Autotrophic ammonia oxidation by soil thaumarchaea
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Nitrification plays a central role in the global nitrogen cycle and is
responsible for significant losses of nitrogen fertilizer, atmospheric
pollution by the greenhouse gas nitrous oxide, and nitrate pollu-
tion of groundwaters. Ammonia oxidation, the first step in nitri-
fication, was thought to be performed by autotrophic bacteria until
the recent discovery of archaeal ammonia oxidizers. Autotrophic
archaeal ammonia oxidizers have been cultivated from marine
and thermal spring environments, but the relative importance of
bacteria and archaea in soil nitrification is unclear and it is be-
lieved that soil archaeal ammonia oxidizers may use organic
carbon, rather than growing autotrophically. In this soil microcosm
study, stable isotope probing was used to demonstrate incorpo-
ration of *C-enriched carbon dioxide into the genomes of thau-
marchaea possessing two functional genes: amoA, encoding
a subunit of ammonia monooxygenase that catalyses the first
step in ammonia oxidation; and hcd, a key gene in the autotrophic
3-hydroxypropionate/4-hydroxybutyrate cycle, which has been
found so far only in archaea. Nitrification was accompanied by
increases in archaeal amoA gene abundance and changes in amoA
gene diversity, but no change was observed in bacterial amoA
genes. Archaeal, but not bacterial, amoA genes were also de-
tected in "*C-labeled DNA, demonstrating inorganic CO, fixation
by archaeal, but not bacterial, ammonia oxidizers. Autotrophic
archaeal ammonia oxidation was further supported by coordinate
increases in amoA and hcd gene abundance in "*C-labeled DNA.
The results therefore provide direct evidence for a role for archaea
in soil ammonia oxidation and demonstrate autotrophic growth
of ammonia oxidizing archaea in soil.
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mmonia oxidation, the first and rate-limiting step in the ni-

trification process, is an important component of the ter-
restrial nitrogen cycle. Nitrification in agroecosystems leads to
loss of a significant proportion of applied ammonia-based fertil-
izers (annual input of approximately 100 Tg y™") (1), at an esti-
mated annual cost of $15.9 billion (2). Losses occur through
leaching of nitrate or its conversion to gaseous dinitrogen or ni-
trogen oxides, by both nitrifiers and classical denitrifiers. Am-
monia oxidizers therefore contribute significantly to nitrate
pollution of groundwaters and pollution of the atmosphere by the
greenhouse gas nitrous oxide, which will become the dominant
ozone-depleting gas in the 21st century (3). These environmental
impacts add to nitrogen transformations and emissions from the
oxidation of ammonia generated naturally in soil through de-
composition of organic matter, and have led to renewed interest
in the application of inhibitors of ammonia oxidation to reduce
fertilizer loss and nitrous oxide production (4). Despite its global
importance, there is uncertainty and controversy regarding the
organisms oxidizing ammonia in terrestrial systems. Traditionally,
the process was thought to be dominated by autotrophic ammonia
oxidizers belonging to the betaproteobacteria, with small con-
tributions in some soils from heterotrophic bacteria and fungi at
low specific rates (5). Bacterial ammonia oxidizers gain energy
through oxidation of ammonia to nitrite and carbon by fixation of
inorganic carbon. They are readily enriched from most soils and
the abundances and cell activities obtained for cultivated strains
appear sufficient to support measured soil nitrification rates.
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This traditional view of soil ammonia oxidation was challenged
by the analysis of a soil metagenome fragment containing both
a thaumarchaeal group 1.1b 16S rRNA gene and sequences en-
coding potential homologues of AmoA and AmoB subunits of the
bacterial ammonia monooxygenase (6). This is the key functional
enzyme in bacterial ammonia oxidizers, oxidizing ammonia to
hydroxylamine, before its conversion to nitrite. Archaeal amoA
genes are ubiquitous in soils, frequently outnumbering bacterial
amoA genes (7-9), and the cultivation of Nitrosopumilus mar-
itimus, a marine autotrophic ammonia oxidizing archaeon (10),
and organisms from hot spring environments (11, 12), demon-
strated the potential for autotrophic ammonia oxidation in group
1.1a, 1.1b, and a thermophilic thaumarchaeal lineage. Genome
analysis of N. maritimus (13) and Cenarchaeum symbiosum (14)
identified components of the autotrophic 3-hydroxypropionate/4-
hydroxybutyrate cycle (15, 16) for carbon dioxide fixation. A key
enzyme of the pathway, 4-hydroxybutyryl-CoA dehydratase, has
not, to our knowledge, been identified in obligate archaeal het-
erotrophs (17) and could act as a marker for autotrophic thau-
marchaea. To date, however, no autotrophic archaeal ammonia
oxidizer has been isolated from soil, but there is evidence that
ammonia oxidation by archaea may exceed that by bacteria in
some soils (18-20). In these soils, nitrification is associated with
higher archaeal amoA abundance, changes in abundance and
relative abundance of archaeal, but not bacterial, 16S rRNA and
amoA phylotypes, and greater archaeal transcriptional activity
(19, 20). In contrast, growth of ammonia-oxidizing bacteria, and
not archaea, correlates with nitrification kinetics in other soils (21,
22). Despite autotrophic growth of cultivated archaeal ammonia
oxidizers, there is no direct evidence for archaeal autotrophy in
soil, and some studies indicate heterotrophic and/or mixotrophic
growth. For example, genome analysis of C. symbiosum (14)
suggests the capacity for both heterotrophic and autotrophic
modes of growth and isotopic analysis of marine thaumarchaeal
lipids (23) indicates assimilation of some organic carbon.

