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Abstract Ammonia-oxidizing bacteria (AOB) and archaea
(AOA) are the main nitrifiers which are well studied in natural
environments, and AOA frequently outnumber AOB by or-
ders especially in acidic conditions, making AOA the most
promising ammonia oxidizers. The phylogeny of AOA re-
vealed in related studies, however, often varied and hardly
reach a consensus on functional phylotypes. The objective
of this study was to compare ammonia-oxidizing communities
by amoA gene and transcript based on both genomic DNA and
RNA in extremely acidic forest soils (pH <4.5). Our results
support the numerical and functional dominance of AOA over
AOB in acidic soils as bacterial amoA gene and transcript
were both under detection limits and archaeal amoA, in con-
trast, were abundant and responded to the fluctuations of en-
vironmental factors. Organic matter from tree residues was
proposed as the main source of microbial available nitrogen,

and the potential co-precipitation of dissolved organic matter
(DOM) with soluble Al3+ species in acidic soil matrix may
further restrict the amount of nitrogen sources required by
AOB besides NH3/NH4

+ equilibrium. Although AOA were
better adapted to oligotrophic environments, they were sus-
ceptible to the toxicity of exchangeable Al3+. Phylotypes af-
filiated to Nitrososphaera, Nitrososphaera sister group, and
Nitrosotalea were detected by amoA gene and transcript.
Nitrosotalea devantaerra and Nitrososphaera sister group
were the major AOA. Compared to the genomic DNA data,
higher relative abundances of Nitrososphaera and
Nitrososphaera sister group were recognized in amoA tran-
script inferred AOA communities, whereNitrosotalea relative
abundance was found lower, implying the functional activities
of Nitrososphaera sister group and Nitrososphaera were eas-
ily underestimated and Nitrosotalea did not attribute propor-
tionally to nitrification in extremely acidic soils. Further com-
parison of the different AOA community compositions and
relative abundance of each phylotypes revealed by amoA
genes and transcripts make it possible to identify the function-
al AOA species and assess their ecological role in extremely
acidic soils.
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Introduction

Nitrification is considered as an essential and regulatory pro-
cess in the whole nitrogen cycle, responsible to either nitrogen
retention or loss in the ecosystem. As the first and rate-limiting
step, microbial ammonia oxidation has been intensively inves-
tigated and previously thought to be mediated only by
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ammonia-oxidizing bacteria (AOB) over a century. Later, the
first discovery of archaeal ammonia monooxygenase (amo)
genes from soil [1] and marine [2] through metagenomic
and culturing studies has unveiled the presence of archaeal
ammonia oxidizers and clustered ammonia-oxidizing archaea
(AOA) into two distinct clades, Group 1.1a and 1.1b, further
enabling the design of PCR primers for environmental surveys
of crenarchaeal amoA. Archaeal amoA genes have been re-
trieved from various environments such as marine waters [2]
and sediment [3, 4], estuarine sediments [5–7], corals [8],
sponges [9], soils [10], wastewater bioreactors [11], wetland
[12, 13], oil reservoirs [14], and terrestrial hot springs [15].
Most importantly, archaeal amoA genes were found to be
ubiquitous and show a substantial congruence in the phylog-
eny with ribosomal RNA genes, granting amoA gene an ef-
fective tool to resolve the community compositions of AOA
and a functional gene for detection of ammonia oxidation and
inference on the potential activities of AOA communities.
Another group of nitrifiers, named complete ammonia oxi-
dizers (comammox) which combined the two steps of nitrifi-
cation, was recently reported and found in diverse environ-
ments, such as soils, freshwater, and wastewater treatment
plants [16, 17]. There are only four drafted genomes and
two enrichment cultures of comammox available up to date
[16–18]. Moreover, comammox are deeply buried in the
Nitrospira genus and hard to tell apart from the others accord-
ing to 16S rRNA or nxrB. Primers targeting amoA gene have
been designed with reasonably high coverage of the two
clades of recognized comammox, but based on the limited
information [19]. Therefore, more work is needed to probe
and resolve the potentially ecologically important nitrifiers.

Molecular techniques of detecting amoA gene based on
genomic DNA have confirmed the widespread occurrence of
bacterial and archaeal groups, but it is difficult to link specific
microbial groups to ecosystem function. Total genomic DNA
can be extracted from cells in various states of activity, and the
ones in starvation and dormant status are less likely to con-
tribute significantly to the overall microbial functions.
Culture-dependent methods, such as enrichment and isolation,
can only reveal the physiology of a few representatives due to
the extremely limited successes in culturing majority of the
microorganisms and the physiological features detected in the
culture medium may deviate from field studies leading to bi-
ased information on functional activities of ammonia oxi-
dizers. Therefore, there is a strong need of detection methods
for the active communities of microorganisms to better under-
stand the functional groups. Detection of transcripts of the
functional genes has provided opportunities for evaluation of
active microbial communities inferred from such analysis.
Felske et al. (1998) were the first to use reverse transcription
(RT)-PCR to demonstrate that uncultured soil bacteria were
active, making it feasible to future applications. Some con-
cerns, however, persist, for example, it is not necessary to tell

the function is operating if the transcript of the corresponding
functional gene is detected. In the case of AOB, bacterial
AMO is a multifunctional enzyme, capable of oxidizingmeth-
ane, carbon monoxide, and a range of organic compounds.
Nevertheless, the alternative substrates for archaeal AMO
have been rarely reported, and the validity and reliability of
amoA transcript in assessing ammonia-oxidizing function
have been tested by many related studies [1, 20, 34].

