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All cultivated ammonia-oxidizing archaea (AOA) within the Nitrososphaera cluster (former soil group 1.1b) are neutrophilic.
Molecular surveys also indicate the existence of Nitrososphaera-like phylotypes in acidic soil, but their ecological roles are poorly
understood. In this study, we present molecular evidence for the chemolithoautotrophic growth of Nitrososphaera-like AOA in
an acidic soil with pH 4.92 using DNA-based stable isotope probing (SIP). Soil microcosm incubations demonstrated that nitrifi-
cation was stimulated by urea fertilization and accompanied by a significant increase in the abundance of AOA rather than am-
monia-oxidizing bacteria (AOB). Real-time PCR analysis of amoA genes as a function of the buoyant density of the DNA gradi-
ent following the ultracentrifugation of the total DNA extracted from SIP microcosms indicated a substantial growth of soil
AOA during nitrification. Pyrosequencing of the total 16S rRNA genes in the “heavy” DNA fractions suggested that archaeal
communities were labeled to a much greater extent than soil AOB. Acetylene inhibition further showed that 13CO2 assimilation
by nitrifying communities depended solely on ammonia oxidation activity, suggesting a chemolithoautotrophic lifestyle. Phylo-
genetic analysis of both 13C-labeled amoA and 16S rRNA genes revealed that most of the active AOA were phylogenetically
closely related to the neutrophilic strains Nitrososphaera viennensis EN76 and JG1 within the Nitrososphaera cluster. Our results
provide strong evidence for the adaptive growth of Nitrososphaera-like AOA in acidic soil, suggesting a greater metabolic versa-
tility of soil AOA than previously appreciated.

The discovery of ammonia-oxidizing archaea (AOA) has fun-
damentally changed our perceptions of the global nitrogen

cycle (1), as AOA exist in almost every corner of Earth’s biosphere
(2) and often overwhelmingly outnumber their bacterial counter-
parts (3). Numerous studies have suggested the enormous diver-
sity of AOA based on 16S rRNA genes and amoA genes encoding
the alpha subunit of ammonia monooxygenase, and four major
lineages with robust phylogenetic support have recently been re-
vealed, including the Nitrososphaera cluster (also referred to as soil
group 1.1b), Nitrosopumilus cluster (marine group 1.1a), Nitro-
sotalea cluster (group 1.1a associated), and Nitrosocaldus cluster
(4, 5). A growing body of evidence has suggested the pH-based
selection of these globally distributed archaeal amoA genes, which
can be clustered into acidic, acido-neutral, and alkalinophilic
ecotype groups (6). However, the mechanisms underlying the
ecological coherence of AOA remain poorly understood.

A recent discovery demonstrated the existence of acidophilic
Nitrosotalea devanaterra in acidic soil (7). Increasing lines of evi-
dence appeared to support the predominant role of archaeal ni-
trification in acidic soil by AOA members within the Nitrosotalea
cluster (8–10). However, our recent study provides a strong indi-
cation that ammonia oxidation in acidic soils was linked to the
Nitrososphaera cluster (11), and the putative active AOA in these
acidic soils are phylogenetically closely related to the neutrophilic
strains Nitrososphaera viennensis EN76 and JG1 (12, 13). The tran-
scriptional activity of AOA was also demonstrated by a single
amoA phylotype within the Nitrososphaera cluster in nitrifying
acid forest soil with a pH of 4.1 (14). Nevertheless, all AOA cul-
tures determined within the Nitrososphaera cluster grow opti-
mally at the pH of the neutral environments from which they were
isolated (2, 12, 13). These observations indicate that some un-
known AOA phylotypes within the Nitrososphaera cluster might
possess the metabolic capability to survive acid stress and that

archaeal ammonia oxidation in nitrifying acidic soil is far more
complicated than previously thought.

Molecular surveys have suggested the predominance of AOA
members within the Nitrososphaera cluster in neutral and alkaline
soils (4, 6, 15, 16). Interestingly, there is accumulating evidence for
the presence of these Nitrososphaera-like sequences in low-pH
ecosystems, such as agricultural soil (17), forest soil (18), and tea
orchard soil (19). In fact, a recent meta-analysis of archaeal amoA
genes at global, regional, and local scales strongly suggested that
some AOA ecotypes within the Nitrososphaera cluster could be
specifically adapted to growth at low pH (6). However, a direct
link between archaeal ammonia oxidation in acidic soil and AOA
members within the Nitrososphaera cluster has yet to be found. In
the present study, a microcosm-based stable isotope probing
(SIP) experiment was employed to assess whether Nitrososphaera-
like AOA catalyze ammonia oxidation and use a chemolithoau-
totrophic metabolic strategy in an acidic agricultural soil.

