological processes
designed to remove ammonia and/or total nitrogen. It removes excess
nitrogenous compound in wastewater which could be very toxic to
the aquatic fauna or cause serious imbalance of such aquatic
ecosystem. Efficient nitrification is linked to an in-depth knowledge
of the structure and dynamics of the nitrifying community structure
within the wastewater treatment systems. In this study, molecular
technique was employed for characterizing the microbial structure of
activated sludge [ammonia oxidizing bacteria (AOB) and nitrite
oxidizing bacteria (NOB)] in a municipal wastewater treatment with
intention of linking it to the plant efficiency. PCR based phylogenetic
analysis was also carried out. The average operating and
environmental parameters as well as specific nitrification rate of plant
was investigated during the study.

During the investigation the average temperature was 23+1.5°C.
Other operational parameters such as mixed liquor suspended solids
and chemical oxygen demand inversely correlated with ammonia
removal. The dissolved oxygen level in the plant was constantly
lower than the optimum (between 0.24 and 1.267 mg/l) during this
study. The plant was treating wastewater with influent ammonia
concentration of 31.69 and 24.47 mg/L. The influent flow rates
(ML/Day) was 96.81 during period. The dominant nitrifiers include:
Nitrosomonas spp. Nitrobacter spp. and Nitrospira spp. The AOB
had correlation with nitrification efficiency and temperature. This
study shows that the specific ammonia oxidizing rate and the specific
nitrate formation rates can serve as good indicator of the plant overall
nitrification performance.

Keywords—Ammonia monooxygenase a-subunit (amoA) gene,
ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB),
specific nitrification rate, PCR.

1. INTRODUCTION

IOREACTOR treating wastewater is a complex

ecosystem, having different microbial interactions
resulting in breakdown of pollutants and removal of nutrients.
The nitrifying bacterial communities form an important part of
this ecological system and are responsible for ammonia
removal through nitrification [1]. Nitrification involves the
bioconversion of ammonia into nitrite by either ammonia-
oxidizing bacteria (AOB) or ammonia-oxidizing archaea
(AOA) and subsequent conversion of nitrite to nitrate by
nitrite-oxidizing bacteria (NOB) [2]. Nitrifiers are “fragile,”
with characteristic slow specific growth rate [3] and are
usually sensitive to toxic compounds, operational and
environmental shocks which predispose biological wastewater
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treatment (WWT) systems to nitrification depletion or failure
[4]. Monitoring the nitrifiers, especially AOB which carry out
the rate-limiting step of nitrification in wastewater treatment
systems, is key to prevent nitrification failure [5].

Seasonal fluctuations and failures in nutrient removal due to
operational and environmental changes have been widely
reported in engineered wastewater treatment systems [6].
Among these, seasonal temperature variation has been
implicated as a major cause of breakdown in ammonia
removal efficiency and nitrification [7], [8]. However,
research efforts have focused on laboratory and pilot scale
plant which do not fully represent the complex ecological
relationships that occur in the full scale plant. In furtherance
majority of the studies were conducted over short period of
time. Developments with regards to organisms involved in
nitrification have progressed with some novel findings [9],
[10]. There have been reports by different authors [11]-[13]
on the probable involvement of ammonia oxidizing archaea
(AOA) in wastewater nitrification. However, there is still need
to establish if AOA are ubiquitous in all engineered systems in
order to establish a holistic knowledge of nitrogen
biotransformation and AOA contribution in wastewater
treatment. Nitrolancetus hollandicus, a nitrite oxidizing
bacteria which belongs to the phylum Chloroflexi, was also
recently isolated and cultured from a nitrifying reactor. All of
these novel discoveries indicate our inconclusive knowledge
of wastewater microbiology and suggests the need for more
research drive in that direction.

