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Abstract So far, the contribution of ammonia-oxidizing ar-
chaea (AOA) to ammonia oxidation in wastewater treatment
processes has not been well understood. In this study, two soil
aquifer treatment (SATs) systems were built up to treat syn-
thetic domestic wastewater (column 1) and secondary effluent
(column 4), accomplishing an average of 95 % ammonia
removal during over 550 days of operation. Except at day
322, archaeal amoA genes always outnumbered bacterial
amoA genes in both SATs as determined by using quantitative
polymerase chain reaction (q-PCR). The ratios of archaeal
amoA to 16S rRNA gene averaged at 0.70±0.56 and 0.82±
0.62 in column 1 and column 4, respectively, indicating that
all the archaea could be AOA carrying amoA gene in the
SATs. The results of MiSeq-pyrosequencing targeting on ar-
chaeal and bacterial 16S rRNA genes with the primer pair of
modified 515R/806R indicated that Nitrososphaera cluster
affiliated with thaumarchaeal group I.1b was the dominant
AOA species, while Nitrosospira cluster was the dominant
ammonia-oxidizing bacteria (AOB). The statistical analysis
showed significant relationship between AOA abundance
(compared to AOB abundance) and inorganic and total nitro-
gen concentrations. Based on the mathematical model calcu-
lation for microbial growth, AOA had much greater capacity
of ammonia oxidation as compared to the specific influent
ammonia loading for AOA in the SATs, implying that a small
fraction of the total AOA would actively work to oxidize
ammonia chemoautotrophically whereas most of AOAwould
exhibit some level of functional redundancy. These results all

pointed that AOA involved in microbial ammonia oxidation
in the SATs.
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Introduction

For a long time, ammonia-oxidizing bacteria (AOB) have
been considered the key to oxidization of ammonia (NH4

+)
to nitrite (NO2

−) (Arp et al. 2002), which is often the rate-
limiting step of the whole nitrification process in a wide
variety of environments (Wagner et al. 1995). In 2005,
Könneke and his colleague successfully isolated the first strain
of archaeon named Nitrosopumilus maritimus from an aquar-
ium that grew chemolithoautotrophically by aerobic ammonia
oxidation (Könneke et al. 2005). Ammonia-oxidizing archaea,
as a new group of functional microorganism, were confirmed
and classified into a new branching phylum of the Archaea,
named as Thaumarchaeota (Brochier-Armanet et al. 2008).
Pester and his colleague found that the amoA gene sequences
of Thaumarchaeota obtained by 454 pyrosequencing were
grouped into the five major clusters: Nitrosopumilus cluster
(including I.1a ammonia-oxidizing archaea (AOA)),
Nitrosotalea cluster ( including I.1a associated),
Ni t rososphaera c lus t e r ( inc lud ing I .1b AOA) ,
Nitrososphaera sister cluster, and Nitrosocaldus cluster (in-
cluding ThAOA) (Pester et al. 2012).

As soil is determined as a nice habitat for AOA by dozens
of research, a number of studies chose soil as research media
to reveal the key factors of influencing the distributions and
possible functions of AOA (Gubry-Rangin et al. 2010;
Stopnisek et al. 2010; Tourna et al. 2011; Lehtovirta-Morley
et al. 2011; Zhang et al. 2012). Some studies have shown that
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the ammonia concentration is a major determinant for the
distribution of ammonia oxidizers responsible for soil nitrifi-
cation. AOA presented more competitive advantages under
low ammonia concentrations (with low nitrogen availability)
(Offre et al. 2009; Verhamme et al. 2011), whereas AOB were
the key players of nitrification in soils featured with relatively
higher ammonia concentrations (at higher nitrogen loads) (Di
et al. 2009).

Biological wastewater treatment facilities could remove am-
monia from wastewater to keep the effluents receiving natural
water bodies from ecological risks and also play important roles
in global nitrogen cycling. In such important systems, whether
AOA could be enriched and play roles for ammonia removal is
an interesting and influencing question. With this as a target,
AOAwere first detected in five American wastewater treatment
plants (WWTPs) in 2006 (Park et al. 2006). But till now, only a
few of studies have reported the occurrence of AOA in a limited
number of WWTPs (Bai et al. 2012; Gao et al. 2013; Sauder
et al. 2012; Jin et al. 2010; Limpiyakorn et al. 2011; Zhang et al.
2009). Muβmann and his colleagues found high abundance of
thaumarchaeal amoA gene only in four out of 52 WWTPs in
Europe (Muβmann et al. 2011), indicating that the operating
parameters and conditions inWWTPsmight be unfavorable for
AOA growth. Generally, in WWTPs, AOA would compete
with AOB for the ammonia and oxygen which are the two
most crucial parameters as electron donor and acceptor poten-
tially shaping the abundance and community structure of am-
monia oxidizer. Thus, the two kinetic parameters, Ks for am-
monia and Ks for oxygen, could be used to elucidate the reason
of the infrequent presence of AOA in WWTPs. The AOB Ks

