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Both bacteria and thaumarchaea contribute to ammonia oxidation, the first step in nitrification. The
abundance of putative ammonia oxidizers is estimated by quantification of the functional gene amoA, which
encodes ammonia monooxygenase subunit A. In soil, thaumarchaeal amoA genes often outnumber the equiv-
alent bacterial genes. Ecophysiological studies indicate that thaumarchaeal ammonia oxidizers may have a
selective advantage at low ammonia concentrations, with potential adaptation to soils in which mineralization
is the major source of ammonia. To test this hypothesis, thaumarchaeal and bacterial ammonia oxidizers were
investigated during nitrification in microcosms containing an organic, acidic forest peat soil (pH 4.1) with a
low ammonium concentration but high potential for ammonia release during mineralization. Net nitrification
rates were high but were not influenced by addition of ammonium. Bacterial amoA genes could not be detected,
presumably because of low abundance of bacterial ammonia oxidizers. Phylogenetic analysis of thaumarchaeal
16S rRNA gene sequences indicated that dominant populations belonged to group 1.1c, 1.3, and “deep peat”
lineages, while known amo-containing lineages (groups 1.1a and 1.1b) comprised only a small proportion of the
total community. Growth of thaumarchaeal ammonia oxidizers was indicated by increased abundance of amoA4
genes during nitrification but was unaffected by addition of ammonium. Similarly, denaturing gradient gel
electrophoresis analysis of amoA gene transcripts demonstrated small temporal changes in thaumarchaeal
ammonia oxidizer communities but no effect of ammonium amendment. Thaumarchaea therefore appeared to
dominate ammonia oxidation in this soil and oxidized ammonia arising from mineralization of organic matter

rather than added inorganic nitrogen.

Autotrophic nitrification, the sequential oxidation of ammo-
nia to nitrite and nitrate, leads to significant losses of ammo-
nium-based fertilizers applied to soil, through leaching and
denitrification of nitrate, and contributes significantly to pro-
duction of the greenhouse gas nitrous oxide (48). Ammonia
oxidation usually limits rates of soil nitrification and involves
initial conversion of ammonia by ammonia monooxygenase to
hydroxylamine in ammonia-oxidizing bacteria (AOB) and po-
tentially to an uncharacterized intermediate in ammonia-oxi-
dizing archaea (AOA). Until recently, AOB belonging to the
Betaproteobacteria were considered responsible for all autotro-
phic ammonia oxidation in soil (25, 47). This belief was chal-
lenged by the discovery of homologues of genes encoding sub-
units of the key functional enzyme ammonia monooxygenase,
associated with the Thaumarchaeota lineage (5, 46) in soil (51)
and marine (52) metagenome studies. Subsequent isolation of
a thaumarchaeal chemolithoautotroph, Nitrosopumilus mariti-
mus, with a cell yield and specific growth rate similar to bac-
terial ammonia oxidizers (24), confirmed the existence of thau-
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marchaeal ammonia oxidizers and raised questions regarding
their role in nitrification in the environment.

Thaumarchaeal amoA genes are ubiquitous in soil, where
several lineages are found, including groups 1.1a, 1.1b, 1.1c,
and 1.3, the first two lineages being associated with ammonia
monooxygenase subunit genes (42). Thaumarchaeal amoA
genes frequently outnumber bacterial amoA genes, often by
more than 2 orders of magnitude (16, 27, 31), suggesting that
thaumarchaea play an important role in soil nitrification. Fur-
ther evidence for soil ammonia oxidation by archaea comes
from microcosm studies of soils with low ammonium concen-
trations. Offre et al. (35) demonstrated that the abundance of
archaeal, but not bacterial amoA genes, increased during ni-
trification in a mineral soil, and the growing AOA populations
were sensitive to acetylene inhibition. Tourna et al. (50) ob-
served changes in (transcript-defined) AOA community struc-
ture associated with microcosms incubated at different temper-
atures. In contrast, Jia and Conrad (20) found that only AOB
increased in abundance and assimilated inorganic carbon dur-
ing nitrification in agricultural soil microcosms receiving reg-
ular amendments of ammonia.