This study examines the nitrifying community in a full-
scale municipal wastewater treatment plant over long term of
237 days. The Phase 1 of the study was from the first day to
the 78th day which represents the winter whilst the remaining
days constitute the Phase 2 (summer). The plant’s nitrification
efficiency (ammonia removal) was investigated in correlation
to abundance of the different nitrifying populations. A
combination polymerase chain reaction (PCR) and
quantitative polymerase chain reaction (QPCR) was employed
in understanding the microbial community structure of the
plant. According to [14], it is important to understand how
microbial community structure correlates to system stability in
a bid to design functionally reliable wastewater treatment
systems. The nitrifiers can also serve as indicator parameter
for preventing washout of important functional groups in
wastewater treatment facility. Various studies have reported
nitrification depletion or loss due to seasonal temperature
variations especially during winter [15]-[17]. It is therefore
important to understand the role of nitrifiers’ diversity and
abundance in such functional fluctuations or failure. Also,

1090



International Journal of Earth, Energy and Environmental Sciences
ISSN: 2517-942X
Vol:9, No:9, 2015

majority of the studies on nitrification and seasonal variations
have been carried out in regions with extremely low winter
average temperatures (temperate regions) contrary to the sub-
tropical temperature regime experienced in some parts of the
Southern hemisphere.

II. METHODS

A.Full Scale Plant and Sample Collection

The full-scale WWTP under study is situated in the
Midlands of KwaZulu-Natal province, South Africa. The plant
receives a discharge of 82,880 + 20,832 m®/d (average dry
weather flow), including 90% domestic and 10% industrial
wastewaters. The plant was designed based on the criteria of a
modified Johannesburg configuration, which offered
anaerobic, anoxic, and aerobic biological processes. As shown

Influent

in Fig. 1, the anaerobic zone receives primary treated
wastewater, while the pre-anoxic basin is enriched with return
activated sludge from the bottom of a final settler. The effluent
from pre-anoxic/anaerobic tank is discharged to an aerobic
unit. An internal recycle is pumped from the aerobic units to
the anoxic zone. The mixed liquor, containing activated
sludge, flows from the aerobic zone to a secondary settler,
where it is separated under the action of a quiescent condition
into treated wastewater and return activated sludge. Composite
wastewater samples (from the aerobic chamber), influent and
effluent water samples were collected twice a month for 237
days. The first phase of the sampling which represents the
winter was from May to July 2012 whilst the second phase
(summer) was between November 2012 and March 2013.

Effluent

Pre-anoxic

Aerobic Settler

Anaerobic Anoxic
Internal recylce

Return activated sludge

i Waste activated
> sludge

Fig. 1 Schematic representation of wastewater treatment plant in this study

B. Analytical Methods

The nitrogen species (NH," —N, NO,” —N, NO;” —N) and
chemical oxygen demand (after digestion), were measured
using  Gallery™  Automated Photometric  Analyzer.
Temperature, dissolved oxygen (DO) concentrations and pH
measurements were done using the YSI 556 MPS (Multiprobe
System). The mixed liquor suspended solids (MLSS) was also
measured using standard methods [18].

C.Modification Genomic DNA Extraction and PCR
Amplification

Genomic DNA were extracted from sludge samples
(aerobic samples) taken over the winter and summer seasons.
Two milliliter volume of each sample was centrifuged at
5000x g and the solids used for DNA extraction. Genomic
DNA was extracted using [19] procedure. The nucleic acid
was precipitated with 0.6 volume isopropanol and wash with
70% cold ethanol. The quality of the extracted DNA was
ascertained with NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, USA). The extracted genomic DNA
was stored at —20°C until when needed.

The DNA was amplified using Veriti TM 96-well Thermal
Cycler (Applied Biosystems) and the optimized tempetures for
the primers are as shown in Table I. PCR was performed in a
total volume of 50 pL containing 10 ng of DNA template. The
final concentrations of the different components in the
reaction mix were according to modified protocols from [20].
The resulting amplicons were electrophoresed in 1.2%
(wt/vol) agarose gel for the presence the expected gene
product sizes.

D.Cloning, Sequencing and Phylogenetic Analysis

The amplification products were purified using QIAquick
PCR purification kit (Qiagen) and cloning of the purified PCR
products was performed using InsTAclone PCR Cloning Kit
(Thermo  Scientific) according to the manufactures
instructions. Colony PCR was carried out in order to confirm
the plasmid insert using the appropriate primer sets as listed in
Table I. The sequencing of the selected clones was carried out
at Inqaba Biotechnical Industries (Pty), South Africa. The
sequences obtained were edited using Finch TV software. The
sequences obtained were checked against the National Center
for the Biotechnology Information (NCBI) GenBank database.
The GenBank accession numbers for the nucleotide sequences
of the clones isolated in this study are KP337415-KP337452.

