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Thaumarchaeota are abundant and active in marine waters, where they contribute to aerobic ammonia oxidation and light-independent carbon fixation. The ecological function of thaumarchaeota in marine sediments, however, has rarely been investigated,
even though marine sediments constitute the majority of the Earth’s surface. Thaumarchaeota in the upper layer of sediments
may contribute significantly to the reservoir of nitrogen oxides in ocean waters and thus to productivity, including the assimilation of carbon. We tested this hypothesis in the northern South China Sea (nSCS), a section of a large oligotrophic marginal sea
with limited influx of nutrients, including nitrogen, by investigating the diversity, abundance, community structure, and spatial
distribution of thaumarchaeotal signatures in surface sediments. Quantitative real-time PCR using primers designed to detect
16S rRNA and amoA genes in sediment community DNA revealed a significantly higher abundance of pertinent thaumarchaeotal than betaproteobacterial genes. This finding correlates with high levels of hcd genes, a signature of thaumarchaeotal autotrophic carbon fixation. Thaumarchaeol, a signature lipid biomarker for thaumarchaeota, constituted the majority of archaeal
lipids in marine sediments. Sediment temperature and organic P and silt contents were identified as key environmental factors
shaping the community structure and distribution of the monitored thaumarchaeotal amoA genes. When the pore water PO43ⴚ
concentration was controlled for via partial-correlation analysis, thaumarchaeotal amoA gene abundance significantly correlated with the sediment pore water NO2ⴚ concentration, suggesting that the amoA-bearing thaumarchaeota contribute to nitrite
production. Statistical analyses also suggest that thaumarchaeotal metabolism could serve as a pivotal intersection of the carbon,
nitrogen, and phosphorus cycles in marine sediments.