The limited number of cultivated representatives, particu-
larly of archaeal ammonia oxidizers, limits ecophysiological
studies, but it appears that archaeal ammonia oxidizers, includ-
ing N. maritimus (24, 29), Nitrosocaldus yellowstonii (9), and
Nitrososphaera gargensis (15), may be adapted to growth at low
ammonia concentration. Similar physiology in soil thaumar-
chaeal ammonia oxidizers might be beneficial where the am-
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monia concentration is low. For example, NH; availability will
be low in acid soils, due to ionization to ammonium (31), or
where ammonia is generated continuously at low concentra-
tions, e.g., through mineralization of organic nitrogen, rather
than being supplied at high concentration in fertilizer or ani-
mal waste. There is also evidence for assimilation of organic
carbon by archaea (17, 37) or growth without incorporating
inorganic carbon (20), leading to suggestions that archaeal
ammonia oxidizers may be mixotrophic or heterotrophic (32).
These two factors might lead to dominance of thaumarchaeal,
rather than bacterial, ammonia oxidizers in unfertilized or-
ganic soils where ammonia is derived mainly from mineraliza-
tion of organic matter rather than input of inorganic nitrogen.
To test this hypothesis, we investigated net nitrification and
ammonia oxidizer communities in an acidic organic forest soil
derived from peat from the Ljubljana marsh, Slovenia. Bacte-
rial and archaeal ammonia oxidizer communities were investi-
gated by determining the abundance and diversity of respective
amoA genes during nitrification in soil microcosms.

MATERIALS AND METHODS

Soil microcosms. Net nitrification rate was determined in a preliminary ex-
periment (data not shown) using soil collected in September 2008 from Ljubljana
marsh, Slovenia. The dynamics of ammonia oxidizer communities were studied
in microcosms containing soil collected from the same site in February 2009. This
acidic soil has a high organic carbon content (45%), high C:N ratio (16.5), and
high water-holding capacity (WHC; 8 g H,O g of soil ') (1). Soil was sampled
from the upper 30-cm soil layer at three locations, approximately 30 cm apart,
and equal quantities of soil from each location were combined, sieved (mesh size,
8 mm), and stored at 4°C prior to use in microcosms. The pH of soil suspensions
in distilled water (1:2, soil:water) was measured in triplicate with a glass elec-
trode (pH meter inoLab pH 720; Weilheim, Germany) and was 4.0 (standard
error [SE], 0.02) and 4.1 (SE, 0.01) in September and February, respectively.

The effect of acetylene on nitrification was studied in triplicate microcosms
consisting of 330-ml serum bottles containing 10 g wet soil, adjusted to 60%
WHC, and closed with a butyl rubber stopper. Acetylene was added to the
headspace, resulting in final concentrations of 0 Pa (control), 10 Pa (0.01%), or
100 Pa (0.1%). Microcosms were incubated at 28°C for 30 days and were opened
every 3 days to maintain aerobic conditions, with addition of distilled water (if
required) to replace that lost through evaporation (as determined by weight
loss). The acetylene headspace concentration was reestablished after resealing
the microcosms. Microcosms were destructively sampled at 0, 5, 10, 15, 20, and
30 days.

The effects of ammonium concentration on nitrification rate and ammonia
oxidizer communities were determined in triplicate microcosms consisting of
60-ml flasks containing 10 g wet soil. Soil was amended with ammonium sulfate
to a final concentration of 0 (control), 10, or 100 wg NH,*-N g of dry soil !, and
water content was maintained at 70% WHC, as described above. Flasks were
incubated at 22°C and were destructively sampled after incubation for 0, 4, 10,
and 20 days.

After destructive sampling, a portion of soil from each microcosm was pro-
cessed immediately (within 30 min) for analysis of ammonium and combined
nitrite and nitrate concentrations, and the remainder was stored at —20°C for
molecular analysis. Ammonium and nitrite plus nitrate concentrations were
determined colorimetrically by flow injection analysis (FLOW SYS [Alliance
Instruments, Salzburg, Austria] and FIA Star 5010 analyzer [Tecator]) after
extraction from 5 g soil in 40 ml of 1 M KCI. Nitrite rarely accumulates in soil,
and preliminary studies showed the nitrite concentration to be negligible (in
relation to nitrate concentration) or below the detection limit during nitrification
in this soil. For convenience, therefore, concentrations are subsequently referred
to in terms of nitrate only. Total nucleic acids were extracted from 0.5-g soil
samples as described by Griffiths et al. (14) with some modifications (33), and
nucleic acid extracts were subdivided into two aliquots for preparation of DNA
or RNA templates. Genomic DNA used for construction of 16S rRNA and
amoA gene clone libraries was extracted using the PowerSoil kit (MoBio, Carls-
bad, CA), following the manufacturer’s protocol and the method of Griffiths et
al. (14), respectively.