E. Quantitative PCR (qPCR)

Individual standard curves were prepared for the different
nitrifiers using purified 16S rRNA gene fragments (target
DNA) obtained from PCR-amplified Nitrobacter spp.
(FGPS872f and FGPS1269r), Nitrospira spp. (NSR1113F and
NSR1264R) and AOB (amoA-1F and amoA-2R) respectively
as described by [21]. The concentrations (png/puL) of these
templates were determined using NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, USA). These
concentrations were used in calculating their copy by
considering their molecular weight and Avogadro’s number.
The Ten-fold serial dilutions of the target DNA were prepared
from 10° to 10' copy numbers. The real time PCR
quantification was carried out according to the modification of
method described by [22] using Bio-Rad C1000 Touch
Thermal Cycler-CFX96 Real-Time System (BIO-RAD, USA).
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TABLEI
PRIMERS AND THEIR OPTIMIZED ANNEALING TEMPERATURES
Target Primer Annealing (°C)  References
AOB amoA amoA-1F/ amoA-2R 55 2]
Nitrospira 16S
DNA NSR1113F/NSR1264R 65 [4]
Nitrobacter 16S s pag75 rGPS1269 50 [20]

rDNA

F.Laboratory Batch Experiment for Specific Nitrification
Rate Determination Laboratory Batch Experiment for Specific
Nitrification Rate Determination

Specific nitrification rate which includes specific
ammonium oxidization rate (SAOR) and specific nitrate
formation rate (SNFR) were measured on sampling days
according to the method previously described [23]. Batch tests
were performed to evaluate the variations of nitrification
activities of activated sludge (AOB, and NOB) in the
bioreactor. A 100 ml sludge sample from the aerobic tank was
centrifuged at 8,000 rpm for 10 min and then washed with
buffer medium to remove the background concentrations of
nitrogen. Then, the biomass was transferred to a 250-ml
Erlenmeyer flask and suspended with 100 ml of mineral
medium. The batch experiment was performed in a shaking
incubator at 30°C. Samples were taken at an interval of 30 min
to analyse the concentrations of NH,-N and NO,-N. The
SAOR and SNFR was determined by monitoring the
decreased rate of NH,-N concentration and NO,-N
concentration versus time, respectively. The SAOR and SNFR
were carried out between the 35™ and 193™ day of the study.
The 35" to 83" day represent the phase 1 (winter) whilst the
96™to 193™ represents the Phase 2 (summer) of the study.

G.Statistical Analysis

GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego California USA) was used in carrying
out Pearson correlation, one-way analysis of variance and
unpaired t-test.

III.  RESULTS

A. Process Performance

The temperature observed in the aeration basins ranged
from 14.2°C to 25.1°C. The average temperature during first
(day 1 —78) and second (day 79 — 237) phases were 16.5 + 2.0
and 22.86 + 1.5°C (Fig. 2 (a)) respectively. The DO range
observed during the study was between 0.24 and 1.267 mg/l.
The influent chemical oxygen demand varied during the
sampling period. Over the study period, the average influent
ammonia concentrations was 24.47 + 4.58 mg/l during first
78™ days that corresponds to the Phase 1 (winter) whilst it was
31.69+6.04 mg/1 during the rest of the sampling period which
was the Phase 2 (winter). The effluent NH,"—N concentrations
were 3.403 and 13.24 mg/l summer and winter respectively
(Fig. 2 (a)). The influent and effluent nitrite concentrations

were always lower than 1 mg/L during winter and summer in
the plant. The nitrogen removal performance of the plant in
terms of ammonia is shown in Fig. 2 (b). There was a
significant variation in ammonia removal efficiency across the
two seasons. The average ammonia removal during winter was
61.99+2.2% whereas it was 96.81 + 14.5% during summer and
this was found to correlate with temperature (r = 0.7671; P =
0.0008). The ammonia removal also demonstrated significant
correlation with the ammonia oxidizing bacteria population
(copies/l) (r = 0.55; P =0.03). There was however a significant
variation in ammonia removal efficiency throughout the study.

