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Ammonia oxidation is the first and rate-limiting step of nitrification and is performed by both ammonia-
oxidizing archaea (AOA) and bacteria (AOB). However, the environmental drivers controlling the abundance,
composition, and activity of AOA and AOB communities are not well characterized, and the relative impor-
tance of these two groups in soil nitrification is still debated. Chinese tea orchard soils provide an excellent
system for investigating the long-term effects of low pH and nitrogen fertilization strategies. AOA and AOB
abundance and community composition were therefore investigated in tea soils and adjacent pine forest soils,
using quantitative PCR (qPCR), terminal restriction fragment length polymorphism (T-RFLP) and sequence
analysis of respective ammonia monooxygenase (amoA) genes. There was strong evidence that soil pH was an
important factor controlling AOB but not AOA abundance, and the ratio of AOA to AOB amoA gene
abundance increased with decreasing soil pH in the tea orchard soils. In contrast, T-RFLP analysis
suggested that soil pH was a key explanatory variable for both AOA and AOB community structure, but
a significant relationship between community abundance and nitrification potential was observed only for
AOA. High potential nitrification rates indicated that nitrification was mainly driven by AOA in these
acidic soils. Dominant AOA amoA sequences in the highly acidic tea soils were all placed within a specific
clade, and one AOA genotype appears to be well adapted to growth in highly acidic soils. Specific AOA and
AOB populations dominated in soils at particular pH values and N content, suggesting adaptation to
specific niches.

Nitrification, the oxidation of ammonia to nitrate, is a crit-
ical step in the nitrogen cycle and has significant agricultural
and environmental consequences for the availability of nitro-
gen as a plant nutrient, nitrate leaching to groundwater, and
the release of greenhouse gases into the atmosphere. The
rate-limiting step of nitrification, the conversion of ammonia to
nitrite, can be performed by both ammonia-oxidizing archaea
(AOA), within the proposed Thaumarchaeota (7, 38, 42), and
ammonia-oxidizing bacteria (AOB). Both groups have been
detected in a wide range of soil ecosystems (5, 10, 15, 29, 33).
The potential for archaeal ammonia oxidation has been con-
firmed in laboratory enrichments and in isolates (13, 23, 28). In
most soils, archaeal amoA genes are more abundant than those
of bacteria, indicating that archaea could have a greater role in
soil ammonia oxidation than AOB (10, 29, 36). Bacterial amoA

genes are more abundant in some agricultural soils receiving
additional nitrogen amendments (15, 26), whereas archaeal
amoA genes are more abundant in soils where nitrification is
fueled by mineralized organic nitrogen (34, 44).

The high affinity for total ammonium of Nitrosopumilus
maritimus, the only cultivated AOA (31), suggests that this
species may dominate ammonia oxidation in oligotrophic en-
vironments such as the open ocean. In soil ecosystems, nitrifi-
ers and nitrification rates vary with vegetation type, location,
and environmental conditions (16, 49). Soil pH is known to
have a considerable effect on the activity and diversity of soil
ammonia oxidizers (12, 33) and it has been suggested that the
absence of nitrification activity in some highly acidic soils is the
result of AOB sensitivity to low pH (11, 12), although growth
and activity of some AOB at low pH may be possible through
urease activity and aggregate formation (2, 8, 12). Specific
AOA and AOB phylotypes have been found to be associated
with soil pH across a pH gradient of 4.3 to 7.5, with an increase
in the ratio of amoA transcript/gene abundance with decreas-
ing and increasing pH for AOA and AOB communities, re-
spectively (33). N fertilizer can also affect the activity and
abundance of ammonia oxidizers (15, 19, 39, 49). However, the
mechanisms controlling activity of a particular group of soil
ammonia oxidizers or the potential for niche differentiation are
not clear.
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Tea (Camellia sinensis) orchard soils provide an excellent
environment to examine the relative contribution of AOA and
AOB in nitrification processes and niche adaptation by differ-
ent genotypes within AOA and AOB lineages. Tea is an im-
portant economic crop and is planted widely on acid red soils
in the tropical and subtropical zones in China. High levels of
nitrogen fertilizer are applied, altering N cycling and microbial
community structure (45, 54). Soils under tea plantations are
often acidic, with pH values ranging from 3.5 to 5.5, but,
despite the potential sensitivity of AOB to low pH, nitrification
rates and nitrate concentrations are high (9, 35, 51, 53). Soil
type and vegetation have potentially additional effects on mi-
crobial community composition (27), and it is therefore perti-
nent to compare tea soils with other vegetated systems on the
same soil type.