Reverse transcription-PCR (RT-PCR) amplification and DGGE analysis of
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16S rRNA and amoA genes. DNA was removed by treating 7 pl of total nucleic
acid extract with RQ1 DNase (Promega, Southampton, United Kingdom) before
generating cDNA with SuperScript IT reverse transcriptase and random hexamer
primers (Invitrogen, Paisley, United Kingdom) as described previously (31).
PCR amplification and denaturing gradient gel electrophoresis (DGGE) analysis
were performed using primers, reagents, and concentrations described previously
(31, 50) with primer sets targeting bacterial ammonia oxidizer or thaumarchaeal
16S rRNA genes and bacterial or archaeal amoA genes from both DNA and
cDNA templates. Relative (within-lane) intensities of DGGE bands were quan-
tified by densitometry analysis of normalized DGGE profiles using Phoretix 1D
gel analysis software (Phoretix International, Newcastle-Upon-Tyne, United
Kingdom) as previously described (30). The resulting frequency matrices were
used to assess the influence of ammonium addition and incubation time on
archaeal community structure. Canoco for Windows 4.0 (49) was used for prin-
cipal component analysis (PCA) and canonical correspondence analysis (CCA),
using 999 permutations to test for significance.

Quantitative PCR analysis of amoA genes and transcripts. Quantification of
bacterial amoA genes was based on the protocol described by Offre et al. (35).
Bacterial amoA genes were amplified with primers amoA-1F and amoA-2R (41),
and a dilution series (10> to107) of Nitrosospira multiformis genomic DNA was
used as a standard. Cycling conditions were 95°C for 5 min, 36 cycles of 95°C for
10s, 60°C for 30 s, and 81°C for 5 s (followed by collection of fluorescence data),
a final extension of 60°C for 10 min, and melting curve analysis (72 to 95°C;
holding temperature for 1 s every 0.2°C). Quantification of thaumarchaeal amoA
genes was performed using primers crenamoA23F and crenamoA616R (50).
Standard curves were generated from known amounts of a PCR product (ap-
proximately 1.9 kb in length) amplified from soil fosmid 54d9 (51) and containing
amoA and amoB subunit genes. Cycling conditions were 95°C for 5 min, 35 cycles
of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and 82°C for 5 s (followed by
collection of fluorescence data), final extension of 72°C for 10 min, and melting
curve analysis (72 to 95°C; holding temperature for 1 s every 0.2°C).

Reactions were performed in 25-pl volumes containing 0.2-mg ml~! bovine
serum albumin, 0.8 uM (bacterial amoA assay) or 1 uM (thaumarchaeal amoA
assay) each primer, 12.5 pl of QuantiFast qPCR master mix (Qiagen, Crawley,
United Kingdom), and 5 pl of nucleic acid template. Amplification was per-
formed in a DNA Engine OPTICON 2 system (GRI Ltd., Braintree, United
Kingdom). Melting curves of PCR products were checked at the end of each
reaction, and PCR products were confirmed by standard 1% agarose gel elec-
trophoresis. For thaumarchaeal amoA quantitative PCR (qPCR), amplification
efficiency was 93 to 97%, and r* values were approximately 0.99.

Cloning and sequence analysis of 16S rRNA and amoA gene sequences. Three
independent 16S rRNA clone libraries (A, B, and C) were made from three
different sampling cores. amoA gene clone libraries were constructed from DNA
extracted from soil microcosms taken after incubation for 0 and 20 days. Ar-
chaeal 16S rRNA genes were amplified using general archaeal primers Ar109f
and Ar915r (11) and thaumarchaeal amoA genes were amplified using primers
crenamoA23F and crenamoA616R (50), and PCR products were cloned into the
pGEM-T Easy vector (Promega, Southampton, United Kingdom). Selected
clones from both 16S rRNA and amoA clone libraries were sequenced using the
T7 vector primer. Sequences of chimeric origin were detected by analyzing
alignments using the Chimera Check tool in RDPII for 16S rRNA gene se-
quences (8) and Bellerophon for amoA gene sequences (19). Sequences from
short or failed reads were excluded from analysis.

