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Ammonia-oxidizing archaea have more important
role than ammonia-oxidizing bacteria in ammonia
oxidation of strongly acidic soils
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Increasing evidence demonstrated the involvement of ammonia-oxidizing archaea (AOA) in the
global nitrogen cycle, but the relative contributions of AOA and ammonia-oxidizing bacteria (AOB)
to ammonia oxidation are still in debate. Previous studies suggest that AOA would be more adapted
to ammonia-limited oligotrophic conditions, which seems to be favored by protonation of ammonia,
turning into ammonium in low-pH environments. Here, we investigated the autotrophic nitrification
activity of AOA and AOB in five strongly acidic soils (pHo4.50) during microcosm incubation for
30 days. Significantly positive correlations between nitrate concentration and amoA gene
abundance of AOA, but not of AOB, were observed during the active nitrification. 13CO2-DNA-
stable isotope probing results showed significant assimilation of 13C-labeled carbon source into
the amoA gene of AOA, but not of AOB, in one of the selected soil samples. High levels of
thaumarchaeal amoA gene abundance were observed during the active nitrification, coupled with
increasing intensity of two denaturing gradient gel electrophoresis bands for specific thaumarch-
aeal community. Addition of the nitrification inhibitor dicyandiamide (DCD) completely inhibited the
nitrification activity and CO2 fixation by AOA, accompanied by decreasing thaumarchaeal amoA
gene abundance. Bacterial amoA gene abundance decreased in all microcosms irrespective of
DCD addition, and mostly showed no correlation with nitrate concentrations. Phylogenetic analysis
of thaumarchaeal amoA gene and 16S rRNA gene revealed active 13CO2-labeled AOA belonged
to groups 1.1a-associated and 1.1b. Taken together, these results provided strong evidence
that AOA have a more important role than AOB in autotrophic ammonia oxidation in strongly
acidic soils.
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Introduction

Nitrification in acidic soils has been substantially
investigated since the early twentieth century,
but few studies have provided direct evidence on
the specific group of microorganisms serving as the
dominating ammonia oxidizers in low-pH environ-
ments. Previously, the widespread presence of
ammonia-oxidizing bacteria (AOB) and the observa-
tion of nitrification activity at low pH values have
led to speculations that AOB was primarily respon-
sible for the autotrophic nitrifying activity under

acidic conditions (De Boer and Kowalchuk, 2001),
but questions were raised regarding the tolerance of
AOB to low-pH stresses, because most cultured
isolates of AOB could not nitrify in batch culture
below pH 5.5 (Hankinson and Schmidt, 1988; Jiang
and Bakken, 1999). The sensitivity of AOB to acidic
conditions was generally explained by the expo-
nential ionization of ammonia to ammonium with
decreasing pH (Suzuki et al., 1974), because it is
assumed that ammonia rather than ammonium
could directly fuel AOB. Further studies suggested
that autotrophic AOB had a minor role in acidic
soils subjected to high nitrogen deposition (Schmidt
et al., 2007), and showed that the community
structure of bacterial amoA genes remained rela-
tively stable with changing nitrogen mineralization
in acidic forest soils (Mintie et al., 2003). An
acetylene inhibition study revealed that hetero-
trophic nitrifiers other than AOB may have
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contributed to the nitrification in an acidic forest soil
(Jordan et al., 2005), and laboratory incubation using
15N-labeling techniques found heterotrophic nitrifi-
cation accounted for o20% of the total nitrification
in two acidic pasture soils (Islam et al., 2007). Thus,
the direct links between nitrification activity and
specific ammonia oxidizers in acidic soils are still
missing. It remains to be known which nitrifier
groups are mainly responsible for the nitrate produc-
tion in low-pH environments.

Recent progress in ammonia-oxidizing archaea
(AOA) studies (Venter et al., 2004; Könneke et al.,
2005; Hallam et al., 2006) greatly suggested their
putative contributions to the global nitrogen cycle
by possessing the potential capacity to oxidize
ammonia (Nicol and Schleper, 2006), and phyloge-
netic analysis categorized AOA into the Thaumarch-
aeota lineage, a novel archaeal phylum (Brochier-
Armanet et al., 2008; Spang et al., 2010). A previous
study across a soil pH gradient from 4.9 to 7.5
indicated thaumarchaeal amoA gene abundance and
transcript activity, but not bacterial, increased with
decreasing pH (Nicol et al., 2008). A majority of
acidic soils selected higher AOA abundance over
AOB (Leininger et al., 2006; He et al., 2007)
implying a strong ability of AOA ecotypes adapting
to low-pH soils. Moreover, high nitrification rates
were presumably associated with growth of AOA
in an acidic forest soil in the absence of AOB
(Stopnisek et al., 2010), and a significant correlation
between AOA community abundance and nitrifica-
tion potential was observed in Chinese acidic tea
orchard soils (Yao et al., 2011). In addition,
physiological and genomic studies of the first isolate
AOA, Nitrosopumilus maritimus, demonstrated a
low-level ammonia substrate threshold that was
significantly lower than the requirement by
cultivated AOB (Martens-Habbena et al., 2009),
and significantly divergent pathways of ammonia
oxidation from AOB offering ecological advantage
in ammonia-limited environments (Walker et al.,
2010). Although the soil-isolated AOA strain,
Nitrososphaera viennensis, revealed a relatively
higher tolerance of ammonia substrates than marine
isolate, it is still considerably lower than the
reported maximum ammonia tolerance of AOB
strains (Tourna et al., 2011). Very recently, an
obligate acidophilic thaumarchaeal ammonia oxidi-
zer was enriched from an acidic agricultural soil,
demonstrating the autotrophic growth of ammonia-
oxidizing thaumarchaea at extremely low ammonia
concentration (Lehtovirta et al., 2011). These find-
ings were supported by soil microcosm experiments
where autotrophic ammonia oxidation was driven
mainly by AOA rather than AOB under low
ammonia conditions without external nitrogen
supply (Offre et al., 2009; Zhang et al., 2010). A
recent study found available ammonia concentra-
tions determined the niche separation of AOA and
AOB in soil microcosms with AOA preferring low
levels of ammonia supply (Verhamme et al., 2011),