N

itrification, the microbial process of ammonia oxidation to
nitrate via nitrite (NH3¡NO2⫺¡NO3⫺), is a key component of the global N cycle. Similar to chemolithoautotrophic ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea
(AOA) in the phylum Thaumarchaeota (references 1 and 2 and
references therein) use aerobic ammonia oxidation to support
their chemolithoautotrophic lifestyle (3) and thus contribute to
nitrification and autotrophic carbon fixation (reference 4 and references therein). AOA are affiliated with several groups of the
Thaumarchaeota, including marine group I (MGI), soil group
I.1b, thermophilic AOA (ThAOA), and putatively marine group
pSL12 (references 2 and 5 and references therein). Thaumarchaeotal amoA genes encoding the alpha subunit of ammonia
monooxygenase (AMO) are abundant in marine environments
and are usually present at higher concentrations than homologous
proteobacterial amoA genes (references 2 and 6 and references
therein). However, there is evidence that not all thaumarchaeota
carrying the amoA gene are chemolithoautotrophic ammonia-oxidizing microbes, which led to the designation amoA-encoding
archaea (AEA) in the literature (5, 7, 8). Ecophysiological studies
of AOA suggest adaptation to low ammonia concentrations, and
the finding that AOA dominate the nitrifying microbial community in oligotrophic marine environments has led to the proposal
of niche separation between AOA and AOB (9, 10).
Thaumarchaeota use the 3-hydroxypropionate/4-hydroxybutyrate pathway for autotrophic carbon fixation, which employs
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acetyl-coenzyme A (CoA) carboxylase (encoded by accA) and
4-hydroxybutyryl-CoA dehydratase (encoded by hcd) (11, 12).
The activity or potential of autotrophic carbon fixation by AOA
communities in marine waters has recently been reported (13–
17). In contrast, only a few studies have investigated the potential
thaumarchaeotal contributions to ammonia oxidation and autotrophic carbon fixation in marine sediments (18, 19), despite
the fact that marine surface sediments cover the majority (⬎70%)
of the Earth’s surface and constitute suitable habitats for thaumarchaeotal ammonia oxidizers (20). Marginal seas are critical regions of the world’s oceans, playing important roles in nutrient
cycling, marine production and fishery, and climate-related ecological functions (21). It is thus important to systematically investigate the biogeography, biogeochemistry, and ecological functions of marine sediment thaumarchaeota in these regions.
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Membrane lipids, as specific biomarkers, can assist in the investigation of microbial abundance, distribution, and source environment (22). Archaea and bacteria have different membrane
core lipid glycerol dialkyl glycerol tetraethers (GDGTs). In marine
environments, branched GDGTs (bGDGTs) are specific to terrestrial source bacteria, whereas thaumarchaeol (originally called
crenarchaeol) and its isomers are specific to marine thaumarchaeota (23). This observation has been employed to calculate the
relative proportion of terrestrial bacterial membrane lipids to marine thaumarchaeotal membrane lipids, called the branched versus isoprenoid tetraether (BIT) index, which has been proposed to
serve as a proxy for terrestrial organic matter in marine sediments
(23). The BIT index may prove particularly useful for tracing terrestrial inputs in marginal sea environments.
The South China Sea (SCS) is the largest marginal sea (⬃3.5 ⫻
106 km2) in the western Pacific Ocean, characterized as a huge
oligotrophic subtropical and tropical water body with usually undetectable nitrate and phosphate in the euphotic zone (24). The
bioproductivity of the SCS is likely limited by N nutrient supply
characterized by a surface water average N/P ratio well below the
Redfield ratio of 16:1 (25). Although riverine inputs, such as those
from the Pearl and Mekong Rivers, may provide nutrients for
aquatic bioproduction in the estuarine and coastal areas, these
supplies are not adequate to support productivity in the entire
oligotrophic SCS (26). Deep waters may be another source of nutrient supply to the oligotrophic surface water in the SCS, which
can occur via monsoonal wind driving eddies and other upwelling
and vertical-mixing processes (27). The northern SCS (nSCS) includes several identified and prospective deep-sea methane hydrate reservoirs, and these areas may sustain productive methane
seep-specific ecosystems, requiring a large supply or rapid recycling of nitrogenous nutrients (28, 29). It is an important ecological question to identify whether and, if so, how the methane seep
environments influence the community structure, spatial distribution, and biogeochemical function of the thaumarchaeota in
deep-sea sediments (6). Although sediments have been investigated in specific areas of the nSCS (30), no investigation of the
methane hydrate reservoirs or their prospective areas has been
reported. A recent study indicated the potential of increased thaumarchaeotal autotrophic carbon fixation in the bathypelagic zone
of the SCS (13). Due to the close connection between the bathypelagic zone and the benthic environment, a similar autotrophic
carbon fixation potential of thaumarchaeota may also exist in the
surface sediments of the SCS; however, this hypothesis has not yet
been tested.
In the current study, we investigated the ecology and biogeography of the marine thaumarchaeota and their genetic potential for ammonia oxidation and autotrophic carbon fixation
in the surface sediments of the nSCS, including prospective gas
hydrate reservoirs. In addition to molecular analyses of the
thaumarchaeotal amoA and hcd functional marker genes, a
study of thaumarchaeotal membrane core lipids was employed
to analyze the relationship of the sediment fossil thaumarchaeotal community with environmental conditions. Key environmental factors likely shaping the diversity, abundance,
community structure, spatial distribution, and biogeochemical
potentials of the surface sediment thaumarchaeota were identified.
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MATERIALS AND METHODS