Two databases, one for 16S rRNA gene sequences from all three sample cores
and one for amoA predicted amino acid sequences, were built using ARB
software (28) and aligned with reference sequences retrieved from GenBank
(http://www.ncbi.nlm.nih.gov/GenBank/index.html). The 16S rRNA gene se-
quence alignment was performed with the SINA aligner tool from the SILVA
Project web page (39) and manually corrected with respect to secondary struc-
ture. A 50% similarity filter was created for each data set, based on the align-
ment, leaving 595 nucleotides and 197 amino acids for 16S rRNA and amoA
sequence alignments, respectively. Distance, parsimony, and maximum likeli-
hood phylogenetic analyses were performed using neighbor-joining, parsimony,
and PHYML tools implemented in ARB, using 1,000, 1,000, and 100 bootstrap
values, respectively. The most conservative values for major nodes are repre-
sented on the phylogenetic trees.

Distance matrices were exported to calculate rarefaction curves and diversity
indices with the DOTUR software (43). Sequences were grouped into opera-
tional taxonomic units (OTU) using the furthest-neighbor approach, with an
OTU defined as containing sequences that are no more than 1% or 3% different
from each other. Diversity and richness were estimated from 16S rRNA gene
clone libraries using the Shannon-Weaver diversity index (45) and the Chaol
nonparametric richness estimator (6). Coverage (C) was calculated as C = 1 —
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FIG. 1. The influence of acetylene and ammonium amendment on nitrification in peat soil microcosms. (a and b) Changes in ammonium (a)
and nitrate (b) concentrations in soil microcosms incubated at 28°C for 30 days containing 0, 10, or 100 Pa acetylene headspace concentration. The
y axes for these two graphs show the ammonium concentration (NH,"-N g dry soil ') and nitrate concentration (NO;~-N g dry soil ! day™'),
respectively. (c and d) Changes in ammonium (c) and nitrate (d) in soil microcosms amended with 0, 10, or 100 wg NH,*-N g dry soil ' and
incubated at 22°C for 20 days. The y axes for these two graphs show the ammonium concentration (NH,*-N g dry soil ') and nitrate concentration
(NO; -N g dry soil ' day "), respectively. For both experiments, triplicate microcosms were destructively sampled at each time point and mean
values are plotted. Error bars represent standard errors but were usually smaller than the plotted symbols. Symbols overlap in panels b and ¢ where

values are close to zero.

(n,/N), where n; was the number of clones which occurred only once in a library
of N clones (13), and relative abundances of major phylogenetic groups were
determined.

Statistical analysis. Nitrification rates and qPCR data from triplicate micro-
cosms were analyzed using a general linear model of analysis of variance using
Minitab 15 (Minitab, State College, PA).

Nucleotide sequence accession numbers. All 16S rRNA gene and amoA se-
quences have been deposited in the GenBank database with accession numbers
HQ233247 to HQ233489.

RESULTS

Nitrification dynamics. Net nitrification rate was deter-
mined as changes in nitrate concentration, assuming linear
kinetics, during incubation of microcosms in the presence and
absence of acetylene, an inhibitor of autotrophic nitrification.
The conditions employed minimize the denitrification rate,
and net and gross nitrification rates, measured in terms of
nitrate production, are likely to be similar. In the absence of
acetylene (Fig. 1a) the nitrification rate was 13.8 (SE, 0.8) pg
NO; ™ -N g of dry soil " day ™', and nitrate concentration in-
creased from below the detection limit to 395 (SE, 2) pg

NO; -N g of dry soil ' after incubation for 30 days. There was
no evidence of inhibition of nitrification through, for example,
a possible decrease in soil pH. The ammonium concentration
was low in comparison, increasing from below the detection
limit for the first 10 days of incubation to 65 (SE, 7) g
NH,"-N g of dry soil ! after incubation for 30 days (Fig. 1a).
Nitrification was inhibited completely in microcosms with 10
and 100 Pa C,H, headspace concentration (Fig. 1b), and am-
monium concentration increased continuously during incuba-
tion through mineralization of organic nitrogen, at rates of 10.8
(SE, 0.6) and 10.6 (SE, 0.8) pg g of dry soil ! day ™!, assuming
linear kinetics. The ammonium concentration increased to 303
(SE, 2.7) pg NH, "N g dry soil ' after incubation for 30 days,
while the nitrate concentration was below the detection limit
throughout the experiment. Mineralization of organic nitrogen
therefore generated significant amounts of ammonia, support-
ing the high rates of nitrification observed in control micro-
cosms.