MATERIALS AND METHODS
Soil sampling. Soil at a depth of 0 to 15 cm was collected from the Red Soil
Ecology Experimental Station of the Chinese Academy of Sciences
(28°15=N, 116°55=E), Jiangxi Province, China (20). This region has a typ-
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ical subtropical monsoon climate with a mean annual precipitation of
1,785 mm and a mean annual temperature of 18°C. The soil was derived
from quaternary red clay and classified as Hapludult. Fertilization was
performed in triplicate field plots with 120 kg urea-N ha�1, 40 kg P2O5-P
ha�1, and 118 kg K2O-K ha�1 annually over the last 2 decades. The soil
properties are as follows: soil pH 4.92 (H2O) and 3.70 (1 M KCl), 10.7 g
organic matter kg�1, 0.75 g total N kg�1, 5.0 mg NH4

�-N kg�1, 12 mg
NO3

�-N kg�1, 36 mg available P kg�1, and 249 mg available K kg�1. The
composite samples from each plot were homogenized, passed through a
2.0-mm sieve, and stored at �20°C.

The soil pH was determined using a Mettler Toledo 320-S pH meter
(Mettler-Toledo Instruments Co. Ltd., Shanghai, China). The measure-
ment was performed with a water/soil ratio of 2.5 and a 1 M KCl/soil ratio
of 2.5. The soil organic matter content was determined using the dichro-
mate oxidation method. Total N was determined using the Kjeldahl
method. Ammonium and nitrate were extracted from soil samples with 2
M KCl, and the levels were determined by a Skalar SAN Plus segmented
flow analyzer (Skalar, Inc., Breda, The Netherlands). Available P in the soil
was extracted using sodium bicarbonate, and the level was determined
using the molybdenum blue method. Available K in the soil was extracted
using ammonium acetate, and the level was determined by flame photom-
etry.

DNA-SIP microcosms. Soil DNA-SIP microcosms were constructed
to investigate the active soil nitrifying community as previously described
(9). Three sets of treatments were performed, including 13CO2-labeled
microcosms, 12CO2 control microcosms, and 13CO2-C2H2 (100-Pa) con-
trol microcosms. Pairwise comparison between the 13CO2-labeled
and12CO2 control treatments was used to assess whether ammonia oxi-
dizers assimilated 13CO2 for autotrophic growth, whereas the 13CO2-
C2H2 treatment was employed to assess whether the 13CO2 assimilation by
ammonia oxidizers is dependent on the energy generation from ammonia
oxidation that could be completely abolished by acetylene (21). For each
treatment, 10 g of the sieved fresh soil (equivalent to 8.0 g dry weight g soil
[dws]) was placed in a 120-ml serum bottle tightly capped with a black
butyl stopper, and the headspace of the bottle contained 5% (vol/vol)
13CO2 or 12CO2. Microcosms were incubated at 60% of the soil’s maxi-
mum water-holding capacity at 28°C in the dark. The 13CO2 and 13CO2-
C2H2 treatments received 100 �g [13C]urea-N weekly, and the 12CO2

treatments received 100 �g [12C]urea-N g�1 dws weekly throughout the
8-week incubation period. The headspace of the each bottle was flushed
weekly with pressurized synthetic air (20% O2, 80% N2) for 1 min to
maintain oxic conditions. Water loss was replaced by adding sterilized
water, and the 13CO2, 12CO2, and C2H2 were also renewed immediately
after the headspace air exchange.

The [13C]urea and [12C]urea (99 atom% carbon) were purchased
from the Shanghai Engineering Research Center of Stable Isotopes
(Shanghai, China), and 13CO2 (99 atom% carbon) was purchased from
Sigma-Aldrich Co. (St. Louis, MO).12CO2 was produced by acidifying
sodium carbonate. Destructive sampling was performed in triplicate from
each treatment during the incubation period, and the soil samples were
transferred immediately to a �80°C freezer for subsequent molecular
analysis. The rest of the soil replicate was used for the determination of the
soil inorganic nitrogen concentrations of NH4

�-N, NO2
�-N, and

NO3
�-N.