Sample collection and environmental-factor measurements. Surface
sediment samples were collected from 12 sites of the nSCS during a cruise
in August 2007 (reference 29 provides details). These sampling sites represent numerous typical sediment environments of the nSCS, including
estuarine, coastal, and offshore sites close to the Pearl River estuary and
Hainan Island and deep-water sites (⬎1,000-m water depth) close to Taiwan, Luzon, the Dongsha Islands, the Xisha Islands, and the Xisha trough
(see Fig. S1 in the supplemental material). Several of our sampling sites are
at or near the identified deep-sea gas hydrate environment in the Shenhu
area southwest of the Dongsha Islands and gas hydrate prospective areas
in the Xisha trough, the Jiulong methane reef southwest of Taiwan, and
the Bijia’nan basin northwest of Luzon (29). Replicate surface sediment
subcore samples down to a 5-cm depth from undisturbed core sediments
were collected for microbiological, membrane lipid, and environmentalfactor analyses. Environmental-factor measurement methods and results
were reported previously (29) and are provided in Table S1 in the supplemental material.
DNA extraction and thaumarchaeotal amoA gene clone library
analyses. Sediment DNA extraction, DNA concentration measurement,
and thaumarchaeotal amoA gene clone library construction and analysis
followed previously described procedures (7, 28, 31). To test the reproducibility of our experimental procedure and to identify any potential
small-scale (⬃20-cm) spatial variability of the sediment AEA community,
three separate amoA gene clone libraries (A3-I, A3-II, and A3-III) were
constructed for sampling station A3, each from a distinct subcore DNA
sample. The amoA gene sequences obtained were grouped into operational taxonomic units (OTUs) based on a 0.05 sequence distance cutoff,
calculated using the DOTUR program (32), to facilitate comparison with
previous studies (7, 20, 28, 31). The amoA gene sequences were translated
into conceptual AmoA protein sequences, and the BLASTp program was
used for retrieval of the top hit sequences from GenBank (33). Phylogenetic analysis followed a previous procedure (7, 28, 31), with CLUSTAL X
(version 2.0) for sequence alignment and PHYLIP (version 3.69) for phylogenetic-tree construction using distance neighbor-joining inference
(34, 35).
Quantification of major microbial groups. The abundances of surface sediment thaumarchaeota in groups MGI and pSL12 were determined with real-time fluorescent quantitative PCR (qPCR) using community DNA and group-specific 16S rRNA gene primers listed in Table S2
in the supplemental material (36). The abundances of putative betaproteobacterial AOB and amoA-bearing and autotrophically carbon-fixing
thaumarchaeota were estimated by using qPCR and primers targeting the
betaproteobacterial amoA and the thaumarchaeotal amoA and hcd genes,
respectively, as listed in Table S2 in the supplemental material (19, 20, 28,
37). All qPCR assays were carried out as described previously, including
experiments for optimization, quality control, and the generation of standard curves, which employed linearized reference plasmids with target
16S rRNA, amoA, or hcd gene fragments as inserts (28). The ranges of the
reference plasmid copy numbers used for standard-curve construction
are shown in Table S3 in the supplemental material, along with data documenting the efficiency and sensitivity of each individual qPCR assay.
Membrane core lipid analyses. Sediments from site E801 were analyzed for microbial-membrane core lipids, including both archaeal isoprenoidal GDGTs (iGDGTs) and bacterial bGDGTs, by using previous
experimental procedures (38). These lipid data, along with the data from
other sampling stations reported previously (38), were used for in-depth
analyses of the relationship between sediment core lipid composition and
environmental factors.
Statistical analyses. The coverage (C) of each clone library was calculated as follows: C ⫽ [1 ⫺ (n1/N)] ⫻ 100, where n1 is the number of
unique OTUs and N is the total number of clones in a library (39). Indices
of gene diversity (Shannon-Wiener H and Simpson D) and evenness (J)
were calculated using the OTU data (31). Rarefaction analysis and two
nonparametric richness estimators, abundance-based coverage estimator
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(SACE) and bias-corrected Chao1 (SChao1), were calculated using DOTUR
(32).
Community classification of sediment AEA assemblages using the
thaumarchaeotal amoA gene sequences was determined with Fast UniFrac
environmental-clustering and principal-coordinates analyses (PCoA) as
detailed previously (7, 28, 31, 40). Correlations between the AEA assemblages and environmental factors were analyzed with canonical correspondence analysis (CCA) using the software Canoco (version 4.5; Microcomputer Power, Ithaca, NY) following previously described
procedures (7, 28, 31). Pearson correlation analyses of the abundances of
sediment 16S rRNA, amoA, and hcd genes with environmental factors
were performed with the statistical software MINITAB (release 13.32;
Minitab Inc., State College, PA) as detailed previously (28). Partial-correlation analyses of the abundances of the 16S rRNA, amoA, and hcd genes
with major environmental factors were performed with the statistical software SPSS (release 16.0; SPSS Inc., Chicago, IL).
Cluster analysis was also performed using the relative abundances of
iGDGTs to evaluate the variations of archaeal membrane core lipid composition and spatial distribution with MINITAB using a Euclidean distance measure and Ward linkage (41). Pearson correlation analyses were
performed to investigate the relationship of the prevalent environmental
factors in the nSCS with the abundance of the sediment thaumarchaeol
and the calculated BIT values.
Nucleotide sequence accession numbers. The determined thaumarchaeotal amoA gene sequences have been deposited in GenBank under
accession numbers JX537480 to JX537762, and the determined thaumarchaeotal pSL12 and MGI 16S rRNA and hcd gene sequences (for creating
qPCR standard curves) have been deposited under accession numbers
KC433538 to KC433540, respectively.