and growth of AOA has been presumably correlated
with high rates of nitrification in an acetylene
inhibition study of two agricultural acidic soils
(Gubry-Rangin et al., 2010). The lower pH values
could drive the conversion from ammonia to
ammonium, decreasing substrate availability and
increasing energy stress (Valentine, 2007) that might
be able to selectively choose AOA over AOB as the
dominating ammonia oxidizer. Thus, we hypothe-
size that AOA outcompete AOB in acidic soils,
which is tested in the present study.

Acidic soils are extensively distributed around
the world, and global expanse of acidic soils
(pHo5.5 in the surface layers) is estimated to be
3950 million Ha, occupying B30% of the world’s
total ice-free lands, including forests, pastures,
woodlands, wetlands and croplands (Vonuexkull
and Mutert, 1995). In the past several decades, high
levels of nitrogen-based fertilization have aggravated
large-scale soil acidification worldwide (Wallace,
1994; Vitousek et al., 1997) as well as in major
Chinese croplands (Guo et al., 2010), which could
significantly alter the biogeochemical cycles. There-
fore, it is of great significance to understand nitrogen
cycling in acidic soils, thus providing possible
strategies for managing the global nitrification
process and mitigating nitrous oxide emissions
and nitrate leaching. However, considerably less
efforts have been placed on the exploration of the
mechanisms of ammonia oxidation in acidic soils.
Because of the development of new technologies
like DNA-stable isotope probing (SIP), we could
now be able to gain a deep insight into the
autotrophic nitrification activity in complex soil
environments. 13CO2-DNA-SIP has shown its power-
ful potential to directly link CO2-incorporating
ammonia oxidizers with nitrification activity in
several neutral or alkaline soils (Jia and Conrad,
2009; Zhang et al., 2010; Pratscher et al., 2011;
Xia et al., 2011) and provided evidence for auto-
trophic growth of N. devanaterra in acidic soil,
whereas to the best of our knowledge, no study
has been able to clearly identify the dominating
ammonia oxidizers in the autotrophic nitrification
of acidic soils.

This study was designed to investigate the relative
contributions of AOA and AOB to autotrophic
ammonia oxidation in five strongly acidic agricul-
tural soils (pHo4.50). A combined approach of
13CO2-DNA-SIP and application of the nitrification
inhibitor dicyandiamide (DCD, C2H4N4) was em-
ployed to identify the ammonia-oxidizing commu-
nity responsible for the nitrification in the acidic
soils. Previous studies found only AOB to be
significantly affected by addition of DCD in grazed
dairy pastures (Di et al., 2009, 2010; O’Callaghan
et al., 2010) and, as far as we know, currently there is
no published study demonstrating inhibition of
AOA by DCD. Therefore, it remains to be known
whether DCD could inhibit the nitrification activity
and growth of AOA in acidic soils.
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Materials and methods

Soil sampling
Soil samples for microcosm incubation were col-
lected from five distinct sites across South China,
that is, Hangzhou (HZ), Yuhang (YH), Qujing (QJ),
Qiyang (QY) and Taoyuan (TY). HZ soil was
collected from a 50-year-old tea orchard character-
ized by a subtropical wet monsoon climate with
mean annual rainfall of 1500 mm, which received a
high-rate nitrogen fertilizer input, averaging about
450 kg N Ha�1 per year (Xue et al., 2006). YH, QJ, QY
and TY soils are also located in a subtropical
monsoon climate, with a mean annual temperature
of 16.2 1C, 14.5 1C, 18.1 1C, and 16.5 1C, respectively,
and mean annual rainfall of 1550 mm, 1030 mm,
1288 mm, and 1437 mm, respectively. Soil samples
were collected from 0 to 20 cm surface soils by
mixing nine random soil cores. All samples were
passed through a 2.0-mm sieve and stored at 4 1C
before construction of microcosms. Soil pH (H2O
and 1 M KCl) was determined using a Delta 320 pH-
meter (Mettler-Toledo Instruments Co., Shanghai,
China). Soil moisture content was determined after
oven drying at 105 1C for 24 h. Total N and total C
were determined using the Dumas method by an
Element Analyser (Vario EL III, Elementar, Hanau,
Germany). Soil organic carbon was determined
using the K2Cr2O7 oxidation–reduction titration
method. Particle size was measured by the rapid
sieving procedure (Kettler et al., 2001). Cation
exchange capacity was determined by BaCl2 repla-
cement method. The detailed properties of soils
were listed in Table 1.