Stable isotope probing (SIP) provides direct assessment of
autotrophy, by incubation of samples with '*C-CO, and molecular
analysis of *C-labeled nucleic acids. SIP has demonstrated au-
totrophy by bacterial ammonia oxidizers in estuarine sediments
(24) and in soil (21). The latter study detected bacterial but not
archaeal amoA and 16S rRNA genes in '*C-labeled DNA during
nitrification in the presence of '>C-CO,. Assimilation in bacterial
DNA was not observed when nitrification was inhibited by acet-
ylene, but, interestingly, archaeal gene abundance increased
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during acetylene inhibition of nitrification, providing evidence for
heterotrophic growth. In this study we combined SIP with analysis
of bacterial and archaeal amoA genes and thaumarchaeal hcd
genes to assess whether inorganic carbon fixation by archaea and
bacteria is associated with ammonia oxidation in a soil in which
archaea appear to play a greater role in nitrification than bacteria.

Results

Nitrification in Soil Microcosms. Nitrification was monitored in soil
microcosms established with a headspace containing 5% (vol/vol)
12C- or *C-CO, and sampled destructively after incubation for 14
and 28 d. High rates of nitrification (1.1 pg NO5™-N g~" soil d™")
have previously been observed in this soil without ammonia
amendment (19) as a result of ammonia released during miner-
alization of organic material. Ammonia concentration was low
throughout the incubation period, decreasing from an initial value
of 3.2 (+0.33) pg NH, *-N g ™' soil to 1.25 (+0.07) and 1.24 (+0.01)
pg NH,*-N g~ ! in microcosms incubated with '*C- and '*C-CO,,
respectively, after incubation for 28 d (Fig. 1). Nitrification rates
were high and nitrite plus nitrate concentration increased from an
initial value of 12.6 ug N g™ to 57.2 (20.64) and 57.0 (10.242 pg
NO, -N/NO3™-N g’1 in microcosms incubated with >C- and *C
CO,, respectively, after incubation for 28 d. Ammonia and nitrite
plus nitrate concentrations did not differ significantly (P > 0.05)
between microcosms incubated with headspaces containing *2C-
and *C-CO, at 14 or 28 d.