The aim of this research was to determine how AOA and
AOB community composition and abundance vary in re-
sponse to soil pH and N input, to assess the relative contri-
butions of AOA and AOB to soil nitrification, and to deter-
mine drivers of ammonia oxidizer community composition and
activity. We hypothesized that AOA are responsible for most
of the nitrification in acidic soils, that soil pH and N fertilizer
input influence both ammonia oxidizer structure and nitrifica-
tion potential, and that different AOA and AOB phylotypes
occupy distinct pH ranges (i.e., niche differentiation). To
achieve this, AOA and AOB community structure, abundance,
and associated potential nitrification rates were determined in
tea soils and in adjacent pine plantations.

MATERIALS AND METHODS

Study sites and soil sampling. Soil samples for the study were collected from
two sites. The first is located in the West Lake district of Hangzhou (30o11�N,
120o05�E), Zhejiang Province, China, where selected tea soils represent a wide
range of orchard ages, fertilizers (urea), and lime applications. Since the N
application rate is high in Hangzhou area, samples were also obtained from a
second site, with two low-N-application tea orchard soils in Taihu county, Auhui
Province, China (30o33�N, 116o20�E). Adjacent pine forest soils at each site were
sampled to evaluate and compare the effect of vegetation on ammonia-oxidizing
communities. The two sites are characterized by a subtropical wet monsoon
climate with mean annual rainfall of 1,400 to 1,500 mm. All soils were Ultisols
with kaolinite, chlorite, Fe, and Al oxides as the dominant clay minerals. The
soils were developed on quaternary red earth. Triplicate samples were col-
lected from three sampling plots randomly chosen within each tea orchard or
pine forest. Six random soil cores (5-cm diameter by 15-cm length) were
taken from each sample and mixed. Field moist soils were sieved to �2 mm,
and visible pieces of plant material and soil animals were removed before use.
Subsamples of each replicate were stored at �80°C prior to DNA extraction.
The land use history and some physicochemical properties of the soils are
presented in Table 1.

Soil chemical analysis and potential nitrification rate. Soil pH was measured
using a glass electrode (soil/water, 1:2.5). Total organic C was determined by
dichromate oxidation, and total nitrogen was determined by Kjeldahl digestion
and quantified using a continuous flow analyzer (Skalar, Delft, the Netherlands).
Inorganic N (NH4

�-N and NO3
�-N) was extracted with 2 M KCl by shaking (1

h, 200 rpm) and filtering through a 0.45-�m-pore-size polysulfone membrane,
before colorimetric determination using a continuous flow analyzer. Nitrification
potential was determined according to the shaken-slurry method of Hart et al.
(22). Fifteen grams of soil from each sample was preincubated at room temper-
ature for 1 week and then mixed with 100 ml of 1.5 mM ammonium sulfate. After
incubation for 2, 4, 22, and 24 h, 10-ml slurry samples were centrifuged and the
supernatant was filtered through a 0.45-�m-pore-size membrane. NO3

� content
in the supernatant was immediately analyzed, as described above for KCl-ex-
tracted NO3

�-N. NO3
� concentration increased linearly, and nitrification po-

TABLE 1. Land use history, chemical properties, and abundance of AOA and AOB amoA
genes g�1 soil (dry weight) in tea and pine soilsa

Soil no. Land use Site NFI Lime pH % Org C % TN PNR

amoA genes
(105 g�1 soil)