Soil microcosm incubation
The laboratory microcosms for the five acidic soils
were performed in 120-ml serum bottles containing

10 g of the sieved fresh soil samples and sealed with
rubber stoppers and aluminum caps. Each soil
had two treatments in the presence or absence of
50 mg DCD kg�1 soil. This rate of DCD applied is
typical for the amount applied to grazed pasture
(Zaman and Blennerhassett, 2010). Microcosms
were incubated at 28 1C in the dark, and the serum
bottles were opened every 2 days for air exchange to
maintain aerobic conditions. The water content of
soils was maintained throughout the incubation by
resupplying the lost water every 2 days. Three
replicates of each treatment were destructively
sampled after 0, 7, 15 and 30 days and then frozen
immediately at �80 1C before further analysis.
Ammonium and nitrate were extracted from all
microcosms with 1 M KCl and determined by
a Continuous Flow Analyser (SANþ þ , Skalar,
Breda, Holland).

DNA-SIP microcosm studies
HZ soil sample with the lowest pH value and a high-
rate nitrification activity was then chosen for DNA-
SIP microcosm studies. Twenty-four triplicate SIP
microcosms were performed in 120-ml serum bottles
containing 10 g of the sieved fresh soil sample
and sealed with rubber stoppers and aluminum
caps. Four sets of treatments employed in the
incubation were 5% (v/v) 12C-CO2, 5% 12C-CO2 þ
50 mg DCD kg�1 soil, 5% 13C-CO2 (99 atoms%,
Sigma-Aldrich Co., St Louis, MO, USA), 5% 13C-
CO2 þ 50 mg DCD kg�1 soil, respectively. Aerobic
conditions were maintained by opening microcosms
for air refreshing every 2 days, then reestablishing
the CO2 concentration in the headspace. Micro-
cosms were incubated at 28 1C in the dark, and three
replicates of each treatment were destructively
sampled at 0, 15 and 30 days, and then frozen
immediately at �80 1C.

Table 1 Basic properties of soils used in this study

HZ YH QJ QY TY

Location N 301100 N 301250 N 251240 N 261450 N 281250

E 1201050 E 1191440 E 103148 E 1111520 E 1111260

pH (H2O)a 4.20 4.21 4.36 4.43 4.47
pH (KCl)b 3.29 3.34 3.66 3.87 3.89
Total N (g kg�1) 5.02 2.07 2.46 1.27 1.79
Total C (g kg�1) 54.9 22.7 22.0 12.7 17.9
SOC (g kg�1) 31.9 12.1 12.8 7.60 9.54
NH4

+-N (mg kg�1) 39.2 9.45 22.1 11.5 12.9
NO3

�-N (mg kg�1) 31.3 13.2 203 2.77 2.87
CEC (cmol kg�1) 24.1 18.0 10.7 22.1 19.0
H2O % 28.8 29.5 24.0 22.7 27.4

Particle size (%)
Sand 43.4 14.1 14.2 8.2 11.5
Silt 41.2 45.0 32.7 63.9 68.3
Clay 15.4 40.9 53.1 28.9 20.2

Abbreviations: CEC, cation exchange capacity; HZ, Hangzhou; SOC, soil organic carbon; TY, Taoyuan; QJ, Qujing; QY, Qiyang; YH, Yuhang.
apH (H2O) was determined with a soil to water ratio of 1:2.5.
bpH (KCl) was determined with a soil to 1 M KCl ratio of 1:2.5.
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DNA extraction and SIP fractionation
Nucleic acids were extracted from 0.5 g of samples
using the FASTDNA SPIN Kit for soil (Q BIOgene
Inc., Carlsbad, CA, USA) according to the manufac-
turer’s instructions. The concentration of extracted
nucleic acids was determined photometrically using
Nanodrop ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

Density gradient centrifugation was performed in
4.9-ml OptiSeal polyallomer tubes (Beckman
Coulter, Palo Alto, CA, USA) in a VTi 90 vertical
rotor (Beckman Coulter), subject to centrifugation at
228 166 gav (56 200 r.p.m.) for 24 h at 20 1C (Freitag
et al., 2006; Zhang et al., 2010). Extracted DNA
(B2mg) was added into CsCl gradients with an
initial density of 1.696 g ml�1, prepared by adjusting
the refractive index to 1.399 with an ATAGO-R-5000
hand-held refractometer (UNI-IT, Tokyo, Japan).
Centrifuged gradients were fractionated into 25
equal volumes (B200 ml) by displacing CsCl solution
with sterile water at the top of the tube, using a
fraction recovery system (Beckman Coulter) and a
MPP-100 Mini Peristaltic Pump (CBS Scientific Co.,
Del Mar, CA, USA). Buoyant density of each
collected fraction was measured by determining
the refractive index of 25 ml aliquots. Nucleic acids
were precipitated from CsCl overnight by adding
two volumes of PEG 6000 in 1.6 M NaCl and 70%
ethanol washing (Griffiths et al., 2000), then dis-
solved in 30 ml of sterile water.