Quantification of amoA and hcd Genes. Growth of putative am-
monia oxidizing archaea and bacteria during incubation was
assessed by quantification of amoA genes (Fig. 2) using quanti-
tative PCR (qPCR) assays specific for archaeal and betaproteo-
bacterial amoA genes. Growth of putative autotrophic archaea
was assessed by quantification of scd genes (Fig. 2) using a qgPCR
assay specific for thaumarchaeal hcd genes. Abundance of
betaproteobacterial amoA genes did not change significantly
(ANOVA, log-transformed data, P = 0.46), ranging from 1.27 to
1.65 x 10° copies g™ soil during incubation for 28 d. In contrast,
archaeal amoA gene abundance increased significantly (ANOVA,
log-transformed data, P < 0.001) from 1.05 to 5.31/3.60 and 7.33/
8.61 x 107 copies g~* soil in '*C/**C-CO, microcosms after 14 and
28 d, respectively. Similarly, thaumarchaeal hcd gene abundance
increased significantly (ANOVA, P = 0.002? from 0.14 to 0.92/
0.45 and 1.33/1.84 x 107 copies g~* soil in '2C/**C-CO, micro-
cosms after 14 and 28 d, respectively. The increase in archaeal
amoA, but not hcd, gene abundance differed significantly between
microcosms with headspaces containing '?C-CO, and *C-CO,
after incubation for 14 d, but not after 28 d. Additional soil
incubations were performed to compare the effect of elevated
CO, concentrations on AOA and AOB growth (Fig. S1) and
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Fig. 1. Changes in ammonia and nitrite plus nitrate concentrations in soil
microcosms incubated at 30 °C for 14 or 28 d with a headspace concentration
of 5% (vol/vol) '2C- or '3C-CO,. Data plotted are mean values and SEs from
triplicate microcosms destructively sampled at each time point.
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Fig. 2. The abundance of archaeal amoA, archaeal hcd, and bacterial amoA
genes in soil microcosms after incubation with a headspace concentration of
5% (volivol) "2C- or '*C-CO, for 14 or 28 d. Data plotted are mean values and
SEs from triplicate microcosms destructively sampled at each time point. The
same letter above different bars indicates no significant difference (P > 0.05).

confirmed significant growth of AOA only, and no significant
difference in microcosms incubated with ambient or 5% CO,
headspace concentration. Therefore no stimulation or suppres-
sion of growth could be attributed to CO, concentration.

DNA Stable Isotope Analysis of Ammonia-Oxidizing Communities.
DNA SIP was used to determine which putative ammonia oxi-
dizers were assimilating CO,. DNA extracted from 0.5 g of soil
from each microcosm (15.4-17.7 pg DNA g~! soil dry weight) was
subjected to isopycnic ultracentrifugation in a CsCl gradient to
separate 1>C- and *C-enriched DNA. After centrifugation for 24
h, each 5-mL tube was fractionated into aliquots of approximately
190 pL, and 20 pL from each was used to (indirectly) determine the
buoyant density by measuring the refractive index. After pre-
cipitation and purification of DNA, abundances of archaeal and
bacterial amoA genes in 17 fractions were determined by qPCR.

DNA from archaeal and bacterial ammonia oxidizers, de-
termined by quantification of respective amoA genes, possessed
different buoyant densities, as seen in data from microcosms
sampled at day 0. Recovery of archaeal amoA genes was maximal in
lighter fractions (approximately 1.69 g mL™") than for bacterial
amoA genes (approximately 1.70 g mL™"; Fig. 3), indicating a dif-
ference in the average percent guanine-cytosine (GC) content of
bacterial and archaeal ammonia oxidizer communities. After in-
cubating microcosms for 14 or 28 d, there was no apparent change
in the distribution of bacterial amoA gene abundance in micro-
cosms incubated with 2C-CO, and '*C-CO,. There was therefore
no evidence for incorporation of CO, into the genomic DNA of
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Fig. 3. Buoyantdensity distribution of archaeal and bacterial genomic DNA extracted from soil after incubation with a headspace concentration of 5% (vol/vol)
12C- or '*C-CO,. Seventeen fractions from each CsCl spin were analyzed and represented a density range from approximatel 1.66 to 1.74 g mL~". The abundances
of archaeal amoA, archaeal hcd, and bacterial amoA genes in each fraction were determined by quantitative PCR, and values converted to the proportion of
total gene abundance throughout the gradient. Vertical horizontal bars represent the SE of proportional abundance from triplicate CsCl spins (representing
triplicate microcosms). Horizontal error bars represent the SE of the buoyant density of fractions collected from the same point in replicate CsCl tubes. Large
vertical error bars observed in adjacent samples in some density gradients indicate that the largest gene abundance was detected in each of the adjacent
fractions in replicate samples. Gene distribution profiles of day 0 samples (before incubation) are mean values derived from two individual CsCl gradients only.