RESULTS

Molecular diversity of thaumarchaeal amoA genes in sediments.
Community classification using Fast UniFrac environmental clustering (see Fig. S2 in the supplemental material) and PCoA (see
Fig. S3 in the supplemental material) analyses revealed that the
three parallel thaumarchaeotal amoA gene clone libraries (A3-I,
A3-II, and A3-III) constructed from separate sediment subcore
samples from station A3 were similar. This result confirmed the
reproducibility of our experimental procedures, illustrated negligible within-site variability of the sediment AEA community, and
justified pooling of the three amoA gene clone libraries into a
single A3 library for subsequent analysis (see Table S4 in the supplemental material).
Of 12 amoA gene clone libraries, 1,457 clones contained a thaumarchaeotal amoA gene fragment insert, resulting in 283 unique
DNA sequences and 131 OTUs. The values for library coverage
(C) ranged from 87.8% to 97.0% (see Table S4 in the supplemental material), which, together with rarefaction analysis (see Fig. S4
in the supplemental material), indicated a high probability that
the clone libraries produced represented the diversity of respective
in situ AEA communities. Based on the diversity indices (H, 1/D,
and J), sampling sites E422 and E501 exhibited the lowest and
highest diversity of OTUs, respectively, while site CF14 exhibited
the highest OTU richness based on the SACE and SChao1 estimators
(see Table S4 in the supplemental material).
The 283 distinct thaumarchaeotal amoA sequences obtained
were 68.8 to 99.8% identical with one another and 84.7 to 99.8%
identical to the closest matches among amoA sequences deposited
in GenBank. The corresponding deduced AmoA protein sequences were 77.7 to 100.0% identical with one another and 91.9
to 100.0% identical to the closest matches among AmoA sequences deposited in GenBank that were associated with a variety