Real-time PCR assay of amoA genes
Abundance of thaumarchaeal amoA genes was
determined on an iCycler iQ 5 thermocycler (Bio-
Rad Laboratories, Hercules, CA, USA) using primer
pairs Arch-amoAF (50-STAATGGTCTGGCTTAGAC
G-30) and Arch-amoAR (50-GCGGCCATCCATC
TGTATGT-30) (Francis et al., 2005). Each reaction
was performed in a 25 ml volume containing 12.5 ml
SYBR Premix Ex Taq (TaKaRa Biotechnology, Otsu,
Shiga, Japan), 1mM of each primer and 2ml of 10-fold
dilution DNA template (1–10 ng). Amplification
conditions were as follows: 95 1C for 1 min, 40
cycles of 10 s at 95 1C, 30 s at 53 1C, 1 min at 72 1C
and followed by plate reads at 83 1C. Bacterial amoA
genes were quantified using the primers amoA1F
(50-GGGGTTTCTACTGGTGGT-30) and amoA2R (50-C
CCCTCKGSAAAGCCTTCTTC-30) (Rotthauwe et al.,
1997) with the same reaction conditions except
0.25 mg ml�1 bovine serum albumin was added to
each reaction and the annealing temperature was
55 1C. Melting curve analysis was performed at the
end of each real-time PCR run to check the
specificity of amplification products, before con-
firmation by standard agarose gel eletrophoresis.

Denaturing gradient gel electrophoresis analysis,
cloning, sequencing and phylogenetic analysis
Denaturing gradient gel electrophoresis (DGGE)
analysis of thaumarchaeal and bacterial ammonia

oxidizers was performed using a DCode Universal
Mutation Detection System (Bio-Rad Laboratories).
Thaumarchaeal amoA genes were amplified with the
primers CrenamoA23f (50-ATGGTCTGGCTWAGAC
G-30) and CrenamoA616r (50-GCCATACABCKRTAN
GTCCA-30) as described by Tourna et al. (2008) and
used for DGGE. A touchdown PCR procedure was
used for the amplification of bacterial amoA genes
with the primer pair amoA1F-GC/amoA2R. PCR
products were loaded onto 6% polyacrylamide gel
with a linear gradient of 20–50% and 40–60%
denaturant for thaumarchaeal and bacterial amoA
genes, respectively. Gels were electrophoresed at 90 V
for 12 h with a constant temperature of 60 1C, and
stained by SYBR Gold Nucleic Acid Gel Stain
(Invitrogen-Molecular Probes, Eugene, OR, USA) for
30 min before scanning using a GBOX/HR-E-M
(Syngene, Cambridge, UK).

Eight bands representing active populations of
AOA after 30 days of incubation in the heavy
fractions around a buoyant density of 1.73 g ml�1

were excised and re-amplified with the primers
CrenamoA23f/CrenamoA616r for cloning and sequen-
cing. Clone libraries of archaeal 16S rRNA genes were
also constructed from the light fractions and the
heavy fractions (each containing 60 clones) in the
13CO2 microcosms at day 30. Archaeal 16S rRNA
genes were amplified using the primers Arch21f
(50-TTCCGGTTGATCCYGCCGGA-30) and Arch958R
(50-YCCGGCGTTGAMTCCAATT-30) (Delong, 1992).
PCR products were gel-purified and cloned into
pGEM-T Easy vector (Promega, Madison, WI, USA),
and the resulting ligation products were transformed
into Escherichia coli JM109 competent cells according
to the manufacturer’s instructions. Clones were
checked following re-amplification with the primers
T7 and SP6, and positive ones were selected for
sequencing. Phylogenetic analysis was conducted
with MEGA version 4.0 through neighbor-joining tree
using Kimura 2-parameter distance with 1000 repli-
cates to produce Bootstrap values (Tamura et al.,
2007). Nucleotide sequences retrieved in this study
have been deposited at GenBank under accession
numbers JF681783 to JF681790 for thaumarchaeal
amoA genes and JF917243 to JF917267 for archaeal
16S rRNA genes, respectively.

Statistical analysis
Nitrification rates and log-transformed amoA gene
copy numbers were compared by one-way analysis of
variance followed by Student–Newman–Keulstest to
check for quantitative variance between different
treatments. All analyses were conducted using SPSS
version 13.0 (IBM Co., Armonk, NY, USA), and
Po0.05 was considered to be statistically significant.

Results

Microcosm incubation with five acidic soils
In control microcosms without amendment of DCD,
nitrate concentration increased continuously over
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time indicating a sustaining nitrification activity in
all five soils (Figure 1). QJ soil had the highest net
nitrification rate of B2.64 mg NO3

�-N g�1 soil per day,
whereas QY soil had the lowest net nitrification rate
of B0.10 mg NO3

�-N g�1 soil per day. However,
although different net nitrification rates were ob-
served during incubation, addition of DCD could
effectively inhibit the production of nitrate and only
partially reduced the nitrification rate of TY soil.