bacterial ammonia oxidizers during active nitrification in this soil.
In contrast, there was a large shift in the buoyant density of genomic
DNA possessing archaeal amoA genes in microcosms incubated
with '3C-CO,. After incubation for 14 d, the relative abundance of
archaeal amoA genes was maximal in heavier CsCl fractions with
a buoyant density of approximately 1.71 g mL™" from DNA isolated
from microcosms incubated with >C-CO,, compared with a maxi-
mum at approximately 1.69 g mL™" in microcosms incubated with
12C.CO,. After incubation for 28 d, the relative abundance of ar-
chaeal amoA genes remaining in the lighter fractions (approxi-
mately 1.69 gmL™") decreased further, indicating continued growth
of autotrophic populations, which became the dominant compo-
nent of the archaeal ammonia oxidizer community.

The relative abundance patterns of archaeal amoA and hcd
genes in fractions collected from each CsCl gradient were com-
pared to assess whether they may be derived from the same
microorganisms. Recovery of archaeal hcd genes from micro-
cosms sampled at day 0 was maximal in fractions with a buoyant
density of approximately 1.69 g mL ™", as for archaeal amoA genes
(Fig. 3). Similarly, the relative abundance of both archaeal amoA
genes and hcd genes was highest in fractions with buoyant den-
sity of approximately 1.71 g mL~" for microcosms incubated with
13C-CO, and approximately 1.69 g mL™" for microcosms in-
cubated with '*C-CO,, after incubation for both 14 and 28 d
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(Fig. 3). This suggests that archaeal hcd and amoA genes were
derived from the same archaea.

Changes in communities of archaeal and bacterial ammonia
oxidizers during incubation were determined by denaturing gra-
dient gel electrophoresis (DGGE) analysis of amplified amoA
genes from individual microcosms (Fig. 4). Reproducible differ-
ences in DGGE profiles of archaeal amoA genes from microcosms
incubated with '“C- or *C-CO, were evident after incubation for
14 and 28 d, with significant increases in the relative intensities of
two amoA bands, compared with microcosms sampled at day
0 (Fig. 44). The two amoA bands comigrated with two marker
bands (bands 1 and 2, Fig. 44), representative of sequences from
archaeal amoA genes previously identified as increasing in this soil
under similar incubation conditions, and belong to organisms
placed within the group 1.1a lineage (Fig. S2) (19). However, no
reproducible or significant differences were observed in the
DGGE profiles of bacterial amoA genes after incubation for 14 or
28 d (Fig. 4C), indicating no selection of bacterial ammonia oxi-
dizers during incubation.

DGGE analysis of amoA PCR products derived from 17 frac-
tions recovered from each individual CsCl spin was also per-
formed on samples from microcosms incubated with either '*C-
or *C-CO, after incubation for 14 and 28 d. Incorporation of CO,
into specific populations was observed for only archaeal amoA

Zhang et al.
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Fig. 4. DGGE analysis of amoA gene PCR products from archaeal (A and B) and bacterial (C and D) amoA-defined communities derived from soil microcosms
incubated for 14 or 28 d with a headspace concentration of 5% (vol/vol) '2C- or '*C-CO,. DGGE analysis was performed on amoA genes amplified from total
genomic DNA from triplicate microcosms (A and C), with each lane representing an individual microcosm. DGGE analysis was also performed on 17 fractions
recovered from individual CsCl density gradients separating genomic DNA of different buoyant densities from individual microcosms incubated for 14 or 28 d
for both archaeal (B) and bacterial (D) amoA-defined communities. A marker lane containing PCR products from two group 1.1a clones (1 and 2, accession
numbers FJ971889 and FJ971892, respectively) was run alongside all archaeal amoA DGGE profiles and represents sequences from organisms previously
identified as growing under these incubation conditions. Two arrows indicate locations of archaeal amoA PCR products from two fractions that were pooled

and used to construct clone libraries (Fig. S2).