AOB AOA

1 Tea, 3 yr HZ 900 0 5.25 1.62 0.18 0.20 8.6 58.0
2 Tea, 7 yr HZ 900 0 4.12 1.30 0.13 0.21 4.9 110
3 Tea, 8 yr HZ 900 0 4.31 3.16 0.26 0.72 9.3 200
4 Tea, 10 yr HZ 900 0 4.39 1.70 0.18 0.51 7.0 97.0
5 Tea, 16 yr HZ 900 0 4.46 4.02 0.37 0.89 14.0 140
6 Tea, 20 yr HZ 900 0 3.92 2.30 0.24 0.29 0.67 160
7 Tea, 40 yr HZ 900 0 3.99 4.62 0.45 0.90 3.1 210

8 Tea, 45 yr HZ 1,500 0 3.88 3.84 0.40 1.09 BDL 180
9 Tea, 50 yr HZ 1,500 0 3.58 6.41 0.54 1.03 BDL 210
10 Tea, 60 yr HZ 900 0 3.81 4.17 0.37 0.73 2.0 100
11 Tea, 90 yr HZ 900 0 4.16 9.19 0.71 1.32 4.4 93.0
12 Tea, 4 yr HZ 450 0 5.01 1.38 0.15 0.22 29.0 160
13 Tea, 4 yr HZ 450 1,000 5.39 1.35 0.14 0.33 27.0 180
14 Tea, 4 yr HZ 450 4,000 6.29 1.35 0.13 0.41 43.0 130

15 Tea, 5 yr HZ 450 0 4.46 4.23 0.45 0.59 15.0 160
16 Tea, 5 yr HZ 450 1,000 4.63 4.31 0.47 0.75 28.0 240
17 Tea, 5 yr HZ 450 4,000 5.03 3.99 0.41 0.97 44.0 240
18 Pine, 50 yr HZ 0 0 4.61 2.76 0.18 0.06 0.26 0.55
19 Tea, 10 yr TH 50 0 5.54 1.18 0.13 0.16 7.1 52.0
20 Tea, 39 yr TH 200 0 5.51 1.46 0.13 0.40 4.2 130
21 Pine, 30 yr TH 0 0 5.86 1.10 0.08 0.04 BDL 12.0
LSD0.05 0.14 0.34 0.03 0.05 1.7 11.0

a NFI, N fertilizer input (kg N h�1 yr�1); lime, lime input (kg CaCO3 h�1 yr�1); Org C, soil organic carbon; TN, total N; PNR, potential nitrification rate (mg NO3
�-N

g�1 h�1); HZ, Hangzhou, TH, Taihu; BDL, below detection limit, LSD0.05, least significant difference at the 0.05 level of probability. The values in this table are the
averages of the measurements from triplicate soil samples.
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tential (NO3
�-N h�1) was calculated from the rate of increase in NO3

� concen-
tration over time in the slurry using linear regression. The method of Hart et al.
(22) involves adjustment of the slurry pH to 7.2 and potentially changes the
activity of indigenous communities, selected in soils of different pHs. Potential
nitrification rates were therefore also measured at natural soil pH, without
adjustment of pH.

DNA extraction and qPCR. DNA was extracted from approximately 500-mg
soil samples using the FastDNA SPIN kit for soil (Bio101, Vista, CA), per the
manufacturer’s instructions. Archaeal and bacterial amoA abundances were de-
termined by quantitative PCR (qPCR) using an ABI 7500 thermocycler (Applied
Biosystems, Foster City, CA) as described by Chen et al. (10). Bacterial amoA
genes were quantified using primers amoA-1F and amoA-2R (37). For crenar-
chaeal amoA, qPCR was performed with primers CrenamoA23f and
CrenamoA616r (33). DNA concentration was determined by NanoDrop, and
each reaction was performed in a 25-�l volume containing �5 ng of DNA, 0.2 mg
ml�1 bovine serum albumin (BSA), 0.2 �M each primer, 0.5 �l ROX reference
dye (50�), and 12.5 �l of SYBR Premix EX Taq (Takara Shuzo, Shiga, Japan).
Product specificity was confirmed by melt curve analysis (67 to 95°C) and visu-
alization by agarose gel electrophoresis. A known copy number of linearized
plasmid of an amoA gene clone was used as a standard for AOA or AOB qPCR
(10). For all assays, amplification efficiency was 91 to 95% and r2 values were 0.97
to 0.99.