values for ammonia range from 1.42 to 7.46 mg N L−1

(Martens-Habbena et al. 2009), while the AOA Ks values for
ammonia, ranging from 1.89 to 9.66μgNL−1 (Jung et al. 2011;
Könneke et al. 2005; Park et al. 2010), are much lower than the
concentrations of ammonia in influents or even in effluents of
the bioreactor in WWTPs, meaning that relative high ammonia
is harmful for AOA. Notably, the AOB Ks value for oxygen is
so high thatKs could not be detected from single oxygen uptake
traces (Martens-Habbena et al. 2009). Compared to the con-
centrations of usual dissolved oxygen (DO) (2–4 mg L−1) in
aerobic bioreactor, the studies also reported that the AOA Ks

value for oxygenwas as low as 0.064–0.332mg L−1 (Jung et al.
2011; Könneke et al. 2005; Park et al. 2010). This was used to
explain the reason for that AOAwas detected more often in the
out channel of oxidation ditch (Gao et al. 2013; Park et al.
2006) where the DO concentration was lower than 0.5 mg L−1.
In summary, the existing lines of research have shown that
WWTPs might not have favorable environment for AOA
growth. In consequence, to study the AOA in wastewater
treatment system, we need to find other proper niche.

As mentioned above, soil is determined as a nice habitat for
AOA. It is easy to remind that “soil aquifer treatment (SAT),”
whose main feature is purification of wastewater in its aquifer

zone mainly through biological processes, has been widely
used in wastewater reclamation facilitating excellent nitrogen
removal and could be a perfect niche for AOA. Our hypoth-
esis is that AOA might have high abundance performing
remarkable ammonia oxidation. However, to our knowledge,
there have not been lines of research on SATs in purpose of
investigating AOA. Therefore, the objectives of this study
targeting on SATs were as follows: to systematically study
the AOA characteristics, including the abundances and com-
munity structures of AOA and AOB as comparison, and to
tentatively determine the relative role of AOA and AOB in
ammonia oxidation in the SATs. The results of this study
would greatly extend our knowledge about AOA in wastewa-
ter treatment systems and might guide our future application
of AOA.

Materials and methods

SAT systems and their operation

Two SAT systems were built up in glass columns with 15-cm
diameter and 70-cm height (50-cm height of soil zone) and
operated in parallel under the same alternating wet and dry
periods (7 days wet/7 days dry). Four sampling layers were
located at 0-, 15-, 30-, and 45-cm depths from the top soil, and
four sampling ports in each sampling layer were evenly dis-
tributed in 3, 6, 9, and 12 o’clock direction. One SAT system
was named as column 1 for synthetic wastewater treatment,
and the other one was named as column 4 for synthetic
secondary effluent treatment. The laboratory where the SATs
were placed was with an average room temperature of 22.4±
3.9 °C.

At the beginning of each wet period, 2-L synthetic waste-
water and secondary effluent, consisting 75 and 22.5 mg L−1

total organic carbon (TOC, formulated with glucose), 40 and
10 mg L−1 NH4

+-N (formulated with NH4Cl), 84 mg L−1

NaHCO3, and 13.6 mg L−1 KH2PO4, were added into column
1 and column 4. At the beginning of each dry period, the valve
on the bottom of the column was opened to allow the effluent
to go out by gravity. The effluent samples were taken and
passed through Acrodisc® 25-mm syringe filter with 0.45-μm
Supor® membrane (Pall, MI, USA) and then shortly stored at
4 °C until further analysis. Soil samples were collected on
days 0, 28, 83, 139, 209, 266, 322, 364, 419, 477, and 548
from the four sampling layers at the end of each dry period and
stored at −80 °C until DNA extraction.

Analytical methods of water quality

In this study, all the chemical analyses were performed in
triplicate following the standard protocols promulgated by
Ministry of Environmental Protection of the People’s
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Republic of China (HJ 501-2009, HJ 536-2009, HJ 634-2012,
and HJ 636-2012). Ammonia-N and nitrite-N in the effluents
were measured by salicylic acid spectrophotometry and N-(1-
naphthyl)ethylenediamine dihydrochloride spectrophotome-
try, respectively. The concentrations of nitrate-N in the efflu-
ents were measured by using ultraviolet spectrophotometry.
Total nitrogen (TN) was also measured by the same method
described above by detecting nitrate-N after the step of high-
temperature alkaline persulfate digestion. The contents of total
organic carbon (TOC) in the effluents were measured by
TOC-V CPH (Shimadzu, Tokyo, Japan). The values of pH
in the effluents were determined by a multiparameter measur-
ing instrument (Thermo Scientific Orion 520M-01, MA,
USA).

DNA extraction and fluorescent quantitative PCR

DNA extraction from 0.5 g of each soil sample was performed
by using a FastDNA® SPIN Kit for soil (MP Biomedicals,
OH, USA) following the manufacturer’s protocol. The
amount and purity of DNA were determined by using
NanoDrop® Spectrophotometer ND-1000 (Thermo Fisher
Scientific, MA, USA) based on the absorbency of A260 and
the ratio of A260/A280, respectively. Extracted DNA was
stored at −30 °C until further use.