genes. Two bands increased in relative intensity in microcosms
incubated for 14 and 28 d, with relative intensity increasing with
increasing buoyant density only in microcosms incubated with
13C-CO, (Fig. 4B). These bands also comigrated with marker
bands 1 and 2. There was no increase in the relative intensity of
bacterial amoA bands in the higher buoyant density fractions after
14 or 28 d. There was therefore no evidence for CO, fixation by
bacterial ammonia oxidizers, despite high rates of nitrification.
To confirm the phylogenetic affiliation of AOA populations
growing during nitrification, archaeal amoA and 16S rRNA gene
sequences were amplified from genomic DNA recovered in CsCl
fractions with a buoyant density of approximately 1.725 g mL™".
These products were screened by DGGE, sequenced, and com-
pared with reference sequences, including those already recovered
from this soil after similar incubations (Figs. S2 and S3). As ob-
served previously, archaeal amoA sequences comigrating with
marker bands 1 and 2 were placed within two distinct lineages within
group 1.1a thaumarchaea. The dominant archaeal 16S rRNA gene
sequence increasing in relative intensity was also placed within this
lineage and was presumably derived from the same organisms.

Discussion

This study provides direct evidence for autotrophic activity and
autotrophic growth of thaumarchaea in soil. It also provides
compelling evidence that archaeal autotrophic activity is directly
linked to ammonia oxidation, i.e., that ammonia oxidation in this
soil is caused by the activity and growth of autotrophic archaeal
ammonia oxidizers. First, SIP demonstrated incorporation of
3C-labeled CO, into archaeal amoA genes, the key functional
gene in autotrophic ammonia oxidation, during active nitrifica-
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tion, but no incorporation into bacterial amoA genes. Second,
CO, fixation was accompanied by significant increases in the
abundance of archaeal amoA genes, but no detectable increase
in the abundance of equivalent functional genes in bacteria.
Third, increases in abundance of archaeal amoA genes paralleled
increases in abundance of hcd genes.

Previous studies have suggested a major role for archaea in
ammonia oxidation in the agricultural soil used in this study.
Archaeal amoA gene and gene transcript abundances are higher
than those for bacteria, particularly in low-pH plots, suggesting
greater potential and transcriptional activity, respectively (9).
Archaeal communities also appear to be more dynamic during
nitrification, with changes in the relative abundance of archaeal
amoA gene and gene transcript phylotypes and selection at dif-
ferent pH values and temperatures (9, 20). In addition, both ar-
chaeal growth and nitrification are inhibited by acetylene in this
soil (19). These data are consistent with the lack of response of
bacterial ammonia oxidizers during observed active nitrification.
The abundance and diversity (i.e., DGGE profiles) of bacterial
amoA genes did not change during nitrification and there was
no evidence for bacterial assimilation of CO,, a prerequisite for
growth of bacterial ammonia oxidizers. In contrast, archaeal
amoA genes increased in abundance. DGGE analysis also in-
dicated changes in putative archaeal ammonia oxidizer commu-
nities, through changes in DGGE profiles and, in particular,
increases in relative intensity of two DGGE bands previously
observed (19) to increase during nitrification in this soil, but not
after inhibition of nitrification by acetylene.

Although previous studies have provided evidence for archaeal
ammonia oxidation in many soils, it has not been possible to de-
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termine whether putative archaeal ammonia oxidizers grew au-
totrophically or heterotrophically. CO,-SIP provides direct evi-
dence for CO, assimilation, and has provided evidence for
autotrophic ammonia oxidation by bacteria in laboratory cultures
(20), estuarine sediments (24), and soil (21). The last of these
studies found assimilation of '>C-CO, into bacterial amoA genes
during nitrification and, in fact, found increases in abundance of
archaeal amoA genes even when nitrification was inhibited by
acetylene. Here we found the reverse situation, with assimilation
of CO; into archaeal, but not bacterial, amoA genes. amoA phy-
lotypes associated with active nitrification dominated amoA
DGGE profiles representative of higher buoyant densities and
genomic DNA enriched with '3C, further strengthening evidence
for association between archaeal autotrophy and ammonia oxi-
dation. Interpretation of SIP experiments can be complicated by
potential utilization of labeled substrates by secondary utilizers.
This is less critical when studying autotrophs, which will reassi-
milate *C-CO, released through respiration of primary and sec-
ondary utilizers, and by targeting of specific functional genes. We
cannot, however, rule out the possibility of secondary utilization of
labeled organic carbon, released by autotrophic ammonia oxi-
dizers, by heterotrophic amoA- or hcd-containing organisms. In
addition, the lack of response of putative bacterial ammonia
oxidizers could result from biases associated with molecular
analysis or incomplete coverage of primers.