Nitrification in acidic forest soils has received increasing
interests of studies, as the substantial distribution of acidic
soils globally and crucial ecological function of forests in car-
bon and nitrogen cycling [21]. AOA are recognized as the
main driver of nitrification in acidic soils, and they are found
much more abundant and actively respond to acidic pH con-
ditions than AOB [22, 23]. The recovered AOA communities
in acidic soils were dominated by two main groups,
Nitrososphaera/Group 1.1b/soil AOA frequently found abun-
dant in terrestrial environments and Nitrosotalea/Group 1.1a
associated AOA noticeably with the acidophilic isolates,
Nitrosotalea devanterra orNitrosotaleaNd2 [24, 25]. A more
resolved phylogeny of AOA revealed a new group diversified
from Nitrososphaera/Group 1.1b/soil AOA, recently de-
scribed as Nitrososphaera sister groups [26], and found the
dominant AOA in some acidic soils [27], which points out the
possibility of overestimation of Nitrososphaera group func-
tional importance in acidic soils previously. Nitrosotalea/
Group 1.1a associated AOA showed a high preference to
acidic soils, while the isolates presented a relatively low effi-
ciency of ammonia oxidation [24, 28, 29], which may need
further verification of their functional roles of nitrification in
acidic soils.

Comparison of AOA communities revealed by both amoA
gene and transcript has been used to understand the overall
microbial community compositions of ammonia oxidizers and
the responsible functional groups to differentiate the function-
al phylotypes from the inhabited ones and deduce the influ-
ences of environmental stresses on their functional activities.
To better understand re-forestry on ammonia oxidation, forest
soils from two re-vegetated forests both planted with Chinese
fir (Cunninghamia lanceolata) but in different re-forestry
stages, 8 and 18 years, were examined in this study to advance
information on microbial community responses to restoration
and management to provide further basis on practice.

Materials and Methods

Site Description and Sample Collection

Forest soil samples were collected from two re-vegetated for-
ests in the Nanling National Nature Reserve in Guangdong
province, China (24° 37′–24° 57′ N, 112° 30′–113° 04′ E),
on August 5, 2015. The young (Y) and matured (M) re-

A More Comprehensive Community Ammonia-Oxidizing Archaea (AOA) Revealed by... 911



vegetated fir forests were located in Nanling Mountains and
were re-planted with the same Chinese fir (Cunninghamia
lanceolata), but at different restoration ages, 8 and 18 years,
respectively.

For young or matured forest, both surface layer (A0 layer,
0–2 cm, with the removal of litter coverage; noted as YS and
MS) and lower layer (B layer, 18–20 cm; noted as YL and
ML) soil samples were collected from triplicated locations
with randomized selection. Approximately 2 g of homoge-
nized soil samples for RNA extraction were preserved in
5 mL of LifeGuard Soil Preservation Solution (MO BIO,
Carlsbad, CA, USA) on site at the time of sampling. Around
2 kg of soil samples of each replicates were collected into
plastic bags and kept in a cooler on site and transported back
to laboratory for physicochemical analysis and DNA
extraction.

Physicochemical Analysis

Physicochemical analysis of soil samples was proceeded
following the guidelines of the Methods of Soil Analysis
[30]. Briefly, pH vales were measured with a pH meter at
soil to water ratio of 1:1 (Starter 3C, OHAUS, Pine
Brook, NJ, USA). The standard sulfuric acid dichromate
digestion method was used to detect soil organic carbon
and the corresponding quantity of organic matter was cal-
culated accordingly (organic matter to organic carbon,
1.724) [31]. Total nitrogen (N) was determined by
Kjeldahl method. 2 M KCl extracted soil samples were
analyzed for NH4

+-N and NO3
−–N by Nessler’s reagent

colorimetry and ultra-violet spectrophotometry (UV–Vis
spectrophotometer, 752 N type, Shanghai Jingke Co.,
China), respectively. Exchangeable Al was extracted from
soil samples with 2 M KCl, and the concentration was
determined by ICP-OES (Perkin Elmer Optima 8300,
Waltham, MA, USA).

Nucleic Acid Extraction and Reverse Transcription

Total genomic DNA (gDNA) was extracted from replicates of
each soil sample separately using PowerSoil DNA Isolation
Kit (MO BIO, Carlsbad, CA, USA) according to the manual
of the manufacturer, and DNA extracts were stored under
−20 °C for polymerase chain reaction.