Archaeal and bacterial amoA genes in soil samples were
quantified by quantitative polymerase chain reaction (q-PCR)
with SYBRGreen I on an iCycler iQ5 thermocycler (Bio-Rad,
USA) using primer pairs of 104F (5′-GCAGGAGACTACAT
MTTCTA-3′)/616R (5′-GCCATCCATCTGTATGTCCA-3′)
(Tourna et al. 2008) and amoA1F (5′-GGGGTTTCTACT
GGTGGT-3′)/amoA2R (5′-CCCCTCKGSAAAGCCTTCT
TC-3′) (Rotthauwe et al. 1997), respectively. The q-PCR data
of AOA and AOB were used to calculate the specific influent
ammonia loading rates for AOA and AOB and the active cell
number of AOA in SATs. The copy numbers of archaeal and
bacterial 16S rRNA genes were detected with primers 519F
(5′-CAGCMGCCGCGGTAA-3′)/727R (5′-GCTTTCRTCC
CTCACCGT-3′) and Bac518F (5′-CCAGCAGCCGCGGT
AAT-3′)/Bac786R (5′-CTACCAGGGTATCTAATC-3′), re-
spectively (Park et al. 2010). All the q-PCR mixtures in
triplicate consisted of 12.5 μL 2× SYBR® Premix Ex Taq™
(Takara, Dalian, China), 0.4 μM (1 μM for 104F/616R) of
each primer, 0.2 mg mL−1 BSA, and 1-μL template (10–
20 ng) or tenfold dilution of constructed DNA plasmid ex-
tracted from the correct insert clones of each target gene with a
QIAGEN® Plasmid Mini Kit (QIAGEN Sciences, USA) for
standard curves in a final volume of 25 μL. Thermal cycling
conditions were as follows: an initial denaturation step at
95 °C for 2 min, followed by 40 cycles of 94 °C for 40 s,
55 °C for 1 min, and 72 °C for 1 min. Analysis of melting
curve resulting in a single peak was determined at the end of
q-PCR protocol to confirm the specificity of the q-PCR

products. Amplification efficiency and correlation coefficients
were analyzed to evaluate whether the q-PCR experiment had
been carried out successfully. In this study, amplification
efficiencies of all the q-PCR ranged from 95.1 to 98.8 % with
R2 values of 0.993–0.996.

Sequencing and analysis of archaeal and bacterial 16S rRNA
gene

To determine the diversity and composition of AOA/AOB and
other microorganism communities in each of these samples,
the protocol described by Caporaso et al. (2010) was used to
obtain 16S rRNA gene sequences from ten samples, respec-
tively tagged as 1-1-start (collected from the first sampling
layer of column 1 at day 0); 1-1-end, 1-2-end, 1-3-end, and 1-
4-end (collected from the first to fourth sampling layers of
column 1 at day 550); 4-1-start (collected from the first
sampling layer of column 4 at day 0); and 4-1-end, 4-2-end,
4-3-end, and 4-4-end (collected from the first to fourth sam-
pling layers of column 4 at day 550).

It is a key to design appropriate primer pairs to simulta-
neously amplify both archaeal and bacterial 16S rRNA genes
from DNA samples for pyrosequencing. In past research,
Peiffer and his colleagues found that the microbial diversity
based on pyrosequencing data in the maize rhizosphere
yielded by the primer pair of 515F/806R at either the domain
or the bacterial phylum levels had numerical superiority over
that by the primer pairs of 27F/338R, 804F/1392R, and
926F/1392R. Although the 515F/806R primers showed ad-
vantages, it failed to detect the sequences of Crenarchaeota
(or Thaumarchaeota) (Peiffer et al. 2013). So far, genomic
sequences of some isolated strains of AOA, e.g.,
Nitrosopumilus maritimus and Nitrosotalea devanaterra,
have been successfully detected and saved in NCBI database
with given accession numbers, e.g., EU239959 and JN227489
(corresponding to the strains ofNitrosopumilus maritimus and
Nitrosotalea devanaterra). Based on the analyses of genomic
sequences of isolated AOA, in principle replacing the fourth
base “C” (cytosine) from 5′ to 3′ in the original primer 515F
with the degenerate base “Y” (including the bases “cytosine”
and “thymine”) could improve the coverage of the modified
primer pair of 515F/806R targeting on the V3-V4 region of
the archaeal and bacterial 16S rRNA gene (252 bp) simulta-
neously. Thus, PCR amplifications in this study were conduct-
ed with the modified 515F (5′-GTGYCAGCMGCCGCGGT
AA-3′)/806R (5′-GGACTACHVGGGTWTCTAAT-3′) prim-
er pair. The reverse primer contains a 6-bp error-correcting
barcode unique to each sample. DNAwas amplified following
the protocol described previously (Magoc and Salzberg 2011).
Sequencing was conducted on an Illumina MiSeq® platform
(Illumina, USA). The number of total and effective sequences
of each sample is shown on Table S2. As there was no
significance difference on effective reads among the ten
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samples, the samples were not normalized before operational
taxonomic unit (OTU) generation. The community structures
of AOA identified by pyrosequencing were used to calculate
the active cell number of AOA in the SATs.

The archaeal and bacterial 16S rRNA gene sequences ob-
tained from this study as a NCBI BioProject were submitted to
SRA database of the GenBank and have been assigned the
accession number PRJNA239643.