The thaumarchaeal amoA gene copy numbers
remained relatively stable in control microcosms of
HZ and QJ soils, and significantly increased in
all other three acidic soils incubated for 30 days
ranging from 1.03� 106 to 1.17� 107 copies g�1 soil,
implying very different efficiencies of AOA growth
during incubation (Figure 2). Application of DCD
significantly inhibited the growth of AOA, and
various sensitivities of thaumarchaeal amoA genes
to DCD inhibition were detected throughout
the incubation, and thaumarchaeal amoA gene copy
numbers ranging from 2.21� 106 to 1.84� 108

copies g�1 soil in control microcosms were reduced

to between 1.32� 106 and 4.76� 106 copies g�1 soil
in DCD treatments at day 30. In contrast, no
significant changes in bacterial amoA genes were
observed in control microcosms of QJ, QY and TY
soils, but AOB significantly decreased in HZ and YH
soils which might be ascribed to the disadvantage of
competition for limited ammonia in acidic soils
(Figure 3). Growth of AOB was only minimally
inhibited by addition of DCD and even no inhibition
effect on AOB was found in HZ soil, thus, the
inhibition effect of DCD on bacterial amoA genes
was less effective than that on thaumarchaeal amoA
genes.

Regression analysis showed a significant positive
relationship between nitrate concentration and
thaumarchaeal amoA gene abundance in the control
microcosms of five acidic soils (Figure 4). However,
a significant negative relationship between nitrate
concentration and bacterial amoA gene was obser-
ved in HZ and QJ soils, and no significant correla-
tion between net nitrification and AOB existed
in other three soils.

Figure 1 Changes in nitrate concentrations during incubation of five acidic soils in the presence or absence of DCD. Error bars represent
standard errors of triplicate samples.
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DNA-SIP incubation
HZ soil sample with a high nitrification rate was
typically chosen for 30 days’ DNA-SIP microcosm
studies. Active nitrification activity was observed in
the absence of DCD with nitrate increasing from 31.3
(±0.26) mg NO3

�-N g�1 at day 0 to 46.3 (±1.39) and
45.1 (±2.38) mg NO3

�-N g�1 in 13C-CO2 and 12C-CO2

treatments at day 30, respectively (Figure 5a). In
contrast, addition of DCD significantly hindered the
nitrification activity for no apparent nitrate accu-
mulation throughout incubation period. Accord-
ingly, ammonium concentrations in the presence of
DCD increased significantly and accumulated from
initial 39.2 mg NH4

þ -N g�1 to 57.1 (±0.46) and 62.2
(±2.47) NH4

þ -N g�1 in 13C-CO2 þ DCD and 12C-CO2

þ DCD microcosms at day 30, respectively, indi-
cating a high rate of nitrogen mineralization in this
acidic soil (Figure 5b).

Real-time PCR assays were used to quantify the
abundance of thaumarchaeal and bacterial amoA
genes in the SIP microcosms. The copy numbers
of thaumarchaeal amoA genes in both 13C-CO2 and
12C-CO2 treatments without DCD kept at a high level
ranging from 1.84� 108 to 1.94� 108 copies g�1 soil

(Figure 5c). Addition of DCD significantly reduced
the thaumarchaeal amoA gene abundance from
1.84� 108 to 1.03� 106 and 2.81� 106 copies g�1 soil
in 13C-CO2 þ DCD and 12C-CO2 þ DCD incubation
after 30 days, respectively (Po0.05), indicating an
effective inhibition of DCD on growth of AOA. A
significant decrease of bacterial amoA gene abun-
dance was observed in each treatment (Po0.05),
showing no significant inhibition effect of DCD on
AOB growth at day 15 and day 30 (Figure 5d).

Isopycnic gradient centrifugation was performed
with genomic DNA extracted from each treatment to
determine which putative autotrophic ammonia
oxidizers were labeled by 13C-CO2 during the active
nitrification in the SIP incubation. The relative
proportion of amoA gene copies in CsCl gradients
was calculated from the quantitative PCR of three
replicates from each microcosm. The thaumarchaeal
amoA genes reached the maximum value for 12C-
CO2 control treatment in the light fractions (around
a buoyant density of 1.69 g ml�1) throughout the
whole incubation (Figure 6). At day 15 and day 30, a
clear shift of DNA buoyant density was observed
in 13C-CO2 treatment, the relative abundance of

Figure 2 Changes in abundance of thaumarchaeal amoA genes of five acidic soils in the presence or absence of DCD. Error bars
represent standard errors of triplicate samples. Different letters above the bars indicate a significant difference (Po0.05).
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thaumarchaeal amoA genes only peaked in the
heavy fractions (around a buoyant density of
1.73 g ml�1), which implied the majority of auto-
trophic AOA assimilated 13C-labeled CO2 during the
active nitrification. In 13C-CO2 þ DCD treatment,
active groups of AOA were effectively inhibited
by DCD, which decreased the relative abundance of
thaumarchaeal amoA genes in the heavy fractions to
lower values at day 15, and even to nearly zero at
day 30. With respect to AOB, 15 or 30 day’s
incubation did not significantly change the distribu-
tion of bacterial amoA gene abundance in 13C-CO2

and 12C-CO2 treatments, demonstrating no labeling
of 13C-CO2 into bacterial DNA during the active
nitrification in the tested soil.