Total RNA was obtained from the preserved soil samples
following the manual of RNA PowerSoil Total RNA Isolation
Kit (MO BIO, Carlsbad, CA, USA) with proper modifications
of optimizing bead beating duration, adjustment of elution
buffer, and application of DNase I (Thermo Fisher
Scientific, Basingstoke, UK) incubation to maximize the final
yield and quality of RNA extracts. Quality and concentration
of the acquired RNA were detected by NanoDrop
Spectrophotometer ND-1000 and RNA gel electrophoresis.

RNA was reversely transcripted into complementary DNA
(cDNA) by random hexamers using PrimeScript First Strand
cDNA Synthesis Kit (Takara Bio, Shiga, Japan).

amoA Gene Amplification

Amplification of archaeal and bacterial amoA genes and tran-
scripts was performed using the primer sets as shown in
Table 1. The reaction mixture (50 μL) contained 2 μL of
DNA template (20–40 ng per reaction), 1 μL of bovine serum
albumin (BSA) (100 mg mL−1, Roche), 5 μL of 10× GoTaq
Flexi buffer (Promega, Hong Kong), 1 μL of forward and
1 μL of reverse primers (20 μM), and 0.5 μL of GoTaq
Flexi polymerase (5 U μL−1; Promega, Hong Kong). The
PCR condition was set as 95 °C for 5 min followed by 30 cy-
cles (archaeal amoA) or 35 cycles (bacterial amoA) of 95 °C
for 45 s, 53 °C (archaeal amoA) or 55 °C (bacterial amoA) for
60 s, and 72 °C for 60 s. For samples with low abundances of
bacterial amoA, nested PCR was carried out to further extend
the detection capacity according to the previous studies by
using primer set A189 and amoA-2R for the first round am-
plification and amoA-1F/2R for the second (Table 1) [32].

Quantitative Analysis by Real-Time PCR with Internal
Control

Composite samples, mixture of DNA extracts from the tripli-
cates, were used as templates to quantify archaeal amoA in
iTaq Universal SYBR Green Supermix (Bio-Rad, Richmond,
CA, USA) by real-time PCR (ABI StepOnePlus, ABI, Life
Tech., Foster City, CA, USA). Primer sets used here were
same with the ones in general PCR (Table 1). The internal
control method was implemented as described previously to
normalize the potentially inhibitory effects from extract matrix
(Wu et al., non-published data). The known amount of plas-
mid DNA (pUC 19 plasmid DNA, Invitrogen, Carlsbad, CA,
USA) was used as the internal control, mixed, and amplified
under the identical PCR condition as archaeal amoA gene by
the primer set M13 R/F to calibrate the differences of PCR
efficiency among samples [32]. Melting curve analysis was
performed to determine the melting points of the amplification
products, in order to access the reaction specificity.

Clone Library Construction and Sequencing

Clone libraries were constructed using the amplified amoA
genes, and the triplicates of each samples were analyzed inde-
pendently. PCR products were obtained and purified from
size-verified gel bands by illustra GFX PCR DNA and Gel
Band Purification Kits (GE Healthcare Sciences, USB
Corporation, UK). The purified DNA were ligate to PMD18
T-vector (pMD™ 18-T Vector Cloning Kit, Takara, Japan)
and transformed into Escherichia coli DH5α competent cells
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(Takara, Japan), subjected to clone library construction. Thirty
colonies from each clone library were randomly selected for
sequencing after size verification of the PCR amplicons using
M13 F/R primer set. Sequencing was performed with ABI
3730xl DNA analyzer (Applied Biosystems, Foster City,
CA, USA).

Phylogenetic Analysis

The quality sequences after screening out the short or failed
ones were fed to the RDP FunGene analyzing platform [33].
The nucleotide sequences were translated into amino acid se-
quence, checked, and corrected the potential frameshifts using
FrameBot (RDP FunGene). The deduced amino acid se-
quences were aligned by HMMER3 aligner and clustered into
OTUs by mcCLUST (RDP) using the complete-linkage clus-
tering method with distance cutoff of 3%. The representative
sequences from each OTU were selected and aligned with the
published phylogenetic relatives retrieved from the GenBank
database using Protein BLAST (National Center For
Biotechnology Information) by the method of ClustalW in
the MEGA 6 software [34, 35]. The aligned amino acid se-
quences were used to construct the phylogenetic trees using
neighbor-joining method in MEGA 6 with 1000 bootstraps.

Statistical Analysis

Diversity indexes of each sampling site, Chao1 and Shannon,
were calculated with cutoff of 3% by RDP FunGene analyzing
platform [33]. Significance of differences within two groups
and multiple groups was evaluated by Student’s t test and
one-way ANOVA with Turkey post test (version 5.0,
GraphPad Software), respectively. Data were expressed as
mean ± standard deviation (SD) and considered significantly
different at p < 0.05. The correlation between two variables was
tested by Pearson product–moment correlation method and
considered significant at p < 0.05 (SPSS, 16.0).