The lowest influent COD (377 mg/L) was recorded during
the second phase, whereas the highest COD of 1340 mg/L
(Fig. 2 (b)) was observed during the second phase. The
experimental site usually has its highest rainfall during its
Phase 2 as observed during this study. It was observed that the
rainfall dilution effect contributed to lower concentration of
influent chemical constituents as shown in the parameters
monitored, since they were generally diluted during Phase 2
and this corresponds with the season that had the highest
rainfall. Generally, the plant had an efficient COD removal
rate during the two phases (95.44 + 2.8%). The ammonia
removal rate of the plant was found to have a significant
positive correlation with the ammonia oxidizing bacteria
population (copies/L) (r = 0.553; P = 0.033) and temperature
(r=0.767; P =0.001) whilst it exhibited a negative correlation
(r=-0.555; P =0.032) with influent COD concentration of the
plant. It was also observed that the organic loading rate (Fig. 2
(c)) impacted on the AOB population density showing a weak
negative correlation (r =-0.614; P = 0.015). The pH in the
reactor over the entire sampling period was relatively stable
with a mean of 7.3+0.2 pH units. The reactors had average
mixed liquor suspended solids (MLSS) of 5300+1297 mg/L
(30574291 — 7506+220) which showed a negative correlation
with the NH, removal (r = -0.530; P = 0.040). The organic
loading rate had a negative correlation (r = -0.732; P = 0.002)
with the ammonia removal rate.

B. Detection of Nitrifiers Using PCR

Detection of the nitrifiers was carried out using the primers
listed in Table I, the optimized PCR conditions resulted in
specific amplicons at the expected base pair length (AOB: 490
bp; Nitrospira spp.: 151 bp; Nitrobacter spp.: 386 bp). The
PCR amplification further confirmed that AOB, Nitrospira
spp. and Nitrobacter spp. were present all through the
sampling period. The uncultured AOB and Nitrosomonas sp.
were the AOB identified during this study with the uncultured
ammonia bacteria being the dominant group based on the PCR
and phylogenetic analysis. However, AOA the new player
identified in ammonia oxidation was not detected in this
wastewater treatment plant throughout the study. The partial
sequences obtained were used in constructing the phylogenetic
tree and also deposited with GenBank to obtain accession
numbers (KP337415-KP337452).
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Fig. 2 (a) Changes in nitrogen species concentrations in the plant; (b) Changes in MLSS, influent COD, and percentage ammonia removal of
the plant; (c) COD removal rate and organic loading rate of the plant

C.Quantification of AOB and NOB

The efficiencies for all the qPCR were between 90 and
110% and the standard curves were linear over six orders of
magnitude (R2 > 0.99). The AOB population abundance was

quantified using the primer set targeting the amoA (ammonia
monooxygenase) gene locus whereas Nitrospira and
Nitrobacter 16S rDNA were targeted for the NOB. The AOB
abundance was within the range of 1.6 x 10" — 1.7 x 10°

1093



International Journal of Earth, Energy and Environmental Sciences

ISS

Vol:

copies/L. Nitrospira and Nitrobacter spp. were found to be 2.4
x 10® — 3.8 x 10° copies/L and 9.3 x 10° — 1.4 x 10"" copies/L
respectively. The qPCR standard curve parameters used for
the analysis is shown in Table II. Throughout the study period
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highest with about 2 orders of magnitude above the AOB.
Nitrobacter spp. was also found to be the dominant NOB
throughout the study period. The changes in AOB, Nitrospira
spp. and Nitrobacter spp. during this study is shown in Fig. 3.
A significant correlation was found between the AOB (amoA
gene) copy numbers and temperature in the reactors (o= 0.05;
P=0.0498). The lowest AOB abundance was recorded during
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respectively. The SNFR was observed to be higher than the
SAOR all through the experiment.

A significant correlation was observed between the plant’s
nitrification rate and the specific ammonium oxidization rate
determined in the lab (r = 0.6524; P = 0.04).

D.Specific Nitrification Rate Determination

The specific nitrification rate of the biomass in terms of
specific ammonium oxidization rate (SAOR) and specific
nitrate formation rate (SNFR) were determined in a laboratory
batch experiment (Fig. 4).