DGGE analysis of the amoA gene PCR products
was performed to determine the community changes
of thaumarchaeal and bacterial ammonia oxidizers
during the incubation (Figure 7). DGGE profiles of
thaumarchaeal amoA genes at day 0 were dominated
by two bands (bands 1 and 2, Figure 7a), which
significantly enhanced their relative intensity
in microcosms with 13C-CO2 and 12C-CO2 after
15 or 30 days. However, when active nitrification

was blocked by addition of DCD, the two thau-
marchaeal amoA bands stayed unchanged in
13C-CO2 þ DCD treatment or slightly decreased in
their relative intensity in 12C-CO2 þ DCD treatment.
However, all the bacterial amoA gene band intensity
decreased in each of the four treatments after
15 days of incubation (Figure 7b), and even
disappeared below the detection limit of DGGE
analysis at day 30, which was in accordance with
the changes of bacterial amoA gene abundance.

Thaumarchaeal amoA gene PCR products from
twenty fractions of genomic DNA precipitated
from each CsCl centrifuge tube were also analyzed
by DGGE to separate active communities in
microcosms incubated with 13C-CO2 or 12C-CO2

(Figure 7c). During autotrophic growth of specific
thaumarchaeal ammonia oxidizers, 13C was incorpo-
rated into genomic DNA, which produced a high
buoyant density. Apparent transfer of thaumarch-
aeal amoA genes from light fractions to heavy
fractions was observed during incubation with 13C-
CO2, with two bands (bands 1 and 2) particularly
increasing in their intensity in the high buoyant
density region at day 30. The bands intensity of

Figure 3 Changes in abundance of bacterial amoA genes of five acidic soils in the presence or absence of DCD. Error bars represent
standard errors of triplicate samples. Different letters above the bars indicate a significant difference (Po0.05).
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Figure 4 Relationship between nitrate concentration and thaumarchaeal (a) or bacterial (b) amoA gene copy numbers in control
microcosms. Vertical and horizontal error bars represent standard errors of amoA gene copies and nitrate concentrations from triplicate
samples, respectively.
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thaumarchaeal amoA gene in the heavy fractions at
day 30 was much brighter than that at day 15,
indicating a continuous 13C-labeling of AOA during
the incubation. Unfortunately, we failed to get
successful amplification of bacterial amoA
genes with GC-clamped primers after gradient
centrifugation, possibly due to the lower DNA
concentrations in individual fractions. In fact, the
maximal abundance of bacterial amoA gene in the
peak fractions ranged from 6.64� 103 to 1.24�
104 copiesml�1 CsCl gradient buffer (data not shown).

Clone libraries of archaeal 16S rRNA genes were
constructed from the light and heavy fractions in the
13CO2 microcosms at day 30, and eight bands
representing active thaumarchaeal amoA genes in
the heavy fractions around a buoyant density of
1.73 g ml�1 (Figure 7c) were excised and used for
clone construction. Phylogenetic analysis revealed
that five thaumarchaeal amoA gene band sequences
fell within the sediment and soil V cluster in marine
lineage previously obtained from marine sequences
(Nicol et al., 2008), and are thought presumably to
be affiliated with group 1.1a-associated thaumarch-
aea, while three other DGGE bands belonged to soil
and sediment lineage, and are assumed to be related
to group 1.1b thaumarchaea (Figure 8b). Many
archaeal 16S rRNA sequences (25 out of 52 clones
for the light fractions and 24 out of 60 clones for the
heavy fractions) were placed within groups 1.1c and
1.1c-associated archaea, which have not yet been
observed to participate in ammonia oxidation
(Figure 8a).

Discussion

Our studies provide strong evidence for autotrophic
ammonia oxidation driven by AOA rather than AOB
in the acidic soils tested, which greatly strengthen
the hypothesis that AOA and AOB occupy different
niches in low-pH environments. First, significant
positive relationships between nitrate concentration
and thaumarchaeal amoA gene abundance were
observed in microcosm incubations with the soil
samples (pHo4.50) collected from five distinct
sites, indicating a universal phenomenon of AOA
dominating the nitrification in acidic soils. Second,
assuming that AOA grow chemolithoautotrophically
by using inorganic carbon as the sole carbon source
via 3-hydroxypropionate/4-hydroxybutyrate path-
way (Berg et al., 2007), while AOB use the Calvin-
Bassham-Benson cycle to fix CO2 (Schramm et al.,
1998), we could use the 13CO2-DNA-SIP approach to
identify the active ammonia oxidizers during auto-
trophic nitrification. By incubating the acidic soil in
a headspace of 5% 13C-CO2, incorporation of labeled
carbon into genomic DNA was observed for thau-
marchaeal amoA genes but not for bacterial genes. In
consistence with significant accumulation of nitrate,
the intensity of two DGGE bands representing active
groups of AOA sharply increased. The abundance of
thaumarchaeal amoA genes was maintained at a
high level, which would be able to sustain the active
nitrification throughout the incubation. By contrast,
bacterial amoA gene abundance significantly de-
creased independently from active nitrification,

Figure 5 Changes in concentrations of (a) nitrate, (b) ammonium, (c) abundance of thaumarchaeal amoA genes and (d) abundance of
bacterial amoA genes during DNA-SIP microcosms of HZ soil for 15 or 30 days. Error bars represent standard errors of triplicate samples.
Different letters above the bars indicate a significant difference (Po0.05).

Relative roles of AOA and AOB in acidic soils
L-M Zhang et al

1040

The ISME Journal



staying in an inferior position of competing for
limited ammonia substrate with thaumarchaea.
Therefore, our study presented strong evidence for
domination of autotrophic thaumarchaeal ammonia
oxidation in the acidic soils.