Data analysis

Sequences were analyzed by using the Quantitative
Insights into Microbial Ecology (QIIME) software pack-
age with the default parameters (Caporaso et al. 2010)
and UPARSE pipeline (Edgar 2013). After quality trun-
cation (removing the sequences with a wrong length of
base pair), the effective sequences were assigned to
OTUs at 97 % similarity. A representative sequence
was picked from each OTU and assigned by using the
RDP classifier (Caporaso et al. 2011).

The Spearman’s rank correlation coefficient (SRCC)
was conducted to identify the correlations between the
operational parameters of SAT systems and the abun-
dances of AOA and AOB amoA genes using the soft-
ware SPSS 19.0.

As there was obvious difference between soil and
activated sludge in properties, it would not give virtual
results to directly compare the AOA and AOB abun-
dances in the SATs to those in activated sludge of
WWTPs. The loading rate is an important parameter
for a wastewater treatment system and can be a fair
indicator for the comparison of different treatment sys-
tems. So that the specific influent ammonia loading
rates (LNH4) for AOA and AOB represented by the
nanogram N per amoA gene copy number were calcu-
lated for the SATs and those WWTPs with AOA and
AOB data in literatures.

Assuming that 100 % of the ammonia in influents
was consumed by assimilation for the growth yield of
AOA in this study, the mathematical modeling below
presented by Rittman and other researchers (Muβmann
et al. 2011; Rittmann et al. 1999) was used to estimate
the active cell number of AOA in SATs. The first
equation is

XAO ¼ θx
θ

YAO

1þ bAOθx
ΔAmmonia

� �
ð1Þ

In which XAO is the active biomass of AOA (mg) in the soil
column, θx is the mean cell residence time (14 days as the
shortest cell residence time in this study are chosen for calcu-
lation), θ is the hydraulic retention time (7 days in this study),

YAO is the growth yield of AOA (1.15 g dw mol−1 N)
(Könneke et al. 2005), bAO is the endogenous decay coeffi-
cient for ammonia oxidizers (0.15 day−1), and ΔAmmonia is
the removal amount of ammonia across the system (mol−1 N).
The second equation is

n ¼ ηXAO

μV cell
ð2Þ

In which n is the active cell number of AOA, η is the
percentage of carbon comprising the dry weight of the cell
(assuming that η is 50 % in this study), XAO is the active
biomass of AOA (mg) in the soil column, μ is the conversion
factor of carbon in the cell to cell volume with a value of
310 fg C μm−3 (Muβmann et al. 2011), and Vcell is the cell
volume of AOA (μm3).

Results

SAT systems functioned efficiently and stably for ammonia
removal

During 550-day operation period, both SAT systems showed
excellent performance in ammonia removal, accomplishing an
average of 95 % NH4

+-N removal. The effluent NH4
+-N

concentrations always were lower than 5 mg L−1 (Fig. 1)
which met with the level 1A discharge standard for wastewa-
ter treatment in China (GB 18918-2002). The effluent NH4

+-
N concentrations slightly increased from day 266 to day 280,
because the influent NH4

+-N concentrations were unintention-
ally elevated two times. Nitrite and nitrate could be detected in
both of the effluents with the average concentrations of 0.61
and 2.77 mg N L−1, respectively, indicating that nitrification
process did occur in both of the SATs. The average removal
efficiency of TN was 75.8±9.8 and 68.9±20.7 % with its
eff luent concentrat ions of 9.67 ± 3.92 and 3.11 ±
2.07 mg N L−1, respectively.

During most of the study period, the effluent TOC concen-
trations showed decreasing trends with slight fluctuation in a
narrow range. After day 98, the TOC removal efficiency
averaged at 10.1±5.1 and 32.9±20.5 % in column 1 and
column 4, respectively. However, the TOC in both of effluents
obviously increased from day 266 to day 280, because the
influent TOC was unintentionally elevated two times.
Interestingly, based on similarity analysis by using SPSS
software, there was no marked difference in the effluent
TOC concentrations between the two systems (p<0.05), im-
plying that both of the SATs had enough capacity to degrade
organic matters.
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Abundances of archaeal and bacterial amoA and 16S rRNA
genes based on q-PCR analysis

The AOA andAOB abundances in the samples represented by
the amoA gene copy number per gram soil are shown in
Fig. 2a, b. The archaeal amoA gene copies of the samples in
the four sampling layers collected from column 1 averaged at
4.47×108 (4.28×107 to 1.80×109), 4.00×108 (4.42×107 to
1.45×109), 3.48×108 (3.94×107 to 7.80×108), and 2.82×108

(2.80×107 to 7.75×108) copies g−1 soil. In column 4, the
archaeal amoA gene copies, averaging at 4.77×108 (4.70×
107 to 1.49×109), 4.88×108 (3.72×107 to 1.42×109), 3.90×
108 (5.18×107 to 1.34×109), and 3.22×108 (2.22×107 to
1.19×109) copies g−1 soil for each layer, were close to those
in column 1. As shown in Fig. S4, the AOA abundances were
respectively 2.06 to 291 and 2.01 to 117 times greater than
AOB abundances in most of the samples collected from
column 1 and column 4, implying that AOA quantitatively

dominated over AOB and might play more significant role in
the SAT system treating either municipal wastewater or sec-
ondary effluent. As mentioned above, along with the elevation
of influent TOC, the influent NH4