SIP gradient fractionation. Soil DNA was extracted using a FastDNA
spin kit for soil (MP Biomedicals, Cleveland, OH) according to the man-
ufacturer’s instructions. The concentration of extracted DNA was deter-
mined with a NanoDrop ND-1000 UV-visible light spectrophotometer
(NanoDrop Technologies, Wilmington, DE).

The total DNA extract was subjected to isopycnic centrifugation to
separate [13C]DNA from native [12C]DNA in the labeled microcosms as
previously described (22). Three micrograms of total DNA extract with an
initial CsCl buoyant density of 1.725 g ml�1 was placed in a 5.1-ml Beck-
man polyallomer ultracentrifuge tube and subjected to 177,000 � g for 44
h at 20°C in a Vti65.2 vertical rotor (Beckman Coulter, Palo Alto, CA).

Fifteen DNA fractions (�380 �l) were obtained by displacing the gradient
medium from the top of the ultracentrifuge tube with sterile water using a
syringe pump (New Era Pump Systems, Inc., Farmingdale, NY) with a
precisely controlled flow rate of 0.38 ml min�1. The buoyant density of
each DNA fraction was measured by determining the refractive index of a
60-�l aliquot of each fraction using an AR200 digital hand-held refrac-
tometer (Reichert, Inc., Buffalo, NY). The fractionated DNA was precip-
itated from the CsCl solution by adding 2 volumes of polyethylene glycol
6000 (PEG 6000) in 1.6 M NaCl at 37°C for 1 h followed by centrifugation
at 13,000 � g for 30 min. The precipitated DNA sample was purified with
70% ethanol and dissolved in 30 �l Tris-EDTA (TE) buffer.

Real-time quantitative PCR. To determine the growth of AOA and
ammonia-oxidizing bacteria (AOB) during the 8-week incubation and to
determine the 13CO2 labeling of amoA-carrying ammonia oxidizers, the
abundance of amoA genes in the total DNA from the soil microcosms and
in each CsCl fraction from DNA-SIP microcosms was quantified on a
CFX96 optical real-time detection system (Bio-Rad Laboratories, Inc.,
Hercules, CA). The primer pairs Arch-amoAF (5=-STAATGGTCTGGCT
TAGACG-3=) and Arch-amoAR (5=-GCGGCCATCCATCTGTATGT-
3=) were used for real-time PCR of archaeal amoA genes (23), and the
primer pairs amoA1F (5=-GGGGTTTCTACTGGTGGT-3=) and amoA2R
(5=-CCCCTCKGSAAAGCCTTCTTC-3=) were used for real-time PCR of
bacterial amoA genes (24). The reaction was performed in a 25-�l mixture
containing 12.5 �l SYBR Premix Ex Taq (TaKaRa, Dalian, China), 0.5 �M
each primer, and 2 �l of DNA template (1 to 10 ng). The real-time PCR
conditions were as follows: 95°C for 1 min and 38 cycles of 95°C for 10 s,
55°C for 30 s, and 72°C for 45 s, followed by plate reads at 83°C. The
real-time PCR standard was generated using plasmid DNA from one rep-
resentative clone containing archaeal or bacterial amoA genes. A standard
template dilution series from 5.0 � 101 to �6.0 � 101 to 5.0 � 108 to
�6.0 � 108 copies per assay was used. A dilution series of the DNA tem-
plate was also used to assess whether PCR inhibition occurred during
amplification. Real-time PCR was performed in biological triplicates, and
each involved three technical replicates. Amplification efficiencies of 96 to
105% were obtained with R2 values of 0.996 to 0.999. In addition to stan-
dard agarose gel electrophoresis, a melting curve analysis was performed
at the end of each real-time PCR run to check the specificity of the ampli-
fication products.