Amino Acid Sequence Accession Numbers

The representatives of amoA genes and transcript sequences
reported in this study have been deposited in GenBank under
accession numbers, KX619853–KX619934 and KX650406–
KX650439, respectively.

Results

Physicochemical Characteristics of the Re-Vegetated
Forests

Even though the two closely located re-vegetated forests were
planted with the same trees, physicochemical characteristics
of the soils showed significant differences among the different
soil layers and forests in terms of organic matter, total N,
NO3

−-N, NH4
+-N, and exchangeable Al3+ (Table 2).

Soil pH values were from 4.26 to 4.38, indicating extreme-
ly acidic condition. The concentrations of organic matter, total
N, and NO3

−-N were significantly higher in surface layers
than in the corresponding lower layers for both young and
matured re-vegetated forests (p < 0.05). A more remarkable
increase of organic matter contents in the surface and lower
layer was detected in matured forest than the corresponding
layers in young forest, possibly due to the relatively higher
productivity and more decomposition in mature forest with
denser canopies in the lower layers than young forest. The
higher organic matter contents in surface soil layers for both
young and matured forests further supported that decomposi-
tion of surface layer deposition was the main source of organic
carbon detected in the lower layers (YS and YL, p < 0.05; MS
and ML, p < 0.05). Similar to organic matter, total N and
NO3

−-N levels were also higher in the surface soil layers than
the lower layers (p < 0.05). Matured forest possessed higher
quantities of total N and exchangeable Al3+, especially in the
surface layer (YS and MS, p < 0.05).

The calculated C/N among all sampling sites were less than
20, implying high nutritional turnover rates in the two re-

Table 1 PCR amplification primers and reaction conditions

Microbe/amplified DNA Primer name Sequence (5′–3′) Annealing temperature (°C) Reference

AOA Arch—amoA—F CTAATGGTCTGGCTTAGACG 53

Arch—amoA—R GCGGCCATCCATCTGTATGT 53

AOB amoA-F (amoA332) GGGGTTTCTACTGGTGGT 55

amoA-R (amoA822) CCCCTCTGGAAAGCCTTCTTC 55

A189 GGNGACTGGGACTTCTGG 55 [32]

pUC 19—plasmid DNA M13—F GTAAAACGACGGCCAGT 53/55

M13—R CAGGAAACAGCTATGAC 53/55
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vegetated forests as the nitrogen nutrient can be effectively
integrated intomicrobial biomass, facilitating nutrient cycling.

Seasonal and Spatial Variation of amoA Gene
and Transcript Abundances

Bacterial amoA gene and transcripts were under the detection
limit in both young and matured forests using either gDNA or
cDNA even after additional efforts, nested PCR. Unlike AOB,
AOA were abundant at all sampling sites, with gene copy
number ranging from 1.90 ± 0.07 × 108 (MS) to
5.20 ± 0.25 × 108 (ML) and transcript copies from
2.40 ± 0.21 × 106 (MS) to 8.30 ± 0.13 × 106 (YS) (Fig. 1).

For the young forest, both amoA gene and transcript abun-
dances were higher in the surface layer than lower one.
Matured forest, on the contrary, were detected with higher
abundance of amoA genes and transcripts in the lower layer
(p < 0.05). Moreover, the abundances of amoA transcripts were
in agreement with the gene abundances, except for ML where
copies number of amoA transcript dropped significantly.

Phylogeny Reconstruction of AOA Based on amoA Genes
and Transcripts

All verified archaeal amoA gene and transcript sequences of
this studywere clustered into 34OTUswith 3% cutoff, and the
representatives were grouped into seven clusters with robust
phylogenetic support based on the relative similarity to phylo-
genetic reference sequences, covering three out of five main
lineages currently recognized in AOA phylogeny (Fig. 2).

Sequences identified as Nitrososphaera/Group 1.1b/soil-
like AOA were grouped into Cluster 1 (95–96% similar to
Nitrososphaera viennensis or Nitrososphaera gargensis),
Cluster 2 (91–95% similar to N. gargensis or N. JG1), and
Cluster 3 (94–95% similar to N. gargensis). Sequences
grouped into Cluster 1 and Cluster 3 were only detected by
amoA transcripts and Cluster 2 included both gene and tran-
script sequences.