April 2013 Volume 79 Number 7

of terrestrial, estuarine, coastal, deep-sea sediment, and seawater
source environments. Except for two sequences that were closely
related to sequences in GenBank with an origin in soils from
China, the AmoA sequences matched top-hit GenBank sequences
that were originally obtained from marine or estuarine environments.
The phylogenetic tree of thaumarchaeotal AmoA sequences
revealed two sequence clusters with ⬎20% between-cluster distance, as determined using DOTUR (Fig. 1). The AmoA sequences
in cluster I were mainly associated with marine sediments, seawater, or related environments, while the sources of the AmoA sequences in cluster II were soils or estuarine and marine environments with a high degree of terrestrial inputs (7, 31). The
sequences in cluster I (98.2% of the unique AmoA sequences and
99.5% of the total clones) were much more abundantly represented in our experimental clone libraries than the sequences associated with cluster II, indicating that marine-environment-related AEA predominate in sediment environments in the nSCS.
Two of the sequence types identified in the current study, A31-A-21 and CF6-A-15, were detected in almost all the sampling
sites of the nSCS (Fig. 1). The clones that were associated with
these two sequence types accounted for 37.4% of all the clones in
our libraries, potentially representing the most abundant and
prevalent AEA in the surface sediments of the nSCS.
AEA community classification and spatial distribution. The
results of both fast UniFrac all-environment P test significance
(P ⫽ 0.00) and UniFrac significance (P ⬍ 0.01) statistics indicated
that the different nSCS sediment environments harbored distinct
AEA assemblages. The heterogeneous distribution of the AEA
communities was further confirmed via fast UniFrac PCoA
(Fig. 2) and clustering analyses (see Fig. S5 in the supplemental
material), both showing that the AEA assemblages of the estuarine
and coastal sites, A3 and E501, were significantly different from
those of the offshore and deep-water sites. This classification pattern of the sediment AEA assemblages was strongly supported by
high jackknife values of the community clustering analysis (see
Fig. S5 in the supplemental material) and high PCoA resolving
power, showing that the first PCoA principal coordinate (P1) explained more than half (61.03%) of the total AEA community
variability and clearly distinguished the AEA assemblages of sites
A3 and E501 from those of the other sites (Fig. 2).
CCA analysis was used to identify the key environmental factors that contributed to the heterogeneous distribution of the sediment AEA assemblages in the nSCS and showed that the environmental variables in the first two CCA dimensions (CCA1 and
CCA2) explained 38.7% of the total variance in the AEA community composition and 39.7% of the cumulative variance of the
AEA-environment relationship. The CCA analysis result confirmed that the AEA assemblages of the estuarine and coastal sites
A3 and E501 were distinctly different from those of the offshore
and deep-water sites (Fig. 3). CCA1 clearly distinguished the AEA
assemblages of sites A3 and E501 from those of the other sites, and
sediment temperature was identified as the most significant environmental factor (P ⫽ 0.001; 1,000 Monte Carlo permutations),
contributing the most to this distinction (Fig. 3). Sediment OrgP
was identified as another significant environmental factor (P ⫽
0.039) and sediment silt content as a marginally significant environmental factor (P ⫽ 0.082) contributing to the heterogeneous
distribution of the AEA assemblages in the nSCS (Fig. 3). These
three environmental factors together provided 42.1% of the total
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FIG 1 Consensus phylogenetic tree constructed from the AmoA protein sequences deduced from the amoA genes recovered from the surface sediments of the
nSCS. The unique archaeal AmoA protein sequences obtained in this study were grouped at 0.05 distance cutoff using the DOTUR program. Bacterial AmoA
sequences from Nitrosomonas europaea and Nitrosospira briensis were used as the outgroup. Bootstrap values of no less than 70% of 100 resamplings are marked
with solid circles, and those less than 70% but no less than 50% are marked with open circles on the corresponding nodes. The archaeal AmoA sequences obtained
in this study are shown in boldface, along with their distributions in each clone library in parentheses.
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FIG 2 Ordination diagram of the surface sediment AEA assemblages from the
nSCS calculated with weighted UniFrac PCoA analysis. Shown is the plot of the
first two principal-coordinate axes (P1 and P2) for PCoA and the distributions
of the AEA assemblages (designated by the sampling station names) in response to these axes.