Pyrosequencing. To determine the 13CO2 labeling of the 16S rRNA
genes of nitrifying communities, pyrosequencing was carried out on a
Roche 454 GS FLX Titanium sequencer (Roche Diagnostics Corporation,
Branford, CT) by analyzing the V4 regions of the 16S rRNA genes in each
CsCl gradient from DNA-SIP microcosms, as previously described (9).
Briefly, the DNA sample was amplified using the universal primers 515F
(5=-GTGCCAGCMGCCGCGG-3=) and 907R (5=-CCGTCAATTCMTTT
RAGTTT-3=) (25), which were fused with A or B adapters, the key se-
quence, and a unique tag sequence for each DNA sample. The PCR was
performed in a 50-�l mixture containing 45 �l Platinum PCR SuperMix
(Invitrogen, Shanghai, China), a 200 nM final concentration of each
primer, and 2 �l template DNA. The amplification conditions were as
follows: 94°C for 5 min, followed by 28 cycles of 94°C for 45 s, 55°C for 30
s, and 72°C for 45 s, followed by extension at 72°C for 5 min. The PCR
products were purified using a 2.0% agarose gel and quantified using
Picogreen (Invitrogen, Shanghai, China). The purified PCR products
from different samples were combined in equimolar ratios into a single
tube for pyrosequencing analysis.

Pyrosequencing data were processed using a combination of the RDP
pyrosequencing pipeline (26) and the mothur software package (27). Se-
quence reads from multiple samples were sorted using sample-specific tag
sequences, and only sequences of �300 bp in length with an average
quality score of �30 and without ambiguous base calls were included for
subsequent analyses. The taxonomy of the high-quality reads was further
classified using the RDP classifier with a minimum support threshold of
80% and the RDP taxonomic nomenclature (26). The 16S rRNA genes
affiliated with the putative nitrifying communities in the 13C-labeled
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“heavy” fractions from the labeled microcosm were extracted and clus-
tered into an operational taxonomic unit (OTU) at a 0.03 cutoff using
mothur. A representative sequence for each OTU was used for subsequent
phylogenetic tree analysis.

Cloning and phylogenetic analysis. A clone library of archaeal amoA
genes in the 13C-labeled “heavy” fractions was constructed to infer the
phylogenetic relationship of active AOA in this study to those deposited in
GenBank. The archaeal amoA genes retrieved from the 13C-labeled DNA
from the labeled microcosms were amplified by the CrenamoA 23f (5=-A
TGGTCTGGCTWAGACG-3=) and CrenamoA 616f (5=-GCCATACABC
KRTANGTCCA-3=) primer pairs, as previously described (28). The PCR
products were purified using a 2.0% agarose gel for clone library construc-
tion. Escherichia coli JM109 competent cells were used for transformation.
Sequencing of clones containing the correct insert was performed by the
TaKaRa Sequencing Department (TaKaRa, Shanghai, China). Phyloge-
netic analysis was conducted with MEGA version 4.0 through a neighbor-
joining tree using Kimura 2-parameter distance with 1,000 replicates to
produce bootstrap values.

Statistical analysis. A linear regression analysis was performed for the
calculation of the net nitrification rate. One-way analysis of variance
(ANOVA) with Tukey’s post hoc test was performed for multiple compar-
isons. All analyses were conducted using the SPSS 13.0 package for Win-
dows (SPSS, Inc.), and P � 0.05 was considered to be statistically signifi-
cant.

Nucleotide sequence accession numbers. The nucleotide sequences
from this study have been deposited in GenBank under accession no.
KF797777 to KF797797 for the archaeal amoA genes from the DNA-SIP
experiment. The pyrosequencing reads have been deposited in the DNA
Data Bank of Japan (DDBJ) under accession no. DRA001204.

RESULTS
Soil nitrification activity. Nitrification activity was assessed as the
rate of increase in soil nitrate concentrations in SIP microcosms
throughout the 8-week incubation period. In the absence of C2H2,
a stepwise production of soil nitrate in the labeled microcosms was
observed with 85 and 178 �g NO3

�-N g�1 dws after incubation
for 28 and 56 days, respectively (Fig. 1a). Fertilizing soil micro-
cosms on a weekly basis led to a significant accumulation of soil
ammonium, preventing ammonia oxidizers from substrate con-
straints (Fig. 1b). Similar results were obtained from the 12CO2

control microcosms, demonstrating no significant bias associated
with 13CO2 incubation, as previously described (29). The linear
regression analysis showed that net nitrification activity was 3.15
�g NO3-N g�1 dws day�1 (R2 	 0.985) over the course of incu-
bation for 56 days. The soil pH value decreased from 4.92 at day 0
to 4.65 and 4.68 at day 56 (P � 0.001) in the nitrifying soil micro-
cosms with the 13CO2 and12CO2 treatments, respectively. How-
ever, the addition of acetylene completely abolished soil nitrate
production, suggesting that microbial ammonia oxidation was
blocked during the 8-week incubation period (Fig. 1a). The
urea-N was indeed recovered in almost stoichiometric amounts in
the form of ammonium in the SIP control microcosms amended
with 13CO2 plus C2H2 (Fig. 1b).