Growth of thaumarchaeal putative autotrophs and putative
ammonia oxidizers was determined, independently, by analysis of
hcd and amoA gene abundance. Abundance of thaumarchaeal
hed genes increased during incubation, indicating growth of
thaumarchaeal autotrophs (Fig. 2). Distribution of thaumarch-
aeal hcd genes in SIP fractions (Fig. 3) confirmed that putative
thaumarchaeal autotrophs assimilate inorganic carbon during
growth. Carbon assimilation in these thaumarchaeal autotrophs
might proceed through one of two autotrophic pathways char-
acterized by the hcd gene product, i.e., the 3-hydroxypropionate/
4-hydroxybutyrate cycle (16) and the dicarboxylate/4-hydrox-
ybutyrate cycle (25, 26). Evidence for the former pathway in
archaeal ammonia oxidizers is based on presence of the set of
genes characteristic for this pathway in the genomes of N. mar-
itimus (13) and C. symbiosum (14). Thaumarchaeal hcd genes
detected in this study are therefore likely to originate from ar-
chaeal ammonia oxidizers. The similar distribution of thau-
marchaeal hcd and amoA genes in SIP fractions indicates no
major variation in the percent GC content of genomes hosting
these genes, further suggesting their origin in the same organ-
isms. There is therefore strong evidence for autotrophic growth
of archaeal soil ammonia oxidizers, assimilating carbon through
the 3-hydroxypropionate/4-hydroxybutyrate cycle. Although the
relative increases in amoA and hcd gene abundances were very
similar, there was a discrepancy between the actual abundances
measured. Thaumarchaeal amoA genes were between 5.5 and
eight times more abundant at each sampling point (Fig. 2). Al-
though this could reflect differences in gene copy number per
genome, it is more likely that this was a result of differences in
efficiencies in the primers used to target thaumarchaeal hcd
genes. As these primers were designed from a limited number of
available reference sequences, they may not possess 100% se-
quence identity with target sequences amplified in this soil, thus
underestimating thaumarchaeal Acd gene abundance. Sequence
analysis of cloned PCR products from the qPCR assay confirmed
the specificity of this assay (Fig. S4).

These findings contrast with those of Jia and Conrad (21), who
report autotrophy by bacterial, rather than archaeal, ammonia
oxidizers. Although there are several differences between these
two studies (e.g., soil type, management history, incubation tem-
perature), the most significant difference is the source of am-
monia fueling nitrification. Ammonia in our system was derived
from mineralization of soil organic matter and ammonia con-
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centrations were consistently low, whereas Jia and Conrad (21)
amended soil with 100 pg N-NH,4* g~* soil at weekly intervals. The
majority of archaeal ammonia oxidizer phylotypes in both soils
could be placed in the group 1.1b “soil lineage” but group 1.1a
phylotypes grew autotrophically in the Craibstone soil. Growth of
archaeal ammonia oxidizers belonging to this lineage may have
been encouraged by relatively low ammonia concentration, as
demonstrated recently for the group 1.la marine organism
N. maritimus (27). This is also consistent with other studies that
indicate that archaeal ammonia oxidizers may dominate oxidation
of ammonia produced by mineralization of organic matter (19,
28). The data do not, however, clarify the role of group 1.1b
populations, which dominated the amoA-containing lineage in
this and many other soils, but did not appear to respond during
soil incubations. Evidence for growth of (presumably) group 1.1b
populations in soil microcosms, even during acetylene inhibition
of nitrification (21), suggests that at least some of these organisms
may have a mixotrophic or heterotrophic metabolism and that
group 1.1a and some or all group 1.1b phylotypes differ funda-
mentally in their physiological and metabolic characteristics.