CCA explanatory power. All the other environmental factors analyzed were not significant (P ⬎ 0.100) in their contributions to
the heterogeneous distribution of the AEA assemblages in the surface sediments of the nSCS.
Quantitation of major microbial groups in sediments. Quantitation of 16S rRNA gene copies using qPCR identified MGI as
the dominant thaumarchaeotal phylotype in surface sediments of
the nSCS (ranging from 1.18 ⫻ 107 to 1.51 ⫻ 108 gene copies g
sediment⫺1). In contrast, the abundance of the pSL12 thaumarchaeotal 16S rRNA gene copies (ranging from 1.10 ⫻ 104 to
1.00 ⫻ 105 g sediment⫺1) was quite low (Table 1). The thaumarchaeotal amoA gene abundance varied quite widely in the nSCS,
ranging from 3.62 ⫻ 106 to 4.86 ⫻ 108 copies g sediment⫺1, while
the betaproteobacterial amoA gene abundance was more stable,
ranging from 9.77 ⫻ 105 to 5.84 ⫻ 106 copies g sediment⫺1 (Table
1). The ratio of thaumarchaeotal to betaproteobacterial amoA
gene abundance ranged from 2.7:1 to 232.3:1, with an average of
43.5:1, suggesting that thaumarchaeotal AEA outnumbered betaproteobacterial AOB in nSCS surface sediments. The thaumarchaeotal hcd gene abundance in surface sediments ranged from
2.81 ⫻ 107 to 4.26 ⫻ 108 copies g sediment⫺1 (Table 1). The ratio
of thaumarchaeotal amoA to 16S rRNA gene abundance ranged
from 0.1:1 to 3.2:1, with an average of 1.1:1. The ratio of thaumarchaeotal hcd to 16S rRNA gene abundance ranged from 0.6:1 to
2.9:1, with an average of 1.6:1. The ratio of thaumarchaeotal hcd to
amoA gene abundance ranged from 0.4:1 to 13.6:1, with an average of 3.4:1. Although hcd gene abundances were generally slightly
higher than the 16S rRNA and amoA gene abundances in the surface sediments of the nSCS, the 3 thaumarchaeotal genes showed
significant positive correlations (amoA versus 16S rRNA, r ⫽
0.741, P ⫽ 0.006; hcd versus 16S rRNA, r ⫽ 0.721, P ⫽ 0.008; hcd
versus amoA, r ⫽ 0.913, P ⫽ 0.000), indicating that the majority of
the nSCS surface sediment thaumarchaeotal communities possessed the genetic potential for ammonia oxidation and autotrophic carbon fixation.
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FIG 3 CCA ordination plot for the first two dimensions (CCA1 and CCA2)
showing the relationship between the surface sediment AEA assemblages from
the nSCS and environmental parameters analyzed using the weighted OTU
data. Correlations between environmental variables and CCA axes are represented by the lengths and angles of arrows (environmental-factor vectors).

The abundance of MGI thaumarchaeotal 16S rRNA genes was
significantly positively correlated with the sediment silt content,
whereas the abundance of 16S rRNA genes of pSL12 thaumarchaeota exhibited a significant positive correlation with sediment
OrgC and OrgN. The abundance of the thaumarchaeotal hcd gene
showed a significant negative correlation with water depth. The
abundance of the thaumarchaeotal amoA gene showed a significant negative correlation with sediment pore water DO, while the
abundance of the betaproteobacterial amoA gene showed a significant positive correlation with sediment water content (WC) (see
Table S5 in the supplemental material). The ratio of thaumarchaeotal to betaproteobacterial amoA gene abundance showed
significant positive correlations with sediment pore water salinity
and sediment silt content (see Table S5 in the supplemental material).
The ratio of the thaumarchaeotal amoA gene abundance to the
MGI 16S rRNA gene abundance showed significant negative correlation with water depth and sediment pore water DO and NO3⫺,
and the sum of NO2⫺ and NO3⫺ (NOx⫺) (see Table S5 in the
supplemental material). However, partial-correlation analyses
showed that the correlations of this ratio with sediment pore water
NO3⫺ (P ⫽ 0.356, controlling for DO) and NOx⫺ (P ⫽ 0.498,
controlling for DO) were due to its correlation with sediment pore
water DO. The ratio of the thaumarchaeotal hcd gene abundance
to the MGI 16S rRNA gene abundance showed a significant positive correlation with sediment temperature and negative correlations with sediment OrgC and OrgN (see Table S5 in the supplemental material). The ratio of the thaumarchaeotal hcd gene
abundance to the amoA gene abundance showed significant positive correlations with sediment pore water DO, NO3⫺, NOx⫺,
sediment OrgC/OrgN, and clay content and a significant negative
correlation with sediment skewness (see Table S5 in the supplemental material). However, partial-correlation analysis showed
that the correlation of this ratio with sediment pore water NOx⫺
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TABLE 1 Abundances of target genes in sediments from the 12 sampling stations in the nSCS
Target gene (no. g sediment⫺1)a
Sampling
station
A3
CF6
CF8
CF11
CF14
CF15
E407
E422
E501
E504
E505
E801
a