Cluster 4, containing sequences detected among all sam-
pling sites by both amoA gene and transcripts, fell into a phy-
logenetic group named as Nitrososphaera sister group which
was first proposed in 2011 [26], as sequences showed the

Table 2 Physicochemical parameters of the forest soils samples used in this study

Forest type Depth pH Organic matter
(g kg−1)

Total N NO3
−-N

(mg kg−1)
NH4

+-N
(mg kg−1)

Exchangeable Al3+

(cmol kg−1)
C/N (mass)

Young re-vegetated
forest (Y)

Surface layer
(YS)

4.38 ± 0.12 65.85 ± 1.19ab 2.53 ± 0.21ab 9.99 ± 1.62a 46.67 ± 11.97 6.95 ± 0.55b 14.83 ± 1.01

Lower layer
(YL)

4.32 ± 0.04 45.37 ± 6.21ab 1.69 ± 0.25a 3.32 ± 0.30a 28.40 ± 5.33 7.34 ± 0.22 16.02 ± 4.49

Mature re-vegetated
forest(M)

Surface layer
(MS)

4.36 ± 0.11 96.43 ± 0.57ab 3.64 ± 0.29ab 9.36 ± 0.88a 72.93 ± 19.47 8.62 ± 0.29b 15.43 ± 1.35

Lower layer
(ML)

4.26 ± 0.01 59.10 ± 3.60ab 2.29 ± 0.33a 5.99 ± 0.60a 38.94 ± 0.11 7.46 ± 0.62 15.11 ± 1.17

Data were displayed in the form ofmean ± SD (n = 3); one-way ANOVA, Tukey post hoc multiple comparisons, and Student’s t test are used to detect the
significance of difference between physicochemical parameters
a Variables with significant spatial variation by soil depth (p < 0.05, two tailed)
b Spatial variation by different forest types differentiated (p < 0.05, two tailed)

Fig. 1 Abundance of archaeal
amoA gene (gAOA) and
transcript (cAOA). Significant
spatial variation by soil depth is
labeled by different letters, a or b
(p < 0.05); significant spatial
variation by forest types is labeled
by letter m or n (p < 0.05).
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Fig. 2 Neighbor joining method-constructed phylogenetic tree based on deduced amino acid sequences of archaeal amoA genes (g) and transcripts (c);
bootstrap value is set to 1000 replicates, and only the values above 50% are shown
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identical indexes with all the reference sequences
(N. viennensis, N. JG1, Nitrososphaera evergladensis and
N. gargensis) in Nitrososphaera/Group 1.1b/soil AOA.
Similar to the two subclusters suggested by Pester et al.
(2012), Cluster 5 was also affiliated to the Nitrososphaera
sister group and grouped with the recently cultured sister
group isolate, Candidatus Nitrosocosmicus franklandus [36].
Sequences in Cluster 4 can be retrieved from both amoA genes
and transcripts and prevalently found among all sampling
sites, and Cluster 5 sequences were only detected by amoA
transcripts.

The remaining sequences were identified as Nitrosotalea
devanterra or Nitrosotalea Nd2-like AOA, belonging to
Nitrosotalea/Group 1.1a associated AOA and divided into
two clusters, Cluster 6 and Cluster 7. In Cluster 6, sequences
were less similar to Nitrosotalea devanterra or Nitrosotalea
Nd2 (89–93%) and only detected in the lower soil layers of
matured and young re-vegetated forests. Cluster 7 sequences
showed relatively higher identities to Nitrosotalea devanterra
or Nitrosotalea Nd2 (96–98%) and distributed in all soil sam-
ples. Cluster 6 may be a new cluster as the sequences presented
the similarity indexes much smaller than the one shared be-
tween the two isolates within Nitrosotalea (98%, Table S1.).

Seasonal and Spatial Variations of AOA and AOB
Diversity and Community Structure

The sufficient sampling efforts were justified by the rarefac-
tion curves shown in Fig. S1 for both amoA gene and tran-
script inferred AOA communities. AOA communities re-
vealed by amoA gene and transcript showed no obvious spatial
variation by soil layers and forest types, but higher diversity
(OTU number and Shannon) and richness (Chao1) were no-
ticed in AOA communities from amoA transcripts (Table 3).

All verified amino acidic sequences deduced from amoA
gDNA and cDNAwere pooled to make comparisons among
microbial community structures through principal coordinates
analysis (PCoA) based on weighted UniFrac distances (Fig.
3). AOA communities revealed by cDNAwas deviated from
those by gDNA as they were located at the opposite sides of
the axis with the highest explanation percentage, P1 (60.0%),

except for YL (Fig. 3a). cDNA-sinferred AOA communities
tended to group together, separating from the gDNA inferred
ones, possibly resulting from the highly diversified cDNA–
AOA communities possessing specific OTUs only shared
among themselves (Fig. 3b). Even though gDNA and cDNA
revealed different AOA communities, the relative similarities
between the sampling sites were detected, as both gDNA and
cDNA inferred structures showed that YS was more similar
with ML, but not MS (Fig. 3c). Different from the gDNA–
AOA communities, distinct community structures between
YS and YL was resolved by cDNA–AOA communities
(Fig. 3d). The inconsistency in community structures by
gDNA–AOA and cDNA–AOA communities may provide
more insights into the identification of the functionally active
AOA differing from the niche-inhabiting species.

Seasonal and Spatial Variation of AOA and AOB
Community Compositions

All verified amoA amino acidic sequences deduced from
gDNA and cDNA were clustered into 34 OTUs (3%) and
displayed in the heatmaps to show the microbial compositions
of all soil samples in this study (Fig. 4a). The identified OTUs
further referred back to the phylogenetic structures and
grouped into species. The proportions of the detected species
in each soil sample are shown in Fig. 4b.