TABLE II
the winter, whereas there was no correlation observed between DESCRIPTION OF qPCR STANDARD CURVES PARAMETERS
the NOB and temperature. The NOB population remained P . Target
. . . . arameter " N N
almost stable with slight shifts throughout the sampling AOB Nitrobacter spp. Nitrospira spp.
period. Efficiency 102.5+2.1 92.75+1.63 107.3£1.9
Peak values for both SAOR and SNFR were observed Slope -3.3+0.05 -3.5+0.05 -3.2+0.04
during the summer; 0.1488 and 0.6310 g N g' MLSS d R7of Slope  0.998+0.001 0.99+0.01 0.998 +0.04
Intercept 39.8+2.2 35.0+0.59 37.2+0.14
-@- Nitrobacter spp.
=¥ Ammonia oxidizing bacteria
10010~ Phase 1 Phase 2 = Nitrospira spp.
1.0x10"2
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Fig. 3 Changes in copy number variations of nitrifiers in the plant
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Fig 4 The specific nitrification rate of the biomass in terms of specific ammonium oxidization rate
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IV. DISCUSSION

Seasonal temperature variation has been implicated as one
of the environmental factors [24], [25] affecting total nitrogen
and ammonia oxidizing rates biotransformation in wastewater
treatment facilities. In this study, a significant seasonal
variations in temperature (o = 0.05; P = < 0.0001) was
observed in the reactor. The maximum temperature amplitude
was 10.2°C. The lowest ammonia removal of 12.1% and AOB
abundance (1.6 x 10° + 1.3 x 10”) were observed when the
lowest temperature of 14.2°C was recorded (Fig. 2 (b)).
Reference [26] earlier has reported a similar high correlation
of temperature with ammonia oxidation. In this study, it was
observed that the NH; removal efficiency was reduced from
86.34+7% during summer when the organic loading rate
(OLR) was 4.212 kg COD/m’.d (Fig. 2 (c)), to 56.01+26%
during winter when the OLR 8.993 kg COD/m’.d. This is in
line with the report by [27] that also noted a poor nitrification
rate at high organic loading rate. This was also found to
correlate significantly with seasonal temperature fluctuation (r
= 0.767; P = 0.001). However, neither temperature nor NOB
populations was found to correlate with nitrite oxidation rate.

The average copy number of AOB to NOB ratio varied
from 0.11 (summer) to 0.02 (winter) during the period
investigated (Fig. 3), which was lower than the theoretical
ratio 2.0 reported for good nitrification by [28]. Seasonal
temperature was observed to have positive correlation with the
AOB gene copy number; whereas NOB was not affected by
the temperature shifts. The average influent parameters of the
plant showed great variation comparing the summer to the
winter period during this study and the COD concentration
was perpetually higher during the winter compare to summer.
According to various studies high COD concentration usually
favours the proliferation of the more competitive heterotrophic
bacteria population over the autotrophic nitrifiers [29], [30]. In
this study the combination of the generally low DO and the
higher COD during the winter impacted on the ammonia
removal rate of the plant due to probable increased
heterotrophic competition elicited by the increased COD
concentration observed during the period.

Quantitative PCR results revealed the dominance of NOB
over AOB throughout the study period. Due to the limiting
oxygen levels observed during this study (Table I), there is a
possibility of nitrite-loop. Under low DO level, denitrifiers can
carry out incomplete nitrate reduction which can serve as
additional nitrite source for NOB and partially uncouple their
growth from AOB, thereby resulting in their elevated
population density [28], [31] noted that NOB exhibited a
significant O, affinity under prolonged low DO concentrations
(0.16 - 0.37 mg/1) which in turn made them a better competitor
for O, as their abundance increased comparably to AOB.
Another possible reason for the higher population load of
NOB observed in this study is suggested by [32]. According to
them, under extended period of low dissolved oxygen
concentrations (< 0.5 mg/l) as observed in this study, the
endogenous decay of both ammonia/nitrite oxidizing bacteria
was retarded. This resulted in increased biomass density which
nullified some low DO impact on nitrification. They also

reported near complete nitrification with 0.16-0.37 mg/l DO
range. Furthermore, they noted that under extended low DO
period NOB demonstrated significant increase in O, affinity
which in turn made them a better O, competitor than AOB.