+-N concentrations were
also unintentionally elevated two times from day 266 to day
280 for the two SATs, and the disturbance of influent NH4

+-N
might have more negative effect on AOA than AOB in a short
time. Accordingly, the abundance ratios of AOA to AOB
transitorily shifted in the samples collected at day 322

Fig. 1 Functional performance in column 1 and column 4 during a 550-
day operation period. The left y-axis represents the concentration of N
(including ammonia, nitrite, nitrate, and TN) in effluents, and the right y-
axis represents the concentration of TOC in effluents. The left asterisks
indicate day 266, and the right asterisks indicate day 280. The influent
NH4

+-N and TOC concentrations were unintentionally elevated two times
from day 266 to day 280. a Column 1; b column 4

Fig. 2 Abundance of archaeal and bacterial amoA gene in column 1 and
column 4 during a 550-day operation period. “Archaeal@1-1, Archae-
al@1-2, Archaeal@1-3, and Archaeal@1-4” represent the abundances of
archaeal amoA gene in the samples collected from the first to fourth
sampling layers of column 1, and “Archaeal@4-1, Archaeal@4-2, Ar-
chaeal@4-3, and Archaeal@4-4” represent the abundances of archaeal
amoA gene in the samples collected from the first to fourth sampling
layers of column 4. “Bacterial@1-1, Bacterial@1-2, Bacterial@1-3, and
Bacterial@1-4” represent the abundances of bacterial amoA gene in the
samples collected from the first to fourth sampling layers of column 1,
and “Bacterial@4-1, Bacterial@4-2, Bacterial@4-3, and Bacterial@4-4”
represent the abundances of bacterial amoA gene in the samples collected
from the first to fourth sampling layers of column 4. a Column 1; b
column 4
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(Fig. 2a, b). In addition, the AOA (or AOB) abundances of the
samples from different sampling layers of the same system
showed consistency in variation (p<0.01).

The abundances of archaea and bacteria in the samples
represented by the 16S rRNA gene copy number per gram soil
are shown in Fig. 3a, b. The copy numbers of the bacterial 16S
rRNA genes were only one to two orders of magnitude higher
than those of the archaeal 16S rRNA genes, which were much

lower than those of a related study on activated sludge ranging
from 3.4×102 to 2.2×105 (Bai et al. 2012), indicating that
archaea might play a more important role in the SATs. Similar
as AOA and AOB, the archaeal and bacterial abundances of
the samples from the four sampling layers of each SATsystem
kept consistency in variation (p<0.01). As shown in Fig. S1,
the ratios of archaeal amoA to 16S rRNA gene averaged at
0.70±0.56 and 0.82±0.62 in column 1 and column 4, respec-
tively, while the ratios of bacterial amoA to 16S rRNA gene,
respectively, ranged from 5.49×10−2 to 2.24×10−4 and 3.40×
10−2 to 1.19×10−4 in column 1 and column 4 (Fig. S2).
Assuming that each AOA contains 1.0 amoA gene and 1.0
16S rRNA gene, respectively (Hallam et al. 2006), the results
indicated that all the archaea in SATs could be AOA carrying
amoA gene and have the capacity of ammonia oxidation and
the strains of AOB inmost samples accounted for only a small
fraction (lower than 1 %) of bacteria.

The SRCC was calculated to identify the correlations be-
tween the effluent parameters and the abundances of AOA
and AOB in the SATs (Table 1). AOA abundance was posi-
tively correlated to TOC in effluents, implying that AOA
might perform mixotrophic growth. In the previous studies
onAOA, Tourna and his colleagues found that growth yield of
Nitrososphaera viennensis EN76 would increase after adding
pyruvate into the culture (Tourna et al. 2011), and Muβmann
with his colleagues found that thaumarchaeotes in refinery
nitrifying sludges were not obligate autotrophic ammonia
oxidizers (Muβmann et al. 2011), which is similar as this
study. Though it was also observed that AOB abundance
had positive relationship with TOC in effluents, whether
AOB would perform heterotrophic or mixotrophic growth or
not is still unknown. The abundance of AOA had positive
relationship with the concentration of ammonia in effluents of
both SATs, similar with a previous study on oxidation ditches
in China. They explained the reason as that AOA in the
system should have versatile ecotypes, and some of them
might be not obligate autotrophic ones (Gao et al. 2013).
Since the temperature in the laboratory was around 22 °C,
there were no any links between temperature and the abun-
dance of AOA and AOB, which is reasonable.

Community structure of AOA and AOB based
on MiSeq-pyrosequencing analysis

By using MiSeq-pyrosequencing, 602,665 sequences in total
were obtained from the ten samples. After quality truncation
(removing the sequences with a wrong length of base pair),
582,275 effective sequences remained. The remaining se-
quences, including archaeal sequences and bacterial ones,
were classified and further analyzed with QIIME.