Materials and Methods

Construction and Sampling of Soil Microcosms. Soil microcosms were con-
structed as described by Offre and colleagues (19). Briefly, microcosms
consisted of 144-mL serum bottles containing 10 g sieved soil (mesh size, 3.35
mm) collected from the upper 10 cm of an agricultural plot (Scottish Agri-
cultural College, Craibstone, Aberdeen, Scotland; grid reference NJ872104).
This soil is a podzol with a sandy loam texture, is the dominant agricultural
soil type in Scotland, and is a common agricultural soil in Europe. Soil pH had
been maintained at approximately 7.5 since 1961, and its characteristics
were described by Kemp and colleagues (29). Microcosms were sealed with
rubber stoppers and aluminum caps and the headspace was adjusted to 5%
(vol/vol) of either '2C-CO, (BOC) or '*C-CO, (99% atom enriched; CK-Gas) by
injection through the rubber septum. Microcosms were opened every 3 d to
allow air exchange, and maintain aerobic conditions, before resealing and
reestablishing carbon dioxide concentrations. Microcosms were incubated in
the dark at 30 °C, with triplicate '2C- and '3C-CO, microcosms sampled de-
structively at 0, 14, and 28 d, and soil was frozen immediately at —80 °C.
Ammonia and combined nitrite plus nitrate concentrations were de-
termined colorimetrically by flow injection analysis (FIA Star 5010 Analyzer;
Tecator) (30) of 1 M KCl extracts (4 g soil in 20 mL 1M KCl). Nucleic acids were
extracted from 0.5-g soil samples as described by Griffiths and colleagues
(31), modified by Nicol et al. (32). Extracted nucleic acids were used for
quantification, DGGE analysis of amoA and hcd genes, and SIP.

Quantification of amoA and hcd Genes. The bacterial amoA gene assay used
primers amoA1F and amoA2R (33) and a dilution series (10" to 10® amoA
gene copies) of Nitrosospira multiformis ATCC25196 genomic DNA. The ar-
chaeal amoA gene assay used primers Arch-amoAF and Arch-amoAR (34)
and a dilution series (10 to 10 amoA gene copies) of PCR products con-
taining complete amo genes derived from N. maritimus genomic DNA (3-kb
amplicon) or 54d9 fosmid DNA (2-kb amplicon) for CsCl gradient fractions
and total soil DNA, respectively. Reactions (25 uL) contained 12.5 uL 2x SYBR
Premix Ex Taq (TaKaRa), 0.2 mg mL~" BSA, 200 nM of each primer, and 1 pL
of quantified DNA template. Amplification conditions were: 95 °C for 30
min, followed by 35 cycles of 10 s at 95 °C, 30 s at 55 °C or 53 °C for bacterial
or archaeal amoA genes, respectively, 1 min at 72 °C, and plate read at 85 °C
or 83 °C for bacterial and archaeal amoA genes, respectively. Amplification
efficiencies were 96.6% to 109.5% (r* = 0.991-0.997) and 85.1% to 94.4%
(? = 0.995-0.999) for bacterial and archaeal amoA genes, respectively.
Putative thaumarchaeal autotrophs were quantified by real-time PCR
amplification of hcd genes using primers designed against conserved regions
of sequence from seven thaumarchaeal sequences including C. symbiosum,
N. maritimus, and metagenomic fragments recovered from the Global Ocean
Survey (35) but biased against bacterial and hyperthermophilic crenarchaeal
hcd sequences (36). Primers hcd-120F-SCM1 (5'-AGCCTGTAGACCACCCAATG-3)
and hcd-1367R-SCM1 (5-TATTCTTTGGGCCTGTGGAG-3’) were used to am-
plify a 1,286-bp product of N. maritimus SCM1, a dilution series of which
(10% to 107 hcd gene copies) was used as a template for a qPCR assay using
primers hcd-911F (5'-AGCTATGTBTGCAARACAGG-3’) and hcd-1267R (5'-CTC-
ATTCTGTTTTCHACATC-3'). Fragments of 395 bp were amplified with effi-
ciency of 93.7% to 116.2% and r* values of 0.985 to 0.998. Reactions (25 L)
contained 12.5 pL of 2x Quantifast SYBR Green PCR Master Mix (Qiagen),
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0.2 mg mL™" BSA, 1 uM of each primer, and 2 pL of extracted DNA as tem-
plate. Amplification conditions were 95 °C for 15 min, followed by 35 cycles
of 10sat 95 °C, 45 s at 60 °C, plate read at 73 °C, and a final extension step of
10 min at 60 °C.