OTU1 to OTU6 belonged to Nitrosotalea/Group 1.1a
associated-like AOA, and OTU7 to OTU20 were
Nitrososphaera sister group-like AOA. The rest OTUs were
classified intoNitrososphaera/Group 1.1b/soil AOA (Fig. 4a).
AlthoughNitrososphaera/Group 1.1b/soil AOAwere counted
for a minor proportion of the overall communities compared
to the other two lineages, they were found most diversified
and divided into 14 OTUs, among which 11 OTUs (OTU21–
23, OTU27–29, and OTU30–34) were only detected by
cDNA. For the two dominant AOA, Nitrososphaera sister
group and Nitrosotalea, 6 (OTU7–9, OTU14, OTU19–20)
out of 14 OTUs and 1 (OTU3) out of 6 OTUs, respectively,
were able to be detected only in cDNA revealed AOA com-
munities. There were only two OTUs, OTU5 (Nitrosotalea)
and OTU16 (Nitrososphaera sister group), that showed to be

Table 3 Diversity characteristics of AOA communities

Forest type Depth AOA—genomic DNA AOA—complementary DNA

No. of OTU (3%) Chao1 (3%) Shannon (3%) No. of OTU (3%) Chao1 (3%) Shannon (3%)

Young re-vegetated
forest (Y)

Surface layer (YS) 7 13.30 1.13 14 21.26 1.91

Lower layer(YL) 7 7.70 1.25 17 24.48 1.93

Matured re-vegetated
forest (M)

Surface layer (MS) 8 8.00 1.84 15 17.63 2.00

Lower layer (ML) 11 11.25 1.89 15 19.92 1.88

Number of OTU (No. of OTU), diversity (Shannon), and richness (Chao1) indexes were calculated with 3% cutoff
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Fig. 3 Principal coordinates analysis (PCoA) using weighted UniFrac algorithm of AOA communities revealed by archaeal amoA genes (G) and
transcripts (C)

Fig. 4 Community compositions of AOA communities 34 OTUs of AOA communities based on amoA genes (g) and transcript s(c) were included and
plotted in heatmap (a); frequency of each identified cluster/species displayed in (b)
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gDNA inferredAOA communities specific. All the three iden-
tified AOA lineages can be detected by both gDNA and
cDNA. The most abundant OTUs, OTU1 and OTU2
(Nitrosotalea), and OTU12 and OTU18 (Nitrososphaera sis-
ter group), were retrieved from both AOA communities
among all soil samples. cDNA revealed more diverse AOA
communities with more unique OTUs and divergent frequen-
cies of the common OTUs from ones detected by gDNA.

Nitrosotalea devantaerra and Nitrososphaera sister group
were the major AOA identified among all sampling sites.
AOA belonging to Nitrososphaera sister group were more
abundant in cDNA revealed communities (except for MS),
while Nitrosotalea devantaerra were more often found to
dominate gDNA inferred AOA communities (except for MS).

Discussion

AOAWere Selected over AOB Due to the Limited
Substrates in Acidic Soils

AOB were not detected successfully in both young and ma-
tured forest soils with extremely acidic pH (pH <4.5) by either
gDNA or cDNA, indicating that archaeal ammonia oxidation
is the dominant process for the first step of nitrification, which
is consistent with other related studies on this topic [20, 37,
38]. Ammonia (NH3) rather than ammonium (NH4

+) is the
substrate for autotrophic ammonia oxidation, and its availabil-
ity drops exponentially with decreasing pH due to the high
pKa of the NH4

+ (NH3 + H+ →NH4
+; pKa = 9.25), resulting in

a serious substrate shortage for ammonia oxidizers in acidic
soils. AOAwith a relative higher affinity for ammonia by 200-
fold compared to AOB, granting them a competitive

advantage inhabiting acidic niches to carry out the biochemi-
cal process [39].

The concentration of organic matter showed a strong pos-
itive correlation with nitrogen, especially total N and NH4

+

(p < 0.01, Table 4), suggesting that microbial available nitro-
gen or ammonia from mineralization of organic matter can be
a main source of substrate for autotrophic ammonia oxidizers
in acidic soils. This was also observed in soils that high min-
eralization rate was frequently coupled with high net nitrifica-
tion rate [40, 41]. As a result, the a slow releasing and low
concentration of ammonia from organic matter mineralization
select the growth of AOA than AOB and the latter are usually
below the detection limits [41]. Without the pronounced com-
petition with the bacterial counterparts, AOA communities in
the two re-vegetated forests with extremely acidic soils would
be ideal subjects to further investigate the functional role of
archaeal ammonia oxidizers in nitrification.