Net nitrification kinetics were not affected by addition of
ammonium, with rates of 6.18 (SE, 0.34), 5.73 (0.19), and 5.55
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FIG. 2. DGGE analysis of archaeal amoA gene transcripts from soil incubated with 0, 10, or 100 wg NH,-N g dry soil~'. (a) DGGE profiles
of mRNA transcripts. Each lane represents a profile derived from an individual microcosm. The numbers of bands highlighted by arrows were
derived using Phoretix 1-D (Phoretix International, Newcastle-Upon-Tyne, United Kingdom), with highlighted bands showing a decrease (band
4) or increase (bands 13, 14, and 19) in relative intensity during incubation. (b) PCA of the different archaeal amoA gene transcript communities
based on the relative intensities of DGGE bands. Each symbol represents one community derived from an individual microcosm.

(0.37) mg NO; -N g dry soil ! day ' in microcosms amended
with 100, 10, and 0 wg NH,"-N g dry soil ", respectively (Fig.
1d). These rates were lower than those reported for the acet-
ylene experiment, due to the lower incubation temperature of
22°C, compared to 28°C. In addition, the final nitrate concen-
tration was not affected significantly by ammonium amend-
ment with 10 pg NH,"-N g dry soil ' (P = 0.688) or 100 pg
NH,"-N g dry soil ! (P = 0.278). Ammonium concentration
was always below the detection limit in control microcosms
until day 20, when the mineralization rate exceeded the nitri-
fication rate. Ammonium became undetectable after amend-
ment with 10 pg NH,*-N g dry soil ™! but increased after
incubation for 20 days. After addition of 100 pg NH,"-N g
dry soil !, ammonium concentration decreased to 68.7 (SE,
1.95) wg NH, "-N g dry soil ! and increased to 86.4 (SE, 2.6)
pwg NH,"-N g dry soil ' at day 20 (Fig. 1c). Soil pH did not
change significantly during incubation, despite high rates of
nitrification.

Community structure of archaea and ammonia oxidizers.
Total (dormant and active) thaumarchaeal and ammonia oxi-
dizer communities were characterized by DGGE analysis of
16S rRNA and amoA genes amplified from DNA extracted
from soil incubated for 0, 4, 10, and 20 days at 22°C, following
addition of 0, 10, and 100 wg NH,*-N g dry soil *. The com-
position of active communities was determined by DGGE
analysis of 16S rRNA and amoA gene transcripts following
RT-PCR amplification of extracted RNA.

16S rRNA and amoA genes of ammonia-oxidizing bacteria
were not detected, despite using a range of PCR primers and
conditions (data not shown) that have been used to successfully

amplify these genes from other soils. In contrast, thaumar-
chaeal 16S rRNA and amoA genes and gene transcripts were
amplified from soil samples taken from all microcosms at all
sampling points. DGGE profiles of archaeal amoA genes were
not affected by amendment with ammonium or length of incu-
bation, indicating little differential growth or shift within the
community. In contrast, small but reproducible changes were
observed in DGGE profiles of archaeal amoA gene transcripts
after incubation for 20 days (Fig. 2a), but not for 4 or 10 days
(data not shown). These changes were not influenced by
amendment with ammonium. Principal component analysis
(Fig. 2b) and canonical correspondence analysis of archaeal
amoA transcript DGGE bands confirmed the effect of incuba-
tion time on community structure (P = 0.002) and the lack of
effect of amendment with ammonium (P > 0.05).

Abundance of amoA genes and gene transcripts. Abundance
and transcriptional activity of ammonia oxidizers were assessed
by quantification of amoA genes and gene transcripts, respec-
tively, using qPCR assays with primers specific for bacterial
and thaumarchaeal amoA genes. Neither bacterial amoA genes
nor gene transcripts were detected in qPCR analysis of nucleic
acids extracted from any of the microcosms. Thaumarchaeal
amoA gene abundance increased significantly (1.5-fold; P =
0.022) during incubation for 20 days, from (2.62 [SE, 0.095]
to 3.92 [SE, 0.45]) X 107 g dry soil ' (Fig. 3a), but increases
were not affected by ammonium amendment (P > 0.05).
Archaeal amoA transcript abundance also increased signif-
icantly (2.5-fold; P < 0.005), from (2.12 [SE, 0.31] to 5.49
[SE, 0.12]) X 10° g dry soil ' (Fig. 3b). Again, no effect of
ammonium amendment was detected (P > 0.05), and tran-
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FIG. 3. Archaeal amoA gene abundance (a) and transcript abun-
dance (b) in soil microcosms amended with 0, 10, or 100 pg NH,"-N
g dry soil ! after incubation for 0 or 20 days. Values plotted are means
and standard errors from triplicate microcosms. Values on the y axes
are the gene or transcript abundance per g of dry soil.

script abundance was approximately 2 orders of magnitude
lower than gene abundance.