The dominance of Nitrospira (K-strategist) over Nitrobacter
(r-Strategist) in activated sludge has been reported [33], [34];
however in this study a contrary observation was noted. This
could possibly be explained based on the earlier observations
of [35] and [36] where they have noted an irreversible
prevalence of Nitrobacter spp. over Nitrospira spp. in WWTP
after spike in nitrite concentration and even after subsequent
reduction in nitrite concentration. Nitrobacter usually exhibit
inhibitory effect on the growth of Nitrospira once it
dominates. Reference [37] also reported that Nitrobacter spp.
though a weak competitor compared to Nitrospira under low
nitrite concentration can be selected over Nitrospira spp. in
plants with low inorganic carbon in addition to low nitrite
concentration. The plant studied exhibited low AOB
population density which could result in lowered rate of
ammonia conversion to nitrite. This could probably give a
selective advantage to Nitrobacter spp. as observed in this
study. Although various authors [11]-[13] have reported the
possible involvement of AOA in nitrification in WWTP, this
group of nitrifier was not detected in this study which
indicates that AOA may not be ubiquitous in all engineered
wastewater treatment systems.

The SAOR was found to be lower than the SNFR
throughout the study with the average values as 0.07036 and
0.4368 g N ¢! MLSS d"' SAOR and SNFR respectively. This
result indicates a similar trend with earlier study by [38] that
reported a lower SAOR compared to SNFR in their aerobic
batch experiment. They [38] also found out that the SAOR and
SNFR obtained did not reflect any proportional relationship
between both ammonia and nitrite-oxidation measured in their
experiment. On the contrary, the specific nitrification rates
determined in this present study (higher SNFR as compared to
SAOR) reflects the population densities (higher NOB copy
numbers compared to AOB) of the nitrifiers obtained using
gPCR. This result indicates that specific nitrification rate
determined in the laboratory batch experiment, can serve as
indicator of the plant’s nitrifying community and performance.
Reference [39] in an earlier batch experiment reported a
similar trend, where the SAOR and SNFR obtained were
related to the AOB: NOB ratio in the plant.

V. CONCLUSION

The seasonal dynamics of nitrifying community in full-
scale municipal bioreactor was investigated and variation in
nitrification efficiency was noted with the lowest rate
observed during winter. Seasonal temperature variation
correlates positively with AOB population and ammonia
removal rate but not with NOB (Nitrobacter spp. and
Nitrospira spp.). Significant correlation could not be
established between nitrification and DO levels in this study as
the microbial community have adapted to the low DO
concentrations. Contrary to previous reports, our findings
showed that AOA is not ubiquitous in all wastewater treatment
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plants as we could not amplify this group through this study.
Seasonal temperature variation and organic loading ratio were
major factor impacting the microbial population abundance
which in turn modifies nitrification in wastewater treatment.
The specific nitrification rate batch experiment could be a
speedy way of deducing the plant’s nitrification performance
in a full scale plant. The findings of the current study have set
the foundation for future research on using seasonal impact on
nitrification performance of full scale activated sludge in sub-
tropical temperature.

ACKNOWLEDGMENT

The authors hereby acknowledge the Research and
Postgraduate Support Directorate office, Durban University of

Technology, for

awarding Oluyemi Awolusi doctoral

scholarship for undertaking this study.

Bl

[10]

[11]

[12]

[13]

REFERENCES

Sidat M, Kasan HC, Bux F. Laboratory-scale investigation of biological
phosphate removal from municipal wastewater. Water SA 1999; 25:
459-62.

Bae H, Park JH, Jun KS, Jung JY. The community analysis of ammonia-
oxidizing bacteria in wastewater treatment plants revealed by the
combination of double labeled T-RFLP and sequencing. J Environ Sci
Health Part A 2011; 46:345-54.

Wei D, Xue X, Chen S, Zhang Y, Yan L, Wei Q, Du B. Enhanced
aerobic granulation and nitrogen removal by the addition of zeolite
powder in a sequencing batch reactor. Applied Microbiology and
Biotechnology. 2013 97: 9235-43.

Awolusi OO, Kumari SKS, Bux F. Ecophysiology of nitrifying
communities in membrane bioreactors. Int J Environ Sci Technol. 2015;
12:747-62.

Siripong S, Rittmann BE. Diversity study of nitrifying bacteria in full-
scale municipal wastewater treatment plants. Water research. 2007,
41:1110-20. Epub 2007/01/27.

Wang X, Wen X, Xia Y, Hu M, Zhao F, Ding K. Ammonia oxidizing
bacteria community dynamics in a pilot-scale wastewater treatment
plant. PloS one. 2012;7:1-7. Epub 2012/05/05.