As shown in Fig. 4a, for the samples collected from differ-
ent operation periods, the microbial community structures on
phylum level were different in terms of both the abundance of

Fig. 3 Abundance of archaeal and bacterial 16S rRNA gene in column 1
and column 4 during a 550-day operation period. “Archaeal@1-1, Ar-
chaeal@1-2, Archaeal@1-3, and Archaeal@1-4” represent the abun-
dances of archaeal 16S rRNA gene in the samples collected from the first
to fourth sampling layers of column 1, and “Archaeal@4-1, Archaeal@4-
2, Archaeal@4-3, and Archaeal@4-4” represent the abundances of ar-
chaeal 16S rRNA gene in the samples collected from the first to fourth
sampling layers of column 4. “Bacterial@1-1, Bacterial@1-2, Bacteri-
al@1-3, and Bacterial@1-4” represent the abundances of bacterial 16S
rRNA gene in the samples collected from the first to fourth sampling
layers of column 1, and “Bacterial@4-1, Bacterial@4-2, Bacterial@4-3,
and Bacterial@4-4” represent the abundances of bacterial 16S rRNA gene
in the samples collected from the first to fourth sampling layers of column
4. a Column 1; b column 4
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each phylum and the dominant phylum. In the two samples
collected at day 0 (1-1-start and 4-1-start), the most dominant
phylum was Proteobacteria (34.7 and 35.1 %), which was
similar with the results in other studies on WWTPs (Hu et al.
2012), followed by Crenarchaeota (19.7 and 11.3 %) and
Actinobacteria (13.7 and 17.9%). Notably, the most dominant
phylum shifted to Crenarchaeota (22.7–31.1 and 23.2–
31.0 %), followed by Proteobacteria (14.4–19.4 and 15.8–
23.7 %) and Actinobacteria (9.0–10.9 and 8.3–10.8 %) in the
samples collected at day 550, indicating that archaea in the
two systems performed higher adaptabilities to the experiment
conditions during the study period. The phylum Chloroflexi
was important in degradation of carbohydrates (Miura et al.
2007); its abundance at day 550 doubled compared to day 0,
as a response to the glucose in the influent. Lack of strong
shearing force imposed in SATs, the abundance of Firmicutes
in this study was much greater than the results in membrane
bioreactor (MBR) (Hu et al. 2012). Notably, the rare phyla and
unclassified bacteria were relatively low in this study.

As the taxonomic classification of archaeal 16S rRNA gene
always keeps good consistency with that of archaeal amoA
gene (Könneke et al. 2005; Tourna et al. 2011), the taxonomic
classification of Thaumarchaeota targeting on the 16S rRNA
gene was performed by QIIME, and the results are shown in
Fig. 4b. Nitrosocaldus cluster, which has been classified into
the family of Thaumarchaeota, was not detected in this study,
indicating that the room temperature is not suitable for the
thermophilic microbial growth. At the very beginning (day 0),
in the SATs, the percentages of Nitrososphaera cluster affili-
ated with group I.1b were respectively as high as 98.82 and
98.69 %, while Nitrosopumilus and Nitrosotalea clusters only
made up a small fract ion (near ly 1 %) of total
Thaumarchaeota. The Shannon-Wiener indices of the sam-
ples collected on day 0 were respectively 0.074 and 0.081
computed from the data shown in Fig. 4b. After long-term

operation (day 550), though the Nitrososphaera cluster was
still the largest group, notably, the percentage of
Nitrosopumilus combined with Nitrosotalea cluster increased
to 2.42–6.55 % in column 1 and 6.01–14.75 % in column 4,
and the Shannon-Wiener indices also increased to 0.138–
0.294 in column 1 and 0.267–0.490 in column 4, meaning
that the community structures of AOA change to more
diverse.

Figure 4c shows the compositions and distributions of
AOB based on the 16S rRNA genes at day 0 and day 550
in both of the SATs. Most of the AOB sequences
belonged to the cluster of Nitrosospira (76.9–93.2 %),
and Nitrosomonas, as another important cluster, was de-
tected at a certain proportion (6.8–23.1 %) of all the AOB
sequences. In some previous studies on AOA and AOB in
WWTPs, Nitrosomonas cluster was the dominant AOB
when AOA occurred in bioreactors (Gao et al. 2013; Jin
et al. 2010; Limpiyakorn et al. 2011). Moreover, the
percentage of Nitrosomonas cluster in most of samples
slightly increased at day 550 compared to day 0, implying
that Nitrosomonas cluster might also gradually adapt to
the experiment condition in the SATs.