Changes in the abundance of soil ammonia oxidizers. The
changes in the population sizes of soil AOA and AOB communi-
ties were determined by real-time quantitative PCR of amoA genes
during the incubation of the SIP microcosms for 56 days (Fig. 2).
The copy number of archaeal amoA genes increased significantly
from 1.0 � 108 at the start of the incubation to �3.1 � 108 g�1 dws
(P � 0.001) in the nitrifying soil microcosms of 13CO2 and12CO2

treatments at day 56 (Fig. 2a), whereas no significant change was
observed in the C2H2-treated microcosms (9.3 � 107 g�1 dws; P �

0.05), in which nitrification activity was completely blocked (Fig.
2a). However, the bacterial amoA gene showed no significant
changes in abundance over the course of 56 days, ranging from
2.85 to 3.20 � 107 copies g�1 dws (P � 0.05) in all treatments
irrespective of acetylene inhibition (Fig. 2b).

Stable isotope probing of soil nitrifying communities. Iso-
pycnic ultracentrifugation was conducted with the total genomic
DNA extracted from each SIP microcosm to separate [13C]DNA
in the “heavy” DNA fractions from native [12C]DNA in the “light”
DNA fractions. The quantitative analysis of amoA genes as a func-
tion of the buoyant densities of the DNA gradient provides a
powerful means for the interpretation of the labeling of amoA-
carrying AOA and AOB communities (28). In the labeled micro-
cosms, the highest copy number of archaeal amoA genes was ob-
served in the “heavy” DNA fractions, with a typical [13C]DNA
buoyant density of approximately 1.74 g ml�1, whereas for control
microcosms, archaeal amoA genes peaked in the “light” fractions
representative of native [12C]DNA (Fig. 3a). Furthermore, bacte-
rial amoA genes were predominantly detected only in the “light”
DNA fractions in both the labeled and control microcosms, al-
though a very small number of bacterial amoA genes appeared to
be labeled (Fig. 3b). These results suggest substantial 13CO2 assim-
ilation by AOA in the acidic soil tested (Fig. 3).

Pyrosequencing analysis of 16S rRNA genes at the community
level was further performed in each DNA fraction across the entire
density of CsCl gradients from triplicate soil microcosms after
incubation for 56 days. Approximately 685,000 high-quality se-

FIG 1 Changes in nitrate (a) and ammonium (b) concentrations in soil mi-
crocosms incubated with 13CO2 or 12CO2 or 13CO2 plus C2H2 for 28 and 56
days. The soil microcosms were fertilized with 100 �g urea-N g�1 dws on a
weekly basis. Error bars represent standard errors of triplicate microcosms.
The same letter above different bars indicates no significant difference (P �
0.05).
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quence reads were obtained with an average length of 430 bp in the
V4 region of the 16S rRNA gene (see Table S1 in the supplemental
material). Across the entire DNA gradient, archaeal 16S rRNA
genes were highly enriched in the 13C-labeled DNA fractions, ac-
counting for up to 22.6% of the total microbial communities for
the labeled treatment (Fig. 3c). In stark contrast, a very low back-
ground of archaeal 16S rRNA genes was detected in the “heavy”
DNA fractions, with �1.06% of the total microbial communities
for the control microcosms of 12CO2 and 13CO2-C2H2 treatments
(see Table S1). It is noteworthy that a small number of AOB 16S
rRNA gene reads were enriched up to 1.63% in the “heavy” DNA
fractions from the labeled microcosm, whereas the level remained
constantly low for the control microcosms, ranging from 0.01 to
0.03% (see Table S1). Interestingly, up to 35.3% of the total 16S
rRNA genes in the “heavy” DNA fractions were affiliated with
nitrite-oxidizing bacteria (NOB) in the labeled microcosms (Fig.
3d), similar to our previous findings (22).