Phylogenetic analysis. Of 156 sequences from the three
archaeal 16S rRNA gene clone libraries, 108 fell within the
Thaumarchaeota and 48 within the Euryarchaeota (Fig. 4a).
Most thaumarchaeal sequences were placed within lineages
that have not yet been implicated in ammonia oxidation,
with only 8% placed within thaumarchaeal lineages 1.1b and
1.1a-associated. Two dominant clades (each containing 29%
of thaumarchaeal sequences) belonging to Thaumarchaeota
group l.1c and 1.3 were observed, and 18% of thaumar-
chaeal sequences were associated with a recently identified
“deep peat” lineage (40). Archaeal amoA clone libraries
generated from microcosm samples taken after incubation
for 0 and 20 days generated 89 clones (Fig. 4b). All se-
quences fell within the major lineage dominated by soil and
sediment amoA sequences and are thought to be associated
with group 1.1b thaumarchaea (38).

OTU were formed at a =3% genetic distance for thaumar-
chaeal 16S rRNA genes, and rarefaction curves were inferred
using the DOTUR software (43). Rarefaction curves from two
(A and B) of the three clone libraries approached an asymp-
tote (see Fig. S2 in the supplemental material). These differ-
ences are reflected in greater coverage values for clone librar-
ies A and B, compared to C, and lower estimated richness
(Table 1). Shannon diversity values were similar in the three
libraries. Libraries were dominated by three groups, group 1.1c
(33% [SE, 3]), group 1.3 (17% |[SE, 3]), and the DP group
(13% [SE, 3]) (Table 1).
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DISCUSSION

There is evidence that both archaea and bacteria contribute
to ammonia oxidation in soil, but the factors determining their
relative contributions are not clear (38). Martens-Habbena et
al. (29) showed recently that the marine archaeon N. maritimus
has the greatest substrate affinity determined for any autotro-
phic ammonia oxidizer, with nitrification kinetics matching
those measured in the low-nutrient open ocean. Although bulk
soil ammonia concentrations are generally higher than in
oceans, localized concentrations may be low, and physical het-
erogeneity will restrict transport of ammonia through the soil.
Availability of ammonia will also be significantly reduced in
acid soils, due to ionization of ammonia to ammonium. Am-
monium has a pK, of 9.24 at 25°C. The highest ammonium
amendment in this study was designed to give a total ammo-
nium concentration of 100 pug N g soil ™!, equivalent to 7.2 mM.
At pH 4, the ammonia concentration of such a solution will be
31 nM, which is of similar magnitude to the reported K,,, value
for N. maritimus but 2 to 3 orders of magnitude lower than
values for AOB (29). The two major sources of ammonia in
soil are release during mineralization of organic matter and, in
managed soils, input at high concentration of animal urine and
manure or inorganic fertilizer. Mineralization is likely to lead
to low, localized concentrations, particularly if ammonia oxi-
dizers and heterotrophs assimilate ammonia from colonized
degrading particulate material. Archaeal ammonia oxidizers
might therefore be expected to be of greater importance in
soils with high organic matter and little history of fertilization
with inorganic nitrogen or acid soils.

This was tested by investigation of nitrification and ammonia
oxidizer communities in an acidic peat soil with high organic
matter content. Net nitrification rates were high, reaching 13.8
pug NO; ™ -N g dry soil ! day ™", which is in the upper range of
in situ gross nitrification rates analyzed in a metastudy of ap-
proximately 100 different soils (4). Nitrification was inhibited
by acetylene at both concentrations used (10 and 100 Pa), as
found in previous studies (2, 35, 53). The rate of ammonia
production in acetylene-treated microcosms was slightly lower
than the nitrification rate, suggesting possible inhibition of
mineralization by either acetylene or ammonia that accumu-
lated during mineralization or stimulation of immobilization.