All reactions were performed using a MylQ thermocycler (Bio-Rad) and the
specificity of amplification products was determined by melting curve
analysis at the end of each PCR and agarose gel electrophoresis.

DGGE Analysis of amoA Genes. DGGE was performed with a DCode Universal
Mutation Detection System (Bio-Rad) as described previously (37). Archaeal
amoA genes were amplified using primers CrenamoA23f and CrenamoA616r
(20) and bacterial amoA genes were amplified using primers amoA 1F-GC and
amoA 2R-GG (38). Amplification was performed in a 50-pL reaction volume
containing 25 pL of twofold Premix Ex Tag mix (TaKaRa), 200 nM each primer
and 2 pL DNA template. Archaeal amoA genes were amplified at 95 °C for 5
min; followed by 10 cycles of 94 °C for 30 s, 55 °C for 30's, and 72 °C for 1 min;
followed by 25 cycles of 92 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min;
followed by 72 °C at 10 min. Bacterial amoA genes were amplified using the
same conditions except a touchdown program was used, with annealing
temperature from 62 °Cto 57 °C during the first 10 cycles and 57 °C during the
following 30 cycles. PCR products were analyzed with 8% (wt/vol) poly-
acrylamide gels containing a 15% to 55% or 45% to 65% linear gradient of
denaturant for archaeal and bacterial amoA gene assays, respectively. DGGE
gels were silver-stained (37) and scanned with a GT9600 scanner with trans-
parency unit (Epson).

SIP. Extracted DNA from '2C- and '3C-CO, incubations was subjected to iso-
pycnic density gradient centrifugation, based on the method described by
Freitag and colleagues (24). Briefly, a CsCl solution was prepared in TE buffer
(pH 8) by adding 1.27 g CsCl mL™" TE. The density was determined indirectly
with an ATAGO-R-5000 hand refractometer (UNI-IT) and adjusted to a re-
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fractive index of 1.399 (1.696 g mL~" buoyant density) by adding small amounts
of CsCl or TE buffer. DNA (0.5 pg) was mixed with 1.5 pL ethidium bromide
(1 mg mL™") and 200 puL CsCl in TE buffer. After thorough mixing, the suspen-
sion was added to 4.8 mL CsCl in TE buffer in 5.1-mL quick-seal polyallomer
tubes (Beckman Coulter). Suspensions were then centrifuged in a VTI65.2
vertical rotor (Beckman Coulter) at 184,388 x g (45,000 rpm) for 24 h at 20 °C.

CsCl density gradients were fractionated into equal volumes using
a fraction recovery system (Beckman Coulter) and an LKB 8Romma
2112Redirac fraction collector (Pharmacia). CsCl solution was displaced by
supplying water to the top of the polyallomer tube using a Gilson MiniPlus3
peristaltic pump (Anachem) and 190-pL aliquots (n = 24) were collected from
the base. For each individual fraction, 20 pL CsCl was used to determine the
refractive index and buoyant density. DNA was recovered by overnight
precipitation in two volumes of PEG 6000 in 1.6 M NaCl at 4 °C, washing with
70% ethanol and dissolving the DNA pellet in 20 pL of sterile water.

Statistical Analysis. Differences in ammonia and nitrite plus nitrate concen-
trations and qPCR data were compared using one-way ANOVA followed
by an S-N-K test using SPSS software, version 13.0 (SPSS).
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