Phylogenetic analysis of active nitrifying communities. Phy-
logenetic analysis showed that the 13C-labeled archaeal 16S rRNA
genes retrieved from the labeled microcosms fell exclusively
within the Nitrososphaera cluster (Fig. 4a), and up to 87.5% of
these reads were phylogenetically most closely related to the neu-
trophilic AOA strains JG1 and N. viennensis EN76 (Fig. 4a). In-
triguingly, 4.1% and 8.3% of the 13C-labeled 16S rRNA genes were
affiliated with the fosmid 29i4 lineage and moderately thermo-
philic Nitrososphaera gargensis, respectively (Fig. 4a). The phylog-
eny of the 13C-labeled archaeal amoA genes remains largely con-
gruent with that of 16S rRNA genes (Fig. 4b). All clones of the
13C-labeled archaeal amoA sequences formed a single OTU (at
97% sequence identity) and were phylogenetically closely related
to strain JG1 and N. viennensis EN76 (Fig. 4b). These putatively
active amoA-carrying AOA were closely related to the 13C-labeled

FIG 2 Changes in the copy numbers of archaeal (a) and bacterial (b) amoA
genes in soil microcosms over an incubation period of 56 days. Error bars
represent the standard errors of triplicate microcosms. The same letter above
different bars indicates no significant difference (P � 0.05).

FIG 3 Quantitative distribution of amoA (a and b) and relative abundance of 16S rRNA gene reads (c and d) of ammonia-oxidizing communities in the DNA
fractions across the entire buoyant density gradient from the labeled and control microcosms after incubation for 56 days. The ratio of amoA genes in each
fraction to the sum of amoA genes across the entire gradient of DNA fractions is plotted for AOA (a) and AOB (b). The relative abundance is expressed as the
percentage of the targeted archaeal (c) and NOB 16S rRNA gene reads (d) to the total 16S rRNA gene reads in each DNA fraction. The error bars represent the
standard errors of the triplicate microcosms.
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amoA genes (22) and transcripts (30) in alkaline soils and amoA
transcripts in hot springs (31) within the Nitrososphaera cluster
(Fig. 4b).

It is interesting to note that the 13C-labeled 16S rRNA genes of
AOB were closely related to the strains of Nitrosospira AF and
L115, which were isolated from acidic soil with a pH value of 4.0
(32) and placed within the Nitrosospira cluster 3 (see Fig. S1 in the
supplemental material). Sequence analysis further demonstrated
that the labeled NOB were predominantly composed of Nitro-
spira-like 16S rRNA genes, whereas less than 0.4% of 16S rRNA
genes were related to Nitrobacter-like NOB (see Table S2 in the
supplemental material).

DISCUSSION

Our results provide compelling evidence for the chemolithoau-
totrophic growth of archaeal ammonia oxidizers in an acidic soil
that are phylogenetically closely related to neutrophilic AOA
within the Nitrososphaera cluster. Soil nitrification activity was
paralleled by an increase in the abundance of archaeal rather than
bacterial amoA gene copy numbers (Fig. 2). This observation was
substantiated by stable isotope tracing of active ammonia oxidiz-
ers, showing considerable 13CO2 assimilation by AOA but slight
13CO2 assimilation by AOB in the acidic soil tested (Fig. 3). All
labeled AOA were phylogenetically classified into the Nitrosospha-

era cluster, and up to 87.5% of 13C-labeled archaeal 16S rRNA
genes were phylogenetically closely related to neutrophilic strains
JG1 and N. viennensis EN76 (Fig. 4a). These results provide strong
evidence for the better adaptation of archaeal ammonia oxidizers
to growth at low pH compared to bacterial oxidizers and suggest
that the ecological significance of AOA members within the
Nitrososphaera cluster is not limited to neutral and alkaline eco-
systems.

Nitrification rarely occurs in media at pH values below 6.0 for
all known AOA cultures within the Nitrososphaera cluster. A phys-
iological study demonstrated that the neutrophilic strain JG1
grows optimally at pH of 6.5 to 7.0 (12), whereas strain EN76 is
also a considered neutrophilic, with an optimal pH slightly higher
than 7.5 (Christa Schleper, personal communication) (13). The
nitrification activity of these AOA significantly decreased or even
ceased at pH values below 5.5 (12, 13). Both the JG1 and EN76
strains appeared to be specifically adapted to growth at the bulk
pH of the soil environment from which they were cultivated. For
instance, agricultural and garden soils used as inoculums for JG1
and EN76 had pH values of 6.5 and 8.0, respectively. However, the
13C-labeled AOA in this study were phylogenetically closely re-
lated to neutrophilic JG1 and N. viennensis EN76 stains (Fig. 4),
despite their active growth in the acidic soil tested. These results
indicate that phylogenetic relatedness does not necessarily indi-