Domination of ammonia oxidation by archaea. Archaea ap-
pear to play the major role in ammonia oxidation in this soil.
Despite use of a range of PCR primers and attempts to in-
crease sensitivity, it was not possible to detect bacterial ammo-
nia oxidizer 16S rRNA or amoA genes. This may have resulted
from incomplete coverage of primers or specific problems as-
sociated with extraction of nucleic acids from organic soils.
However, it is most likely that bacterial ammonia oxidizer
abundance was low and that bacteria did not contribute signif-
icantly to nitrification in this soil. Bacterial ammonia oxidizer
abundance decreases with soil pH (31, 34) and in acid soils can
be below detection limits of both molecular-based (44) and
cultivation-based (23) enumeration methods. In contrast, thau-
marchaeal 16S rRNA and amoA genes and gene transcripts
were readily amplified from all microcosms. amoA genes and
gene transcripts increased significantly during nitrification,
providing strong evidence for growth of a transcriptionally
active, archaeal ammonia oxidizer community. amoA gene
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FIG. 4. Maximum likelihood phylogenetic analysis of thaumarchaeal 16S rRNA genes from three clone libraries (A, B, and C) from bog soil
(a) and translated amoA gene sequences from soil microcosms (b) sampled after incubation for 0 and 20 days, with reference sequences of
environmental clones and cultivated organisms described as follows: clone name (environmental source, accession number). For panel a, names
of lineages are given according to the methods described by Prosser and Nicol (38), except for the deep peat (DP) group (40). The majority of
sequences fell within three clades, highlighted by gray blocks (group 1.1c, deep peat, and group 1.3) and are presented fully expanded in Fig. S1
of the supplemental material. Multifurcation indicates where the relative branching order of major lineages could not be determined in the majority
of bootstrap replicates. For panel b, 86 of 87 sequences formed one specific clade within the soil (assumed group 1.1b) clade. In both trees, the
length of each branch represents the maximum branch length obtained. Bars, an estimated 0.1 change per nucleotide (a) or amino acid (b) position.

abundance increased to 3.92 X 107 g dry soil ~! after incubation
for 20 days, which is similar to abundances found in other soils
(27, 31), where amoA abundances of approximately 4 X 10° g
soil ! gave a net nitrification rate that was approximately 25%
of the level determined in this study, suggesting that thaumar-
chaeal ammonia oxidizers could support the relatively high
rates observed. amoA transcript abundance was approximately
100-fold lower than gene abundance, reaching 5.49 X 10° g dry
soil "', This difference in abundance has been observed in

other studies of ammonia oxidizers (27, 31) and other func-
tional groups (12) and may be due to inefficient conversion of
mRNA to cDNA, a high rate of mRNA turnover, and/or a
large proportion of amoA-containing archaea not actively ox-
idizing ammonia.

There was also some evidence of changes in archaeal am-
monia oxidizer communities during nitrification, through
DGGE analysis of archaeal amoA gene transcripts, but not
genes, after incubation for 20 days. Transcriptional activity
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TABLE 1. Diversity estimators calculated for thaumarchaeal 16S rRNA clone libraries from three replicate soil samples”

Clone library No. of No. of Shannon index? Chaol OTU* % % in % in % in DP
clones phylotypes coverage group 1.1c group 1.3 group

A 35 10 1.99 (1.71-2.26) 13 (10.4-33.0) 86 30 10 10

B 34 10 2.09 (1.86-2.33) 11.5 (10.2-25.1) 91 30 20 20

C 39 15 2.148 (1.77-2.51) 30 (18.5-79.2) 74 40 20 10

Mean (SE) 36 (1) 12 (1) 2.07 (1.78-2.37) 18.2 (13.0-45.8) 84 (4) 33(3) 17 (3) 13 (3)

“ Clone libraries from three soil samples (A, B, and C) were evaluated; summary means and standard errors for each estimator are also shown. Enumeration of
thaumarchaeal phylotypes and calculation of diversity indices were completed at a 97% identity threshold between thaumarchaeal 16S rRNA gene sequences.
® Shannon-Weaver diversity index; values in parentheses are 95% confidence intervals. The overall SE (not shown in the graph) was 0.045 (95% confidence interval,

0.042-0.075).