Discussion

All the archaea could be AOA in the SATs

As mentioned above, the abundance ratios of archaeal (and
bacterial) amoA to 16S rRNA gene were calculated based on
the data of q-PCR (Figs. S1 and S2 in Supplementary data),
indicating that all the archaea in the SATs were most probably
AOAwhereas AOB only accounted for a small fraction (lower
than 1 %) of bacteria. As shown in Fig. S3 (in Supplementary

Table 1 Spearman’s rank correlation coefficients between the abundances of AOA and AOB and the effluent parameters of SATs

Column 1 Column 4

AOA abundance AOB abundance AOA abundance AOB abundance

SRCC p values SRCC p values SRCC p values SRCC p values

Archaeal abundance 0.333 0.347 0.758* 0.011 0.552 0.098 0.758* 0.011

Bacterial abundance 0.770** 0.009 0.685* 0.029 0.745* 0.013 0.964** 0.000

Effluent—ammonia 0.539 0.108 0.503 0.138 0.721* 0.019 0.333 0.347

Effluent—nitrite −0.559 0.093 −0.085 0.815 0.636* 0.048 0.200 0.580

Effluent—nitrate −0.939** 0.000 −0.430 0.214 −0.624 0.054 −0.515 0.128

Effluent—TN −0.857* 0.014 0.000 1.000 −0.643 0.119 −0.393 0.383

Effluent—TOC 0.515 0.128 0.697* 0.025 0.709* 0.022 0.758* 0.011

Temperature 0.212 0.556 −0.067 0.855 −0.018 0.960 0.030 0.934

*Correlation between two parameters is significant at the level of 0.05 (two-tailed)

**Correlation between two parameters is significant at the level of 0.01 (two-tailed)

Appl Microbiol Biotechnol (2015) 99:1337–1347 1343



data), the abundance ratios as calculated based upon the
sequence numbers of AOA to archaea were nearly 1 (94.83–
99.72 %) in both of the SATs, while they varied from 2.58×
10−4 to 7.73×10−4 for AOB to bacteria, which is in corre-
spondence to the results of q-PCR. This confirmed that all the
archaea could be AOA in the SATs. Interestingly, in some
studies on ammonia oxidizer inWWTPs (Gao et al. 2013), the
archaeal amoA gene could not be detected by q-PCR since it

showed below the detection limit, while clone library targeting
on archaeal amoA gene, a conventional PCR-based method,
was successful to figure out the diversity of AOA community.
Pyrosequencing has much deeper sequencing depth than
clone library; thus, PCR combined with pyrosequencing used
in this study could be a useful tool to accurately detect relative
abundance and community structure of microbe (especially
AOA) at the same time.

Fig. 4 Taxonomic classification
of the 16S rRNA gene sequences
using QIIME. a Bacteria
(including Archaea); b AOA; c
AOB
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Nitrososphaera rather than Nitrosopumilus was the dominant
AOA species in the SATs

Recently, Pester and his partners have done phylogenetic-
based archaeal amoA gene diversity analysis with 454 pyro-
sequencing on 16 soil samples collected from Namibia, Costa
Rica, Austria, and Greenland. They found thatNitrososphaera
cluster instead of Nitrosopumilus cluster which has been iden-
tified in many soils was the dominant AOA species and
suggested a new nomenclature for the AOA linage with ten
stable subclusters for Nitrososphaera cluster (Pester et al.
2012). Recently, it was also found that AOA sequences dom-
inantly belonged to Nitrososphaera cluster in bioreactors and
only a few fell into Nitrosopumilus or other cluster (Gao et al.
2013; Limpiyakorn et al. 2011; Muβmann et al. 2011), which
were in good agreement with this study. However,
Nitrosopumilus clusters were the dominant AOA species in
a bioreactor treating the saline sewage formulated with sea-
water (Jin et al. 2010), implying that the source of the influents
in WWTPs might affect the composition and distribution of
AOA. Our pyrosequencing results revealed that AOA were
dominantly distributed in Nitrososphaera cluster in the SATs.
Nitrosopumilus and Nitrosotalea clusters appeared in in-
creased numbers after 550-day operation period, indicating
that they gradually adapt to the experiment condition in this
study.

AOA rather than AOB responded sensitively to the nitrogen
variation

To identify the in situ activity of AOA (or AOB) in engineered
and natural systems, the links between the operational param-
eters of WWTPs (or other engineered systems) and the abun-
dances of AOA and AOB have been explored with statistical
analysis and used as evidence. Some studies showed that the
abundances of archaeal amoA gene were negatively correlated
with the ammonium level in the effluents of the studied
municipal WWTPs in Thailand which harbored high numbers
of archaeal amoA gene (Kayee et al. 2011; Limpiyakorn et al.
2011). In this study, the results of statistical analysis also
showed significant relationship between AOA abundance
(compared to AOB abundance) and inorganic and TN con-
centrations, implying that AOA were more sensitive than
AOB in response to variation of nitrogen concentrations in
ambient environments and might play a more important role
in the process of nitrogen cycle.

To explain that AOA rather than AOB responded sensi-
tively to the nitrogen variation, it is the key to know that the
ammonia environments favored AOA growth in the SATs.
Some studies have proven that ammonia concentration could
determine the differential growth of AOA and AOB in soil
microcosms. Verhamme and his colleagues found that AOA
rather than AOB had the capacity of growth in alkalescent soil

microcosms with an ammonium concentration of 20 μg N g−1

soil after 28-day incubation based on the data of q-PCR and
denaturing gradient gel electrophoresis (DGGE) (Verhamme
et al. 2011). In this study, the levels of ammonium added into
column 1 and column 4 in two treating cycles (=28 days) were
respectively 20 and 4 μg N g−1 soil, quite similar to those in
the study of Verhamme et al. . The original soil water content
was 30 % in this study, and the soil water content turned to
62% after adding 2-L influent into the SATs. Accordingly, the
ammonia concentrations at the beginning of each cycle in soil
water were respectively 1.5 and 0.37 mM, which were much
lower than the ammonia inhibition concentration (3.08–
20 mM) of thaumarchaeal group I.1b (Hatzenpichler et al.
2008; Tourna et al. 2011) that was the majority of AOA in the
SATs, indicating that the ammonia concentration of the SATs
might be closed to the ecological niche of AOA. Accordingly,
it was always found that AOA outnumbered AOB in both of
the SATs and AOA responded more sensitively to the nitrogen
variation, indicating that AOA might play a more significant
role in ammonia oxidation.