Ammonia oxidation kinetic study of N. maritimus
revealed a half-saturation constant (Km¼ 133 nM) for
ammonium, by far the lowest Km value of any
ammonia oxidizer (Martens-Habbena et al., 2009),
and is significantly lower than the Km of known
AOB (Stark and Firestone, 1996). Growth of
N. maritimus was observed at an ammonium
substrate threshold below 10 nM at pH 7.5, which
is significantly lower than the minimum concentra-
tion required by cultivated AOB (above 1 mM near
neutral pH; Bollmann et al., 2002), indicating a
higher substrate affinity than AOB in ammonia-
limited conditions. The recent cultivated thau-
marchaeon, N. devanaterra, from an acidic soil
could also autotrophically grow at remarkably low
ammonia concentration (0.18 nM in liquid batch
culture at pH 4.5) (Lehtovirta et al., 2011). Assuming

ammonia rather than ammonium could serve as the
direct substrate for ammonia oxidizers (Suzuki
et al., 1974), strongly acidic soils might be perceived
as ammonia-limited oligotrophic environments, due
to exponential ionization of ammonia to ammonium
with decreasing pH (NH3þHþ3NH4

þ ; pKa¼ 9.25)
(De Boer and Kowalchuk, 2001). Although the initial
ammonium concentrations seemed relatively high
in our five acidic soils ranging from 9.45 to
39.2 mg kg�1 soil, the ammonia concentrations based
on the ionization equilibrium in soil water were
from 24.6 nM to 99.8 nM, the same magnitude to the
Km value of N. maritimus, but considerably lower
than the substrate threshold of AOB. Hence, high
levels of ammonium in acidic soils do not necessa-
rily mean a high concentration of ammonia
substrate, and upon such low-ammonia energy flux,
thaumarchaea outcompete bacteria in the process of
ammonia oxidation (Valentine, 2007). Even high
rates of organic nitrogen mineralization were
observed in SIP microcosms, such ammonia flux
would be possibly ionized to ammonium in strongly

Figure 6 Distribution of the relative abundance of thaumarchaeal and bacterial amoA gene in CsCl gradient for 13C-CO2,
12C-CO2 and

13C-CO2 þ DCD treatments during DNA-SIP microcosms of HZ soil. Twenty fractions of genomic DNA extracted from each 4.9-ml
centrifuge tube covered a buoyant density from 1.64 to 1.75 g ml�1. The plotted values are the proportion of thaumarchaeal or bacterial
amoA gene copy numbers in each fraction to the total abundance across the gradient. Vertical error bars represent standard errors of the
relative abundance from triplicate samples. Horizontal error bars represent standard errors of buoyant density of the same order fraction
from triplicate samples.

Relative roles of AOA and AOB in acidic soils
L-M Zhang et al

1041

The ISME Journal



acidic conditions, which could block the direct
delivery of fresh ammonia substrates to ammonia
oxidizers. A previous study found that autotrophic
ammonia oxidation was dominated by AOA in a pH
7.5 grassland soil without the external nitrogen
supply (Zhang et al., 2010), and contrasting findings
demonstrated that AOB rather than AOA controlled
the nitrification in two agricultural soils with
weekly nitrogen fertilization at pH 7.0 (Jia and
Conrad, 2009) and 8.0 (Xia et al., 2011), respectively.
These three DNA-SIP incubations have a similar soil
pH range, but differ in the availability of ammonia
substrate. Based on the assumption of 25% water
content in these neutral or alkaline soils, the
calculated ammonia concentration of the soil tested
by Zhang et al. (2010) is reduced from the initial
1.22 mM to 0.48 mM at day 28, which is still lower
than the substrate threshold of cultivated AOB.
Although ammonium resource was satisfied by
weekly supply of 100 mg NH4

þ -N g�1 soil correspond-
ing to high levels of 120.5 mM and 1.21� 103mM

ammonia added into the soils tested by Jia and
Conrad (2009) and Xia et al. (2011), respectively,
such ammonia concentrations might be high enough
to stimulate the nitrification of AOB and then
suppress the growth of AOA. Therefore, low-
ammonia environment is a key factor determining
the niche separation of AOA and AOB in both acidic
soils and neutral or alkaline soils.

Phylogenetic analyses of archaeal 16S rRNA
genes and thaumarchaeal amoA genes retrieved
from 13CO2-labeled heavy fractions in DNA-SIP
microcosms revealed that active AOA responsible
for the ammonia oxidation in the tested strongly
acidic soil belonged to groups 1.1a-associated and
1.1b thaumarchaea. Our results are consistent with
previous findings that growth of group 1.1a thau-
marchaea was associated with autotrophic nitrifica-
tion in soil microcosms, which seemed to be
encouraged by relatively low-level ammonia sub-
strates (Offre et al., 2009; Gubry-Rangin et al., 2010;
Zhang et al., 2010). Group 1.1b thaumarchaea
comprised only a minority of total archaea in this
study (3 out of 60 clones), but 13CO2-incorporating
activity demonstrated its active autotrophic ammo-
nia oxidation during incubation. Previous studies
suggested that the majority of soil-derived thau-
marchaeal sequences were dominated by group 1.1b
lineage (Nicol et al., 2008), which had been
presumed to possess a heterotrophic or mixotrophic
pathway of nitrification until the recent findings
that group 1.1b also could autotrophically partici-
pate in ammonia oxidation in soil environments
(Tourna et al., 2011; Xia et al., 2011). Therefore,
both group 1.1a-associated and group 1.1b thau-
marchaea are well adapted to low-pH environ-
ments, as suggested by the observation that two
intensity-increasing DGGE bands of thaumarchaeal