¢ Number of OTU in the original sample, obtained using the Chaol estimator; values in parentheses are 95% confidence intervals. The overall SE (not shown in the

graph) was 5.9 (95% confidence interval, 2.75-16.9).

may represent the most sensitive measure of change in relative
activities within a functional group, but the results suggest that
nitrification did not lead to significant selection of archaeal
ammonia oxidizer phylotypes. Although laboratory conditions
will unavoidably differ from those in the natural environment,
nitrification of ammonia released through mineralization rep-
resents a much smaller disturbance than addition of high con-
centrations of inorganic nitrogen, and it is therefore less likely
to lead to changes in community structure.

Ammonium addition did not influence nitrification rate or
ammonia oxidizers. Addition of ammonium to soil microcosms
as ammonium sulfate in solution at final concentrations of 10
and 100 pg NH,*-N g dry soil ! had no detectable effect on
nitrification rate and did not affect increases in ammonia oxi-
dizer abundance or ammonia oxidizer community structure.
This suggests that (i) ammonia oxidation was limited by factors
other than ammonia concentration, (ii) ammonia did not reach
active ammonia oxidizers, and/or (iii) active ammonia oxidizers
were adapted to growth at ammonia concentrations lower than
those in added solutions. Initial reductions in ammonium con-
centration following amendment are therefore likely due to
immobilization by heterotrophs or adsorption of ammonium
by clay minerals and organic matter, rather than ammonia
oxidation, as nitrification rates and nitrate yields were not
affected. Ammonium increased in all microcosms between 10
and 20 days, suggesting that the mineralization rate exceeded
the nitrification rate. The inability of ammonia oxidizers to
completely oxidize ammonia may have been due to a local
decrease in soil pH, although bulk soil pH in microcosms did
not decrease during incubation. There was no evidence for a
decrease in nitrification rate, and the increase in ammonium
was therefore likely due to an increased mineralization rate or
decreased assimilation of ammonia into microbial biomass.

Although the influence of amendment of soil with ammo-
nium on the relative activities of archaeal and bacterial am-
monia oxidizers has been poorly studied, our results are con-
sistent with several other studies. Hofferle et al. (18) found that
a high ammonia concentration influences bacterial more than
archaeal ammonia oxidizers, and Chen et al. (7) found little
effect of fertilizer addition on archaea, which were influenced
more by root exudates, suggesting mixotrophic or heterotro-
phic metabolism. Similarly, Di et al. (10) observed bacterial but
not archaeal ammonia oxidizer growth in soil microcosms after
addition of urine.

Community composition. Phylogenetic analysis of 16S
rRNA gene sequences indicated dominance of thaumarchaeal
communities by groups 1.1c, 1.3, and deep peat lineages, which
are not known to possess amo gene homologues. The high
abundance of these groups was previously reported in other
studies. For example, group 1.1c thaumarchaea are found pre-
dominantly in acidic soils (3, 21, 22, 26, 36), and thaumarchaeal
16S rRNA gene sequences dominating in a Finnish acidic peat
soil fell within the lineages dominating in this study (i.e.,
groups 1.1c and 1.3 and the deep peat lineage) (40). Ammonia
oxidation may therefore have been due to the less-abundant
thaumarchaeal populations, such as group 1.1b, which are
known to possess amo homologues, and links between 16S
rRNA gene-derived community data and ammonia oxidation
are less likely.

Phylogenetic analysis from soil microcosms placed all 89
amoA sequences within group 1.1b (31). Sequences from
low-pH environments grouped together in a single clade (31),
within which amoA sequences from this study formed a tight
and separate cluster with low diversity. No amoA sequence
grouping in the 1.1a clade could be retrieved from the amoA
clone libraries, suggesting that 1.1b organisms are dominant
and presumably more active than 1.1a-associated crenarchaea.

In conclusion, acetylene-sensitive ammonia oxidation in an
acidic, organic, peat soil was dominated by thaumarchaea, with
no evidence for activity or growth of bacterial ammonia oxi-
dizers. Thaumarchaea utilized and grew on ammonia released
during mineralization of organic matter, and nitrification rates
and community changes were not influenced by addition of
inorganic ammonium, suggesting that thaumarchaea preferen-
tially utilized ammonia produced at low rates through miner-
alization. Further research is required to determine whether
this feast-or-famine growth strategy results from preference for
low ammonia concentration or other physiological character-
istics. However, if widespread among AOA, there are implica-
tions for application of ammonia-based fertilizers to soils in
which ammonia oxidizers are dominated by archaea.
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