Terminal restriction fragment length polymorphism (T-RFLP). AOA
T-RFLP profiles were obtained from two sets of FAM-labeled primers. For, the
first set of T-RFLP data, we used CrenamoA23f and CrenamoA616r (33) prim-
ers for PCR. The second set of T-RFLP data for AOA was obtained by PCR
amplification using the primer set amo111f and amo643r (6). The first set of
primers in combination with the restriction enzyme (HpyCH4V) used has com-
paratively low discriminatory ability for some phylotypes, while the second set of
primers provides better discrimination between some phylotypes, although
primer amo111f does exhibit more than one mismatch to a large proportion of
currently known AOA amoA sequences. For AOB analysis, the bacterial amoA
partial gene fragment was PCR amplified using labeled primers amoA-1F and
amoA-2R. The labeled PCR amplicons were checked by agarose gel electropho-
resis and purified using an UltraClean DNA purification kit (MoBio Laborato-
ries, CA). The first AOA samples were digested with restriction enzyme
HpyCH4V, and the second AOA products were restricted using RsaI, as this
enzyme has been reported to provide better T-RFLP profiles (1). AOB PCR
products were restricted with MspI (47). After digestion, 2 �l of each sample was
mixed with 0.3 �l of LIZ-labeled internal size standard and 12 �l of formamide.
Fragment size analysis was carried out with an ABI PRISM 3030xl genetic
analyzer (Applied Biosystems, Warrington, United Kingdom) (40). Fragment
analysis of T-RFLP data was performed between 35 and 640 bp. All terminal
restriction fragments (T-RFs) with fluorescence unit counts of �50 units and
peaks with heights that were less than 2% of the total peak height were excluded
from further analysis to avoid potential noise before calculating relative T-RF
abundance (40).

Cloning and sequencing. DNA samples with different dominant T-RFs were
used for cloning and sequencing analysis of AOA amoA sequences to assign
phylogenetic affiliation to specific T-RFs. To investigate potential niche spe-
cialization over broader pH ranges, DNA extracted from each sample was
pooled into three groups with soil pH in the ranges 3.5 to 4.4, 4.4 to 5.0, and
5.0 to 6.8. In total, three AOA amoA clone libraries and one AOB amoA
clone library were constructed. Clones were generated using a TOPO TA
cloning kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s in-
structions. A total of 120 AOA clones and 80 AOB clones were sequenced
using vector-specific primers T3 and T7. AOA or AOB sequences (37 and 38
operational taxonomic units [OTUs] for AOA and AOB, respectively) were
first used to construct a neighbor-joining tree using Mega software (39). One
representative from each OTU (�2% nucleotide dissimilarity) was then used
to construct the phylogenetic tree. Translated amoA gene sequences from this
study were aligned with reference sequences using ClustalW implemented in
BioEdit (21). Maximum likelihood and distance analyses were calculated
using the Jones, Taylor, and Thornton (JTT) substitution model with site
variation (invariable sites and four variable gamma rates) using PHYML (20)
and PHYLIP (16), and a parsimony analysis was calculated using PHYLIP.

Statistical analysis. All analysis of variance (ANOVA), regression, and mul-
tivariate analyses were conducted using GenStat, 12th edition (VSN Interna-
tional, Oxford, United Kingdom). Mean values and least significant differences at
the 95% level were calculated by a one-way ANOVA. The T-RFLP data were
also analyzed using canonical variate analysis.

Nucleotide sequence accession numbers. All of the sequences determined in
this study have been deposited in the GenBank database with accession numbers
GU396237 to GU396254 and FN869058 to FN869114.

RESULTS

Soil pH and potential nitrification rate. Soil pH values
ranged from 3.58 to 6.29 with highly significant differences
between different soils (Table 1). The 50-year-old year tea
orchards had the lowest pH, which may be due to a combina-
tion of high N fertilizer application (usually in the form of
urea) and acidification by nitrification, plant growth, and acidic
phytochemical inputs. Lime application caused a significant
increase in soil pH, especially in the soils with low organic
matter. Potential nitrification rate was positively correlated
with total nitrogen (r2 � 0.71, P � 0.001), organic C (r2 � 0.67,
P � 0.001), and N fertilizer application (r2 � 0.27, P � 0.001)
and negatively correlated with soil pH (r2 � 0.28, P � 0.001).
Measurement of potential nitrification without adjusting pH
produced similar results and trends, but process rates were
reduced to approximately 60 to 90% (see Table S1 in the
supplemental material).