Potential Impacts of the Physicochemical Factors
on Overall and Functional AOA Abundances

In order to provide a comprehensive picture of AOA commu-
nity composition and functional activities in extremely acidic
soils, both the amoA gene retrieved from genomic DNA and
the corresponding transcript from RNA were analyzed and
compared. The abundance of amoA transcripts was detected
to be approximately 100 times lower than those of genomic
amoA gene, which has been also observed in other studies and
suggested to be due to the low recovery rate of messenger
RNA (mRNA) and/or suppressed nitrification function of a
large proportion of AOA detected. As mentioned in the
BResults,^ gDNA– and cDNA–AOA communities do not
agree on a single AOA lineage as the dominant one even at

Table 4 A summary of correlation analysis (Pearson correlation)

Correlation coefficient pH Organic matter Total N Exchangeable Al NO3
−-N NH4

+-N

Organic matter 0.35

Total N 0.31 0.94**

Exchangeable Al −0.24 0.82** 0.65*

NO3
−-N 0.26 0.73* 0.71* 0.36

NH4
+-N −0.11 0.89** 0.81** 0.77* 0.70

Nitrososphaera %–gDNA −0.40 −0.25 −0.21 −0.25 −0.17 −0.16
Nitrososphaera %–cDNA 0.25 0.63* 0.58* 0.69* 0.18 0.60

Nitrososphaera sister group %–gDNA 0.28 0.98** 0.94** 0.74** 0.63* 0.92**

Nitrososphaera sister group %–cDNA −0.21 −0.11 −0.08 −0.32 0.15 −0.07
Nitrosotalea %–gDNA −0.21 −0.97** −0.94** −0.75** −0.62* −0.91**
Nitrosotalea %–gDNA 0.19 −0.11 −0.13 0.13 −0.25 −0.13
gDNA–AOA abundance −0.14 −0.56 −0.51 −0.71** −0.03 −0.55
cDNA–AOA abundance 0.17 −0.06 −0.07 −0.66* 0.48 −0.13

*p < 0.05; **p < 0.01
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the same site. We therefore speculate that the different copies
between amoA gene and transcript were not merely resulted
from the easy degradation of mRNA and would further pro-
vide information of their differentiated function and activity.

The relatively high concentration of NH4
+ for AOA growth

found at sites and insignificant correlation between nitrogen
level and microbial abundance implies a surplus of NH3 to
support a fraction of AOA communities inferred by genomic
amoA gene. Therefore, nitrogen may not be the limiting factor
of AOA leading to the drastic spatial variation by soil layers
and forest types. Among the physicochemical parameters, ex-
changeable Al3+ was negatively correlated with both amoA
gene and transcript abundance (amoA gene, p < 0.01; amoA
transcript, p < 0.05), indicating exchangeable Al3+ may be a
potent factor affecting both overall AOA community abun-
dances and also the functional groups. Excessive amount of
Al3+ in acidic soils may be toxic to ammonia oxidizers as
observed a significant drop of AOA abundance at MS where
exchangeable Al3+ concentration was the highest [42].
Therefore, Al speciation and disassociation in acidic soils
should be crucial to the survival and functioning of ammonia
oxidizers.

There was a strong positive correlation between organic
matter and exchangeable Al3+, implying organic matter inter-
act with Al3+ in acid soils and conversely contribute to the
regulation of soil-exchangeable Al. Organic matter in acidic
forest soils can be immobilized and stabilized by polyvalent
Al cation species through the precipitation of dissolved organ-
ic matter (DOM) [43]. As a result, DOM precipitated with
soluble Al species would divert partial organic matter away
from mineralization and the precipitates were found less sus-
ceptible to microbial decay, which may further limit NH3 gen-
eration to support the growth of demanding AOB [44].
Besides the direct toxicity to microbial cells, Al species also
exert an impact on the available nitrogen sources of ammonia
oxidizers in acidic soils.

A more Complex Archaeal Ammonia Oxidizer
Community Revealed by the Cross-Comparison
Between amoA Genes and Transcripts Data

It is interesting to notice that cDNA recovered much more
diverse AOA communities than gDNA did, indicated by more
cDNA specific OTUs, higher diversity indexes (Shannon and
Chao1), and distinct community structures. The unique OTUs
are not arbitrary as they were well aligned with either cultured
or uncultured reference sequences. Therefore, it may signify
higher sensitivity and diversification of transcripts than genes
in response to the environmental stresses or influences and
would better resolve ammonia oxidizer communities in addi-
tion to function indexation.