AOA alone had enough capacity to oxidize the influent
ammonia

As shown in Table S1, the value of LNH4 for AOA and AOB
does not show variation regularity with wastewater sources
and treatment processes. Assuming that AOA and AOB,
respectively, perform ammonia oxidation at a time, the LNH4
for AOA and AOB was respectively 1.76×10−6–3.57×10−4

and 5.66×10−6–6.33×10−3 ng N copy−1 for the SATs of this
study. The LNH4 for AOA of this study was similar with
several studies (Kayee et al. 2011; Limpiyakorn et al. 2011;
Muβmann et al. 2011), while much lower than other studies
(Bai et al. 2012; Wells et al. 2009). The results indicated that
AOA and AOB could occur in wastewater treatment environ-
ments under a wide range of LNH4. Based on the previous
studies on isolated or enriched strains of AOA affiliated with
group I.1a and I.1b Thaumarcheota (Jung et al. 2011;
Könneke et al. 2005; Tourna et al. 2011), the ammonia-
oxidizing activity of AOA occurred within the range of
1.40×10−6 to 7.42×10−6 ng N cell−1 h−1. Based on the previ-
ous studies on WWTPs where Nitrosospira cluster was dom-
inant AOB as similar as this study (Limpiyakorn et al. 2005),
the ammonia-oxidizing activity of AOB is 5.6×10−5 N
cell−1 h−1 when nitrification was achieved. Assuming that
each AOA and AOB contains 1.0 and 2.5 amoA gene copies
(Hallam et al. 2006) and regarding that the hydraulic residence
time (HRT) of SATs was 7 days in this study, the maximal
specific influent ammonia loading for AOA and AOB was
1.40×10−3 and 3.76×10−3 ng N copy−1, respectively. If am-
monia was fully removed by AOA or AOB, the actual specific
influent ammonia loading for AOA and AOB should be lower
than the maximal specific influent ammonia loading.

Appl Microbiol Biotechnol (2015) 99:1337–1347 1345



Accordingly, assuming that AOAwork alone, the ammonia in
influents could be totally oxidized by AOA even if AOB was
absent in the systems. However, based on the actual specific
influent ammonia loading for AOB, AOB would not always
have enough capacity to oxidize all the influent ammonia,
assuming that AOB work alone.

Moreover, XAO computed from Eq. 1 mentioned in the part
of “Materials and methods” section by using the operational
parameters was respectively 4.24 and 1.06 mg in column 1
and column 4. For comparing the data with the q-PCR data,
XAO should be converted to the active cell number of AOA
(n). As shown in Fig. 4b, the clusters of Nitrosopumilus and
Nitrososphaera, affiliated with groups I.1a and I.1b
Thaumarcheota, respectively, were the dominant AOA spe-
cies in the SATs. The abundance ratios of Nitrosopumilus
cluster to Nitrososphaera cluster were nearly 1:9 based on
the sequence reads identified by pyrosequencing.
Nitrosopumilus maritimus, representing group I.1a
Thaumarcheota, is straight rods with a diameter of 0.17 to
0.22 μm and a length of 0.5 to 0.9 μm (Könneke et al. 2005).
Nitrososphaera viennensis, representing group I.1b
Thaumarcheota, is spherically shaped with a diameter of 0.5
to 0.8 μm (Tourna et al. 2011). The active cell numbers of
AOA (n) computed from Eq. 2 mentioned in the part of
“Materials and methods” were respectively 0.70 to 2.85×107

and 1.75 to 7.12×106 g−1 soil in column 1 and column 4,
which were one to two orders of magnitude lower than the
abundance of AOA determined by q-PCR (Fig. 2a, b), imply-
ing that only a small fraction of total AOA would exhibit
activity to oxidize ammonia chemoautotrophically in the
SATs andmost of AOAwould exhibit some level of functional
redundancy. Thus, ammonia in influents could be fully re-
moved even if the abundance of AOA in SATs decreased by
an order of magnitude.

Additionally, as shown in Tables S3 and S4 (in
Supplementary data), the data of soil microcosm incu-
bation experiment originating in the SATs (the details of
the experiment also shown in Supplementary data) pro-
vides important evidence that AOA rather than AOB is
responsible for ammonia oxidation with the result that
regression analysis shows a significant positive relation-
ship between the concentrations of nitrite plus nitrate
and archaeal amoA gene abundance in the microcosms,
confirming that AOA indeed involved in microbial am-
monia oxidation in the SATs.
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