Quantitative PCR determination of amoA gene abundance.
Abundances of putative AOA and AOB were assessed by
quantifying their respective amoA genes (Table 1). Archaeal
amoA gene abundance ranged from 5.5 � 104 to 2.4 � 107 g�1

soil and was lower in the pine soils than the tea orchard soils.
Soil potential nitrification rate increased with AOA amoA
gene abundance in all samples (P � 0.001) and in the tea
orchard soils only (P � 0.014), but there was no significant
correlation between AOA amoA abundance and soil pH (P �
0.071) (see Table S2 in the supplemental material). Bacterial
amoA abundance was lower than that of archaea in all soils. In
one pine soil (Taihu) and two highly acidic tea orchard soils,
bacterial amoA abundance was below the detection limit
(2.0 � 104 g�1 soil). AOB abundance decreased significantly
with decreasing pH (P � 0.001) but did not correlate with
nitrification potential (P � 0.255). Interestingly, there was a
sharp increase in the ratio of archaeal/bacterial amoA abun-
dance below pH 4 (Fig. 1).

T-RFLP analysis of AOA and AOB communities. T-RFLP
data using CrenamoA23f and CrenamoA616r in combination
with HpyCH4V enzyme produced a total of 14 T-RFs in all
samples and were used for all multivariate statistical analysis.
PCA analysis of the T-RFLP data showed that the scores of the

FIG. 1. Relationship between soil pH and the ratio of archaeal to
bacterial amoA genes in tea orchards.
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first component were significantly (P � 0.001) correlated with
soil pH. Canonical variate analysis, using all 14 T-RFs, showed
a significant difference between results of different lime treat-
ments but no significant difference between results of N fertil-
izer applications (Fig. 2). AOA T-RF166 had highest relative
abundance (on average 49%) in the tested soils and may in-
clude several sequence types, as indicated by cloning and se-
quencing data (see below). AOA T-RF79 and T-RF205 had
similar levels of dominance (10 to 15%) in all soil samples
within the pH range 5.4 to 5.8, irrespective of site and land use
type. T-RFLP profiles obtained from primer set amo111f and
amo643r in combination with the RsaI enzyme produced 20
T-RFs in all the samples. T-RF 101 was the major T-RF and
had the highest relative abundance (	50%) in the highly acidic
tea soils with pHs lower than 4.4. Because the second set of
primers has low specificity (occasionally amplifying non-AOA
sequences), they were used only for confirmation and identi-
fication of T-RFs obtained using the first primer set and T-RFs
originating from this set of primers were here identified by the
restriction enzyme used (RsaI) followed by the T-RF size in
base pairs.

A total of nine AOB T-RFs were obtained from soils, and

AOB T-RF60, T-RF156, and T-RF256 had high relative abun-
dances of 43%, 33% and 13%, respectively. PCA of the T-
RFLP data showed that the scores of the first component were
significantly (P � 0.003) correlated with soil pH. Canonical
variate analysis showed a significant difference between limed
and unlimed soils, but no significant difference between the low
and high lime treatments (Fig. 3). There was also a significant
difference between the highly fertilized soils (900 kg N ha�1

yr�1) and other less-fertilized samples (Fig. 3).
Analysis of AOA and AOB amoA sequences. All major AOA

and AOB amoA T-RFs were characterized by cloning and
sequencing. Finally, 14 representative AOA sequences and 11
AOB sequences were selected for detailed analysis and the
construction of phylogenetic trees. AOA were also classified
using two sets of T-RFLP data, and exactly the same 14 rep-
resentative AOA sequences were obtained (Table 2). The size
of T-RF in Table 2 was determined by computation analysis
and was close to that determined experimentally.