16S rRNA

amoA

MGI

pSL12

Thaumarchaeotal hcd

Thaumarchaeotal

Betaproteobacterial

5.50 ⫻ 107 (1.43 ⫻ 107)
1.18 ⫻ 107 (1.07 ⫻ 107)
7.00 ⫻ 107 (3.02 ⫻ 107)
1.02 ⫻ 108 (3.37 ⫻ 107)
1.05 ⫻ 108 (3.23 ⫻ 107)
6.82 ⫻ 107 (5.90 ⫻ 107)
2.74 ⫻ 107 (5.49 ⫻ 106)
2.75 ⫻ 107 (3.78 ⫻ 106)
1.76 ⫻ 107 (1.27 ⫻ 107)
1.51 ⫻ 108 (4.63 ⫻ 107)
1.27 ⫻ 108 (1.01 ⫻ 108)
2.29 ⫻ 107 (2.57 ⫻ 107)

2.84 ⫻ 104 (1.39 ⫻ 103)
3.68 ⫻ 104 (3.16 ⫻ 103)
5.55 ⫻ 104 (2.38 ⫻ 103)
2.21 ⫻ 104 (6.64 ⫻ 102)
1.00 ⫻ 105 (5.67 ⫻ 102)
8.14 ⫻ 104 (5.76 ⫻ 103)
1.16 ⫻ 104 (6.52 ⫻ 102)
1.10 ⫻ 104 (4.68 ⫻ 102)
1.41 ⫻ 104 (7.12 ⫻ 102)
2.25 ⫻ 104 (5.22 ⫻ 101)
1.40 ⫻ 104 (1.30 ⫻ 103)
5.40 ⫻ 104 (3.71 ⫻ 103)

1.45 ⫻ 108 (2.27 ⫻ 106)
2.81 ⫻ 107 (2.78 ⫻ 106)
3.87 ⫻ 107 (3.06 ⫻ 106)
7.95 ⫻ 107 (4.84 ⫻ 106)
7.76 ⫻ 107 (3.26 ⫻ 106)
7.36 ⫻ 107 (6.90 ⫻ 106)
4.93 ⫻ 107 (2.31 ⫻ 106)
3.01 ⫻ 107 (2.05 ⫻ 106)
5.07 ⫻ 107 (2.73 ⫻ 106)
4.26 ⫻ 108 (1.32 ⫻ 106)
1.30 ⫻ 108 (1.04 ⫻ 106)
3.55 ⫻ 107 (1.60 ⫻ 106)

5.57 ⫻ 107 8.15 ⫻ 105
8.32 ⫻ 106 6.49 ⫻ 104
6.24 ⫻ 107 7.74 ⫻ 104
1.99 ⫻ 107 3.05 ⫻ 105
2.17 ⫻ 107 2.08 ⫻ 105
1.73 ⫻ 108 1.59 ⫻ 105
3.62 ⫻ 106 4.43 ⫻ 104
4.36 ⫻ 106 4.02 ⫻ 104
3.35 ⫻ 107 2.70 ⫻ 105
4.86 ⫻ 108 1.25 ⫻ 106
2.27 ⫻ 108 2.11 ⫻ 106
1.44 ⫻ 107 1.66 ⫻ 105