Vieno N, Tuhkanen T, Kronberg L. Seasonal Variation in the
Occurrence of Pharmaceuticals in Effluents from a Sewage Treatment
Plant and in the Recipient Water. Environ Sci Technol. 2005;39:8220-6.
Wan CY, De Wever H, Diels L, Thoeye C, Liang JB, Huang LN.
Biodiversity and population dynamics of microorganisms in a full-scale
membrane bioreactor for municipal wastewater treatment. Water Res.
2011;45:1129-38. Epub 2010/11/30.

Stahl DA, de la Torre JR. Physiology and diversity of ammonia-
oxidizing archaeca. Annu Rev Microbiol. 2012;66:83-101. Epub
2012/09/22.

Sorokin DY, Lucker S, Vejmelkova D, Kostrikina NA, Kleerebezem R,
Rijpstra WI, Damste JS, Le Paslier D, Muyzer G, Wagner M, van
Loosdrecht MC, Daims H. Nitrification expanded: discovery,
physiology and genomics of a nitrite-oxidizing bacterium from the
phylum Chloroflexi. The ISME Journal. 2012;6:2245-56. Epub
2012/07/06.

Limpiyakorn T, Sonthiphand P, Rongsayamanont C, Polprasert C.
Abundance of amoA genes of ammonia-oxidizing archaea and bacteria
in activated sludge of full-scale wastewater treatment plants. Bioresour
Technol. 2011;102:3694-701.

Mussmann M, Brito I, Pitcher A, Sinninghe Damste JS, Hatzenpichler
R, Richter A, Nielsen JL, Nielsen PH, Muller A, Daims H, Wagner M,
Head IM. Thaumarchaeotes abundant in refinery nitrifying sludges
express amoA but are not obligate autotrophic ammonia oxidizers.
Proceedings of the National Academy of Sciences of the United States
of America. 2011;108:16771-6. Epub 2011/09/21.

Zhang T, Ye L, Tong AH, Shao MF, Lok S. Ammonia-oxidizing
archaca and ammonia-oxidizing bacteria in six full-scale wastewater
treatment bioreactors. Appl Microbiol Biotech. 2011; 91:1215-25. Epub
2011/06/28.

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1]

[32]

[33]

[34]

Gentile ME, Nyman JL, Criddle CS. Correlation of patterns of
denitrification instability in replicated bioreactor communities with
shifts in the relative abundance and the denitrification patterns of
specific populations. The ISME Journal. 2007;1:714-28. Epub
2007/12/07.

Flores-Alsina X, Corominas L, Snip L, Vanrolleghem PA. Including
greenhouse gas emissions during benchmarking of wastewater treatment
plant control strategies. Water Res. 2011;45:4700-10. Epub 2011/08/20.
Caballero AR, Hallin S, Pahlson C, Odlare M, Dahlquist E. Ammonia
oxidizing bacterial community composition and process performance in
wastewater treatment plants under low temperature conditions Water
Science and Technology : A Journal of the International Association on
Water Pollution Research. 2012 65:197-204.

Yao S, Ni J, Chen Q, Borthwick AG. Enrichment and characterization of
a bacteria consortium capable of heterotrophic nitrification and aerobic
denitrification at low temperature. Bioresour Technol. 2013;127:151-7.
Epub 2012/11/08.

APHA. Standard Methods for the Examination of Water and Wastewater
20 ed: American Public Health Association; 1998.

Purkhold U, Pommerening-Réser A, Juretschko S, Schmid MC, Koops
HP, Wagner M. Phylogeny of all recognized species of ammonia
oxidizers based on comparative 16S rRNA and amoA sequence analysis:
implications for molecular diversity surveys. Appl Environ Microbiol.
2000;66:5368-82.

Degrange V, Bardin R. Detection and counting of Nitrobacter
populations in soil by PCR. Appl Environ Microbiol. 1995;61:2093-8.
Lienen T, Kleybocker A, Verstracte W, Wurdemann H. Moderate
temperature increase leads to disintegration of floating sludge and lower
abundance of the filamentous bacterium Microthrix parvicella in
anaerobic digesters. Water research. 2014;65:203-12.