Clones of AOA T-RF 166(Rsa473) were quite different from
the other T-RF166 clones (Rsa101, Rsa187, Rsa203, Rsa293,
Rsa554) in the phylogenetic tree (Fig. 4). All sequences be-
longing to AOA T-RF49 and T-RF79 fell within the soil/sed-

FIG. 2. Ordination plot of canonical variates (CV1 against CV2)
generated by canonical variate analysis of archaeal amoA T-RFLP
profiles. Each circle represents the 95% confidence level and indicates
AOA communities that are separated with statistical significance (P �
0.05).

FIG. 3. Ordination plot of canonical variates (CV1 against CV2)
generated by canonical variate analysis of bacterial amoA T-RFLP
profiles. Each circle represents the 95% confidence level and indicates
AOB communities that are separated with statistical significance (P �
0.05).
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iment cluster. However, the clones of AOA T-RF217 and
T-RF205 were distributed into two and three subclusters,
respectively. Most AOA T-RF217 clones belonged to
T-RF217(Rsa244) and fell within the soil/sediment cluster (Ta-
ble 2). According to the nomenclature of Avrahami and
colleagues (3, 4), 78 AOB clones were related to the genus
Nitrosospira and 2 clones of T-RF264 belonged to Nitro-
somonas (see Fig. S1 in the supplemental material), indicat-
ing a predominance of Nitrosospira over Nitrosomonas in
soils.

Environmental niches for different phylotypes within each
ammonia-oxidizing community. Relationships between spe-
cific sequence types and environmental factors were investi-
gated to assess potential niche adaptation. The relative abun-
dance of AOA T-RF166 was negatively correlated with soil pH
(r2 � �0.28, P � 0.001), but four samples (including pine
forest and tea orchard) from the Taihu site had high relative
abundance at pH 5.5 to 6.0 (Fig. 5). T-RFLP analysis with a
second set of primers with enzyme RsaI and sequencing data
suggest that T-RF166 represents several phylotypes, and
T-RF166(Rsa101) was found only in the highly acidic soils
(pH � 4.4), while T-RF166(Rsa473) dominated only in soils
with pHs of 	5.0 (Table 2). An NCBI data search for se-
quences obtained for T-RF166(Rsa101) suggests that all re-
lated sequences (accession numbers FJ517358 to 517359,
FJ517362 to 517367, FJ174702, and EF207215) (24, 55) were
obtained from highly acidic environments (pH 3.7 to 4.3) irre-
spective of land use type.

AOA T-RF79 had a wide pH range and its relative abun-
dance was not correlated with soil pH (see Fig. S2 in the
supplemental material). However, the relative abundances of
AOA T-RF49, T-RF205 and T-RF217 were positively corre-
lated with soil pH and these T-RFs were generally found only
in soils with pHs of 	4.4 (see Fig. S2 in the supplemental
material). Sequencing data indicated that T-RF217(Rsa244)
was present only in the clone library of pH 5.0 to 6.8 and had
high levels of similarity (99%) with sequences deposited in
NCBI (accession numbers EF207213, EU315714, FJ853234,
and FJ601563) (24, 41, 56) which were also isolated from

environments with pHs of 	5.0. AOA T-RF205 had high rel-
ative abundance in soils with low potential nitrification rate
and was generally absent from soils with nitrification potentials
of 	0.5 mg NO3

�-N g�1 h�1 (Fig. 6).
AOB T-RF156 had a wide pH range (pH 	 4), and its

relative abundance was positively correlated with soil pH (see
Fig. S3 in the supplemental material). The average AOB
T-RF256 relative abundance was less than that for T-RF156.
The peak had a wide pH range (pH 	 3.8), and its relative
abundance was negatively correlated with soil pH (see Fig. S3
in the supplemental material).

The relative abundances of several T-RFs were significantly
(P � 0.05) correlated with N fertilizer application. For exam-
ple, the relative abundances of AOA T-RF49 decreased and
AOA T-RF166 increased, respectively, with increasing fertil-
izer input (see Fig. S4 in the supplemental material). AOB
T-RF256 was not detected in soil with low fertilizer input, and
the relative abundance of AOB T-RF156 was negatively cor-
related with fertilizer input (see Fig. S5 in the supplemental
material).