FIG 4 Phylogenetic analysis of archaeal 16S rRNA (a) and amoA genes (b) in the [13C]DNA from the labeled microcosms after incubation for 56 days. The 16S
rRNA reads of archaeal 16S rRNA genes in “heavy” DNA fractions 5, 6, and 7 were pooled for analysis with a total of 1,815 reads. The notation “454-AOA-HF-
OTU-1-1588-(87.5%)” indicates that OTU-1 contains 1,588 sequences with �97% identity, accounting for 87.5% of the total archaeal 16S rRNA gene reads
retrieved from the [13C]DNA. The notation “amoA-clone-OTU-1-20” indicates that all 20 cloned archaeal amoA genes in the [13C]DNA showed sequence
identity of �97% and could be taxonomically classified into a single phylotype. One representative sequence was extracted using the mothur software for the tree
construction of the archaeal amoA and 16S rRNA genes. The notation “Acid red soil DGGE band-5” represents the sequence of the newly emerging DGGE bands
in the acidic soil studied after incubation for 56 days (data not shown). The putatively active amoA genes within the Nitrososphaera cluster were retrieved from
various publications for analysis, including FQ-HF-AOA-7 (22) and RNA-12W-HF-12 (30) in alkaline soil, hot spring RNA transcripts (31), putatively active
AOA DGGE bands 12, 13, and 14 in acidic soils (11), and acidic forest soil RNA transcripts (14).
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cate similarity in the physiology of soil ammonia oxidizers and
highlights the importance of efforts to cultivate environmentally
representative AOA in a wide variety of natural habitats where
representative AOA could have evolved distinctly different metab-
olisms under constant selective pressures.

A global analysis of archaeal amoA genes has suggested the
distribution of AOA members within the Nitrososphaera cluster
even in strongly acidic soil, although the numerical predominance
of these organisms is observed in neutral and alkaline soils (6, 16).
Soil ammonia availability decreases exponentially with decreasing
pH (8, 11). It thus appears plausible that the ability to capture
ammonia at low concentrations could explain the predominant
role of archaeal nitrification in acidic soil, as all cultivated AOA
have a much higher affinity for ammonia than AOB (5). However,
our results provide a strong indication that acid tolerance ability,
rather than high substrate affinity, enables archaeal ammonia ox-
idizers to grow in acidic soil. For instance, the soil ammonia con-
tent was estimated to be as high as 28 nM NH3 in the acidic soil
used in our study (5.0 �g NH4

�-N g�1 dsw) with pH 4.92 under
field conditions (NH3 plus H� ↔ NH4

�; pKa of 9.5) (32). This
value is high enough to meet the substrate demand of the neutro-
philic strain JG1, which has a Km value of 12.7 nM, despite the fact
that this strain does not grow at a pH of less than 6.0 (12). In fact,
a recent discovery has demonstrated that the growth of Nitrosota-
lea devanaterra occurs only under pH 6.0, although this species
shows the greatest substrate affinity for AOA discovered to date
(7). These findings further suggest that acid tolerance plays a more
important role than substrate affinity in the AOA activity in am-
monia-poor acidic soils. We speculate that acidic soil exerts a se-
lection pressure favoring acid-tolerant AOA, and the labeled ac-
tive AOA possess a unique metabolism of acidity tolerance, which
is apparently absent in the neutrophilic JG1 and EN76 strains.
Cultivation of these acid-resistant AOA and comparative genomic
analysis will likely shed new light on ammonia uptake and oxida-
tion mechanisms at low pH.

The 13C-labeled active AOB are most closely affiliated with
strains AF and L115, which were isolated from acidic soils with pH
4.0 (see Fig. S1 in the supplemental material) (32). Interestingly,
culture studies indicate neutrophilic lifestyles of strains AF and
L115, with optimal growth at pH 7.0. The ammonia oxidation
activity of these two strains was restricted below pH 5.5, and
growth ceased at pH 6.5. This pattern represents a common theme
for nearly all AOB isolated from acidic soils within the genus
Nitrosospira (32, 33). These observations imply the absence of
acid-tolerant metabolism in AOB or that the mechanism by which
AOB cope with acid stress is unknown. In addition, the existence
of acidophilic AOA within the Nitrososphaera cluster remains un-
certain. The possibility of ammonia oxidation occurring within
the microneutrophilic environment of soil aggregates could not
be excluded, despite the pH declines from 4.92 to 4.68 over the
8-week incubation. It is also noteworthy that urea hydrolysis can
provide a greater advantage for bacterial ammonia oxidation at
lower pH (34, 35) and for archaeal nitrification (36, 37), although
the mechanism is still under debate (9).