Steinberg LM, Regan JM. mcrA-targeted real-time quantitative PCR
method to examine methanogen communities. Appl Environ Microbiol.
2009;75:4435-42. Epub 2009/05/19.

Zhang Y, Zhou J, Zhang J, Yuan S. An innovative membrane bioreactor
and packed-bed biofilm reactor combined system for shortcut
nitrification-denitrification. Journal of Environmental Sciences.
2009;21:568-74.

Arévalo J, Ruiz LM, Pérez J, Gomez MA. Effect of temperature on
membrane bioreactor performance working with high hydraulic and
sludge retention time. Biochem Eng J. 2014;88:42-9.

Kim YM. Acclimatization of communities of ammonia oxidizing
bacteria to seasonal changes in optimal conditions in a coke wastewater
treatment plant. Bioresour Technol. 2013;147:627-31. Epub 2013/09/05.
Kim J, Guo X, Park H. Comparison study of the effects of temperature
and free ammonia concentration on nitrifiers and nitrite accumulation.
Proc Biochem. 2008;43:154-60.

Wu P, JI X, Song X, Shen Y. Mechanism of efficient nutrient removal
and microbial analysis of a combined anaerobic baffled reactor—
membrane bioreactor process. Int J Environ Sci Technol. 2013;
11:1611-1618.

Winkler MK, Bassin JP, Kleerebezem R, Sorokin DY, van Loosdrecht
MC. Unravelling the reasons for disproportion in the ratio of AOB and
NOB in aerobic granular sludge. Appl Microbiol Biotech.
2012;94:1657-66. Epub 2012/05/11.

van Niel EWJ, Robertson LA, Kuenen JG. A mathematical description
of the behaviour of mixed chemostat cultures of an autotrophic nitrifier
and a heterotrophic nitrifier/acrobic denitrifier; a comparison with
experimental data FEMS Microbiol Ecol 1993 102 99- 108.

Dong X, Reddy GB. Ammonia-oxidizing bacterial community and
nitrification rates in constructed wetlands treating swine wastewater.
Ecol Eng. 2012;40:189-97.

Liu G. Nitrification performance of activated sludge under low dissolved
oxygen conditions (PhD). Rolla: Missouri University of Science and
Technology 2012.

Liu G, Wang J. Long-term low DO enriches and shifts nitrifier
community in activated sludge. Environ Sci Technol. 2013;47:5109-17.
Epub 2013/05/02.

Ye L, Shao MF, Zhang T, Tong AH, Lok S. Analysis of the bacterial
community in a laboratory-scale nitrification reactor and a wastewater
treatment plant by 454-pyrosequencing. Water Res. 2011;45:4390-8.
Epub 2011/06/28.

Yapsakli K, Aliyazicioglu C, Mertoglu B. Identification and quantitative
evaluation of nitrogen-converting organisms in a full-scale leachate
treatment plant. J Environ Manage. 2011;92:714-23. Epub 2010/10/27.

1096



[33]

[36]

[37]

[38]

[39]

International Journal of Earth, Energy and Environmental Sciences
ISSN: 2517-942X
Vol:9, No:9, 2015

Nogueira R, Melo LF. Competition between Nitrospira spp. and
Nitrobacter spp. in nitrite-oxidizing bioreactors. Biotechn Bioeng
2006;95:169-75. Epub 2006/05/17.

Wagner M, Loy A, Nogueira R, Purkhold U, Lee N, Daims H. Microbial
Community composition and function in wastewater treatment plants.
Antonie van Leeuwenhoek. 2002;81:665-80.

Fukushima T, Whang LM, Chiang TY, Lin YH, Chevalier LR, Chen
MC, Wu YIJ. Nitrifying bacterial community structures and their
nitrification performance under sufficient and limited inorganic carbon
conditions. Appl Microbiol Biotech. 2013;97:6513-23. Epub
2012/10/12.

Fujita M, Tsuji K, Akashi A. Temporal variation in maximum cell-
specific nitrification rate. Water science and technology : A Journal of
the International Association on Water Pollution Research.
2010;61:2069-73. Epub 2010/04/15.

Yu T, Li D, Qi R, Li ST, Xu SW, Yang M. Structure and dynamics of
nitrifier populations in a full-scale submerged membrane bioreactor
during start-up. Appl Microbiol Biotech. 2011;90:369-76. Epub
2010/12/25.

1097