DISCUSSION

Abundance and activity of ammonia oxidizers. Archaeal and
bacterial amoA abundances were much higher in the tea or-
chards than in adjacent pine soils and correlated with potential
nitrification rates. This may be explained by the fact that the
tea orchards have been fertilized over long periods whereas the
pine forest soils have never received any fertilizer treatment.
Nitrogen input may therefore influence abundance, but only
two pine sites were investigated. Previous studies (15) showed
that N fertilizer application stimulates soil nitrification and
ammonia oxidizer abundance. Moreover, the differences in
litter quality and quantity may account for differences in the
nitrification rate and ammonia oxidizer abundance, since veg-
etation type was considered an important factor in determining
the activity and abundance of nitrifiers (39, 50, 52).

AOB abundance decreased significantly with decreasing pH,
indicating that pH was an important factor controlling AOB
abundance in the soil and consistency with other reports of
higher AOB abundance in neutral or slightly alkaline condi-
tions (33, 39). However, no significant correlation was ob-
served between AOA abundance and pH in this study. AOA
were present over a wider pH range with some populations
adapted to highly acidic soils. AOA were generally more abun-
dant than AOB, and the ratio of AOA/AOB amoA gene abun-
dance increased with decreasing soil pH. This suggests that
AOA were the dominant ammonia oxidizers in acid soils (33).
The trends in specific gene abundance may reflect different
preferences of archaeal and bacterial ammonia oxidizers for
the available ammonia concentration or other differences in
physiology and metabolism. The available ammonia concen-
tration decreases with decreasing pH due to ionization of am-
monium, and this is believed to the major reason for reduced
activity of ammonia oxidation at low pH (12). Although effects
of pH and ammonia concentration were not distinguished in
this study, pH-associated differences may have resulted from
other differences in physiology and metabolism. Measurement
of potential nitrification with natural pH produced similar
trends but lower rates compared to results with the neutral pH.

TABLE 2. Representative AOA amoA gene sequences
and their T-RF groups

T-RF code

T-RF generated from
primer

Accession
no.

pH
range

No. of
clones

CrenamoA23f,
CrenamoA616r

(HpyCh4V
enzyme)

amo111f,
amo643r

(RsaI
enzyme)

TRF49(Rsa203) TRF49 TRF203 FN869067 4.4–6.8 6
TRF79(Rsa108) TRF79 TRF108 GU396238 3.5–6.8 8
TRF79(Rsa291) TRF79 TRF291 GU396249 3.5–6.8 7
TRF166(Rsa101) TRF166 TRF101 GU396241 3.5–4.4 38
TRF166(Rsa187) TRF166 TRF187 FN869065 3.5–5.0 6
TRF166(Rsa203) TRF166 TRF203 GU396244 4.4–6.8 4
TRF166(Rsa293) TRF166 TRF293 GU396253 4.4–6.8 7
TRF166(Rsa473) TRF166 TRF473 FN869072 5.0–6.8 8
TRF166(Rsa554) TRF166 TRF554 FN869068 4.4–6.8 3
TRF205(Rsa79) TRF205 TRF79 GU396237 4.4–6.8 2
TRF205(Rsa101) TRF205 TRF101 GU396248 4.4–6.8 8
TRF205(Rsa187) TRF205 TRF187 FN869061 4.4–6.8 5
TRF217(Rsa203) TRF217 TRF203 FN869059 4.4–6.8 1
TRF217(Rsa244) TRF217 TRF244 FN869058 5.0–6.8 17
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The results suggest that AOA may perform nitrification at low
pH as well as at neutral pH.

AOA and AOB community structure. Ammonia-oxidizing
archaeal and bacterial community composition determined by
T-RFLP analysis varied with liming and correlated with soil
pH, suggesting that soil pH is a key factor controlling the
community composition. Nicol et al. (33) also found effects of
soil pH on AOA and AOB communities. Nitrogen fertilizer is
also believed to influence AOA and AOB community compo-
sition (14, 24, 30, 32, 47, 48). In this study, AOB community
composition was influenced by high input of N fertilizer (900
kg N ha�1 yr�1). AOB amoA genes were not detected in the

highest-N application treatments (1,500 kg N ha�1 yr�1) but
fertilizer treatment did not affect AOA T-RFLP patterns. Con-
sequently, data suggest that the effect of N fertilizer on am-
monia oxidizer community composition was smaller than the
soil pH effect. Moreover, the changes in AOB community
composition caused by N fertilizer input may also be partly due
to a decrease in soil pH through continued nitrification.