DNA-SIP indicated that AOA was the leading cause of nitrifi-
cation activity in the soil tested. Using the abundance of amoA
gene biomarkers as a function of DNA buoyant density from la-
beled and control microcosms, the incorporation of 13C into the
genomes of AOA and/or AOB could be demonstrated with great
confidence (29). Pyrosequencing of the total 16S rRNA genes in

DNA fractions is a new profiling strategy for the interpretation of
labeling of organisms actively involved in the metabolism of la-
beled substrates (22). Although the assimilation of 13C by targeted
microorganisms could not be quantitatively analyzed, these ap-
proaches facilitate the ecological interpretation of the labeled
functional microbial guilds. For instance, up to 84.6% of archaeal
amoA was detected in the “heavy” DNA fraction, suggesting that
the majority of AOA was labeled and resolved in the [13C]DNA
from labeled microcosms (Fig. 4a). The pyrosequencing of SIP
DNA fractions demonstrated that the relative frequency of ar-
chaeal 16S rRNA reads was enriched up to 22.6% of the total
microbial communities in the “heavy” DNA fraction, lending fur-
ther support to AOA-mediated labeling. Assuming that soil ni-
trate production resulted solely from archaeal nitrification and
that the genome of AOA contains only one amoA copy, the cell-
specific ammonia oxidation rate of 13C-labeled AOA was esti-
mated to be 0.036 fmol cell�1 h�1 (see Table S3 in the supplemen-
tal material), slightly lower than that of the JG1 strain, which was
0.058 fmol cell�1 h�1 (12). In stark contrast, the observed nitrate
production would necessitate a cell-specific rate of ammonia ox-
idation of up to 35.2 fmol N cell�1 h�1 by labeled AOB (see Table
S3), five times higher than that of their closest relative strains L115
and AF (32). Acetylene inhibition further demonstrated that the
autotrophic growth of AOA depended solely on ammonia oxida-
tion, suggesting that AOA dominated nitrification activity in SIP
microcosms following urea amendment. However, DNA-SIP re-
lies entirely on cell proliferation, and it is likely that bacterial am-
monia oxidation occurred without cell division. RNA-SIP would
be helpful to better understand bacterial nitrification in acidic
soils under field conditions.

These results agree with our previous findings of archaeal pre-
dominance in nitrifying acid agricultural soils (11). The sequence
analysis further indicated that archaeal nitrification in the acid
agricultural soil was most likely dominated by AOA members of
denaturing gradient gel electrophoresis (DGGE) bands 12 to 14,
which have high sequence similarity to the 13C-labeled AOA in
this study (11) (Fig. 4b). In addition to phylogenetically closely
related phylotypes to N. viennensis EN76, active AOA communi-
ties were also composed of archaeal ammonia oxidizers affiliated
with the 29i4 lineage (4.2%) and moderately thermophilic N. gar-
gensis (8.3%) in the [13C]DNA fraction (Fig. 4a). These observa-
tions suggest that the metabolic versatility of AOA within the
Nitrososphaera cluster is more complicated than previously sug-
gested (38). Furthermore, the high affinity of Nitrospira for nitrite
substrate might have resulted in their overwhelming predomi-
nance over Nitrobacter among active NOB communities (22, 39).
The diversity of nitrifying communities is likely associated with
distinct metabolism and/or life strategies, and the cultivation of
environmentally relevant AOA would be helpful in understanding
the complex interactions and evolution within nitrifying commu-
nities in natural environments.

Taken together, our results provide strong evidence for the
autotrophic growth of AOA within the Nitrososphaera cluster in
an acidic soil, the numerical predominance of which is broadly
observed in neutral and alkaline soils. This finding expands the
metabolic spectrum of Nitrososphaera cluster AOA and implies
that the physiological adaptation of microbial functional guilds to
environmental pressures may represent niche specialization of ni-
trifying communities in natural habitats. The results also demon-
strate that the phylogenetic relatedness of AOA does not necessar-
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ily indicate functional correlations, highlighting the importance
of cultivating AOA representatives across a wide variety of envi-
ronments on Earth.
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