Figure 7 Denaturing gradient gel electrophoresis analysis of thaumarchaeal (a, c) and bacterial (b) amoA genes during DNA-SIP
microcosms of HZ soil incubated with 13C-CO2 or 12C-CO2 in the presence or absence of DCD. Thaumrchaeal amoA gene PCR products of
twenty fractions of genomic DNA from individual centrifuge tube were subjected to DGGE for changes of different thaumarchaeal
communitys for 15 or 30 days (b). Eight arrows marked the bands in heavy fraction around a buoyant density of 1.73 g ml�1 excised for
sequencing.
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amoA genes in our DNA-SIP microcosms were
placed within these two distinct lineages. A study
performed in an upland acidic soil found consider-
able AOA community changes in response to long-
term fertilization treatments (He et al., 2007),
implying a high ability of thaumarchaeal adaptation
to low-pH stress. Moreover, many active archaeal
16S rRNA gene sequences derived from both the
light and heavy fractions are affiliated with group
1.1c and 1.1c-associated archaea, which is in
congruence with previous observations that a high
abundance of group 1.1c lineage dominated the
archaeal communities in many acidic soil systems
(Kemnitz et al., 2007; Lehtovirta et al., 2009).
However, currently there is no direct evidence that
group 1.1c archaea possess ammonia monooxyenase
genes, and the links between thaumarchaeal amoA
genes with archaeal 16S rRNA genes seemed less
likely in this study. But, we could not entirely rule
out the possibility of group 1.1c involving in
ammonia oxidation, because the primers used for
amoA genes here were designed based on group 1.1a

Sargasso sea data and group 1.1b 54d9 (Tourna et al.,
2008), which could be biased against targeting group
1.1c archaea, thus the potential ecological function
of this lineage in acidic soils requires further
investigation in the future researches.

Addition of DCD significantly hindered the
nitrification process mainly by inhibiting the AOA
in our five acidic soils, and no significant inhibition
effect on AOB was found throughout the incubation.
Inhibition of soil ammonia oxidation by DCD has
been investigated extensively (Di et al., 2009, 2010;
O’Callaghan et al., 2010), however, as far as we
know, it is the first finding that AOA was signifi-
cantly inhibited by DCD in a soil microcosm
study. DCD has been found to reduce or inhibit the
nitrification rate mainly by binding to the active
sites of AMO enzyme and impairing the activity of
ammonia oxidizers to take up and utilize ammo-
nium resources (Amberger, 1989; Zacherl and
Amberger, 1990). As shown in DGGE profiles
(Figure 7a), two bands representing active nitrifying
groups of AOA were significantly reduced by

Figure 8 Phylogenetic analysis of archaeal 16S rRNA genes (a) retrieved from 13C-CO2 DNA-SIP heavy fractions (HF) and light fractions
(LF) of HZ soil microcosms incubated for 30 days, and thaumarchaeal amoA genes (b) derived from eight DGGE bands in the heavy
fractions around a buoyant density of 1.73 g ml�1 from the HZ soil incubated for 30 days. The sequences for the HF and LF were
highlighted in red and blue, respectively. HF-Archaea-clone-3-(19) indicates that 19 clones showed above 98% similarities to the clone-3.
Bootstrap values (450%) are indicated at branch points. The scale bar represents 2% and 5% nucleic acid sequence divergence for
archaeal 16S rRNA genes and thaumarchael amoA genes, respectively. The letters M and S represent Marine Lineage and Soil and
Sediment Lineage, respectively.
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the nitrification inhibitor DCD. Moreover, addition
of DCD effectively impeded the CO2 fixation
of thaumarchaea, and decreased the relative
proportion of thaumarchaeal amoA genes in the
high buoyant density region of CsCl gradients.
Hence, DCD might inhibit the nitrification activity
in acidic soils by mainly targeting the active groups
of AOA in this study. Thus, DCD is not a selective
nitrification inhibitor exclusively targeting AOA or
AOB, but the dominating ammonia oxidizer group is
affected by DCD to a greater extent. This hypothesis
was well supported by the similar observations that
growth of AOA was inhibited by a nitrification
inhibitor acetylene in soil microcosms where AOA
dominated ammonia oxidation (Offre et al., 2009;
Gubry-Rangin et al., 2010; Zhang et al., 2010).

In conclusion, our studies demonstrate a signifi-
cant and previously unrecognized contribution of
thaumarchaea to mediate the autotrophic nitrifica-
tion in strongly acidic soils. This result will greatly
improve the understanding of the nitrogen-transfor-
mation processes in widely distributed acidic soils.
The first observation of DCD inhibition on AOA in
this study and previous findings of DCD inhibition
on AOB suggest that DCD will be a promising
nitrification inhibitor to prevent the environmental
degradation imposed by intensive fertilization and
promote nitrogen fertilization efficiency, which will
generate enormous economic impacts in agricultural
ecosystems.
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