Relative importance of AOA and AOB in highly acidic soils.
Regression analysis showed a significant positive relationship
between nitrification potential and archaeal, but not bacterial,
amoA abundance, suggesting that nitrification is driven by
AOA in acidic soils. AOB amoA gene abundance was below

FIG. 4. Maximum likelihood (ML) phylogenetic analysis of derived amino acid sequences (158 aligned positions) from cloned archaeal amoA
gene sequences from tea soils. Sequences from this study are presented in bold and are described as clone name (accession number) RsaI T-RF
size (HpyCh4V T-RF size). Reference sequences are described as clone name (environment, accession number). Bootstrap support for major
clades represents the most conservative value from ML, distance, and parsimony analyses (100, 1,000, and 1,000 replicates, respectively).
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detection limits in the heavily N-fertilized (1,500 kg N ha�1

yr�1) and low-pH tea soils, but nitrification potential and AOA
abundance were high. The relative role of AOA and AOB has
been debated since Leininger et al. (29) first reported the
dominance of AOA in soil (36). Furthermore, Chen et al. (10)
suggested that AOA are dominant in the rhizosphere in paddy
soils and were influenced more by exudation from rice roots.
However, AOA abundance and activity did not increase with N
fertilizer input and AOB and not AOA contributed to nitrifi-
cation in grassland soils receiving high nitrogen inputs (15).
Distinctions may be due to different land use and environmen-
tal conditions. Evolutionary considerations suggest that ar-
chaea can grow under conditions of extreme salinity, temper-
ature, and pH and low ammonia availability (18, 31), which do
not support growth of bacteria and eukaryotes (46). Therefore,
it is possible that AOA lack the competitive advantage in some
grassland soils but can adapt and flourish in highly acidic soils.
Low pH may explain the higher relative abundance of AOA
compared to AOB in tea orchards.

Niche differentiation and potential activity of ammonia ox-
idizer phylotypes. Soil pH is clearly a major factor influencing
niche separation of AOA and AOB. The relative abundances
of several AOA and AOB T-RFs [e.g., AOA T-RF49 and
T-RF217(Rsa244) and AOB T-RF256] correlated with soil pH
and were dominant in specific pH ranges. N fertilizer input also
influenced relative abundance, but this may be a secondary
effect due to reduction in soil pH due to increased levels of
nitrification. For example, the relative abundances of AOB
T-RF 60 and T-RF256 and of AOB T-RF156 increased and
decreased, respectively, with increasing N fertilizer input. Soil
pH has previously been shown to be a major driver of AOB
(43) and AOA (33) community structure and that of bacteria
(17) and contrasts with the suggestion (25) that amoA genes
may be too conserved to reflect ecological differences.

T-RFLP and sequence analyses suggest that T-RF166(Rsa101),
represented by the amoA gene sequence (GU396241), domi-
nates highly acidic tea orchard soils with pHs of �4.4. These
soils had very high AOA/AOB amoA gene ratios (	15) and

high nitrification potential. Consequently, the dominant rep-
resentative AOA phylotype in these highly acidic soils may
have high activity and play an important role in nitrification.
The negative relationship between the abundance of AOA
T-RF205 and nitrification potential also suggests that this
phylotype may have low activity in Chinese soils.

The relative contributions of AOA and AOB to soil nitrifi-
cation remain a topic of debate (36). Here we have provided
evidence that AOA dominate the ammonia oxidizer commu-
nity in acidic soils, and, along with potential nitrification data,
these results suggest that AOA may be responsible for most of
the nitrification in these highly acidic environments. The study
demonstrates that different ammonia oxidizer phylotypes oc-
cupy distinct pH niches, which in turn provides new insight into
the relative dominances of AOA and AOB and niche differ-
entiation of individual phylotypes in natural environments.
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