Related research has shown the importance of soil pH af-
fecting the distribution of terrestrial AOA and proposed the

common ancestor of Thaumarchaeota was originated from
neutral pH, followed by further independent diversification
into lower pH lineages, Nitrosotalea and Nitrosopumilus,
and higher pH lineage, Nitrososphaera [45]. Indeed,
Nitrosotalea were retrieved from both AOA genes and tran-
scripts, encompassing the sequences similar to Nitrosotalea
devanterra or Nitrosotalea Nd2, cultured obligate acidophilic
AOA [24, 25]. Their relative abundances shown in the
gDNA– and cDNA–AOA communities, however, differed
from each other, as Nitrosotalea-like AOA were the most
abundant in gDNA–AOA (except for MS) but not in
cDNA–AOA, which may imply that although Nitrosotalea
can adapt to acidic environments and dominate gDNA–
AOA communities, they did not contribute proportionally to
the overall nitrification. Some culture-based studies have also
revealed their relatively lower specific cell activities, more
than 10 times inefficient in nitrite generation than other
AOA isolates [24, 28, 29]. In contrast, Nitrososphaera may
be underestimated their functional role of nitrification in acid-
ic soils, as substantial amounts of AOA similar to
N. viennensis, N. gargensis, and N. JG1 were recovered by
cDNA. Pester et al. (2012) also reported the relative domi-
nance of Nitrososphaera in four acidic soils with pH from
4.4 and 5.1. Therefore, it may indicate Nitrososphaera cluster
possesses some acidophilic phylotypes that are not widely
recognized but capable to actively contribute to nitrification
in acidic soils, which would further broaden our understand-
ing of niche specification of AOA.

The third identified AOA lineage, Nitrososphaera sister
group, was found most abundant especially in cDNA–AOA
communities. Nitrososphaera sister group comprising two
subclusters was first proposed by Pester et al. (2012) and later
reported about their active nitrification in acidic red soils [27].
Recently, the first isolate as the representative of
Nitrososphaera sister group, named as Candidatus
Nitrosocosmicus franklandus, was cultured from arable soils
with pH 7.5 and grouped with sequences in Cluster 5 (Fig. 2),
and they were counted for a minor proportion of cDNA–AOA
communities [36]. Candidatus Nitrosocosmicus franklandus
were suggested to be capable of ureolysis and aggregate for-
mation due to discovery of elicited proliferation by urea addi-
tion and cell-associated extracellular polymeric materials.
These competitive advantages may promise them with their
possible growth and active nitrification in acidic soils. Cluster
4 was comprised of sequences with the same identity indexes
to all the reference sequences in Nitrososphaera/Group 1.1b/
soi l AOA, forming a new mirrored st ructure to
Nitrososphaera and recognized as a subcluster and the major
Nitrososphaera sister group. As Cluster 4 did not show the
comparable relative branching order with Cluster 5 in the re-
constructed phylogenetic tree, it may be easily misclassified
into Nitrososphaera lineage and underestimated their poten-
tially crucial role of nitrification in acidic soils as indicated in

A More Comprehensive Community Ammonia-Oxidizing Archaea (AOA) Revealed by... 919



this study. The distinct phylogenetic distances of Cluster 4 and
Cluster 5 from Nitrososphaera/Group 1.1b/soil AOA may
imply a gradual speciation process that more specialized phy-
lotypes adapted to the niches diversified from the ancestors.

In the correlation analysis, the relative abundance of
Nitrososphaera, unlike the other two AOA lineages, revealed
by cDNA rather than gDNA is positively correlated with the
detected physicochemical parameters, especially exchange-
able Al3+, which may again support the possibility of newly
evolved acidophilic Nitrososphaera phylotypes in extremely
acidic soils where Al toxicity is pronounced. For the two
dominant AOA, only gDNA inferred relative abundances of
Nitrososphaera sister group and Nitrosotalea demonstrated
positive and negative correlation with organic matter,
nitrogen-related factors, and exchangeable Al3+, respectively
(Table 4). This may be a hint of species redundancy that the
environments would prefer the growth of species or ecotypes
that can adapt and eliminate the ones that are susceptible to the
environmental stresses, which contribute to overall diversity
and stability of the microbial communities, and the functional
groups, however, are counted for only a part and form func-
tional niches and contribute significantly to the functional ac-
tivities [46]. The positive correlation of the organic matter,
nitrogen-related factors, and exchangeable Al3+ with the rela-
tive abundance of Nitrososphaera sister group, in contrast to
the negative correlation with Nitrosotalea, may propose that
Nitrososphaera sister group is relatively more nitrogen de-
manding and/or Al tolerant. The physiology study of
Candidatus Nitrosocosmicus franklandus, indeed, suggest a
lower cell yield (7.6 × 103 cells μM−1 NH3) and larger cell
size (smaller specific surface area, 1.1 diam) [36].

Conclusion

AOA are ammonia oxidizers not only numerically but also
functionally dominated over the bacterial counterpart in ex-
tremely acidic soils. Nitrososphaera, Nitrososphaera sister
group, and Nitrosotalea were three lineages detected, and
Nitrososphaera sister group and Nitrosotalea were the two
dominated AOA at all sites. The variations in their relative
abundances by gDNA– and cDNA–AOA communities and
responses to environmental influences may shed light on their
contrasting functional roles in nitrification and species redun-
dancy within each lineage. The nitrification activities of
Nitrososphaera sister group and Nitrososphaera were
highlighted here as they may be underestimated previously
in extremely acidic soils. Physicochemical parameters of or-
ganic matter and exchangeable Al3+ showed significant im-
pacts on both AOA abundance and community compositions.
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