5.84 ⫻ 106 (8.14 ⫻ 104)
1.53 ⫻ 106 (3.20 ⫻ 104)
1.46 ⫻ 106 (8.73 ⫻ 104)
2.49 ⫻ 106 (8.13 ⫻ 104)
2.81 ⫻ 106 (2.08 ⫻ 105)
3.37 ⫻ 106 (1.89 ⫻ 105)
1.23 ⫻ 106 (8.89 ⫻ 104)
1.63 ⫻ 106 (5.81 ⫻ 104)
1.25 ⫻ 106 (8.72 ⫻ 104)
3.88 ⫻ 106 (4.43 ⫻ 105)
9.77 ⫻ 105 (5.45 ⫻ 104)
2.03 ⫻ 106 (5.95 ⫻ 104)

Means and standard errors (indicated in parentheses) were calculated based on 3 replicate measurements.

(r ⫽ 0.147, P ⫽ 0.666, controlling for NO3⫺) was due to the
correlation with sediment pore water NO3⫺.
Microbial-membrane core lipids in sediments. In general, the
total amounts of archaeal membrane core lipid iGDGTs increased
with water depth, with thaumarchaeol being the major component (56.5 to 68.8%) in the surface sediments of the nSCS (see
Table S6 in the supplemental material). The levels of terrestrial
bacterial membrane lipids (bGDGTs) were low at all the nSCS
stations (see Table S6 in the supplemental material). The calculated BIT values ranged from 0.03 to 0.13 across the nSCS (see Fig.
S6 in the supplemental material). The deep-water site E407 had
the highest BIT value (0.13), while the BIT values calculated for all
the other sites were quite low (⬍0.1).
Clustering analysis of membrane core lipid data showed two
distinct major groups of archaeal iGDGT compositions, with the
shallow-water sites (A3, E501, E504, and E505) forming one
group and the deep-water sites the other group (see Fig. S7 in the
supplemental material), indicating that the fossil archaeal assemblages of the shallow-water surface sediments were distinctly different from those of the deep-water surface sediments in the nSCS.
CCA analysis using the archaeal iGDGT data further confirmed
this community classification pattern (Fig. 4). The environmental
variables in the first two CCA dimensions (CCA1 and CCA2) explained 85.2% of the total variance in the iGDGT composition
and 98.1% of the cumulative variance of the iGDGT-environment
relationship. CCA1 clearly distinguished the iGDGT compositions of the shallow-water sites from those of the deep-water sites.
Of all the environmental factors analyzed (see Table S1 in the
supplemental material), only sediment temperature correlated
significantly (P ⫽ 0.001; 1,000 Monte Carlo permutations) with
the composition and distribution of the sediment fossil archaeal
community. This environmental factor alone contributed 100.0%
of the total CCA explanatory power.
The abundance of thaumarchaeol in sediments exhibited significant positive correlations with sediment OrgC and OrgN and
correlated negatively with sediment temperature (see Table S5 in
the supplemental material). The calculated BIT index was significantly positively correlated with sediment OrgC/OrgN but exhibited a negative correlation with sediment OrgN (see Table S5 in
the supplemental material).
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DISCUSSION

Environment-dependent distribution of sediment thaumarchaeotal microbiota. While prior studies suggested ecophysiological adaptation of AOA to low-ammonia conditions (9), numerous other environmental factors may also shape the niches of
amoA-bearing thaumarchaeota, including the AOA (references 4
to 6 and references therein). In marine waters, the community
structure and biogeochemical contribution of planktonic AOA
may change with changing water chemistry and depth (13, 14, 42).
Our previous studies indicated that the estuarine and marine sediment AEA community changes under the influence of terrestrial
input and sedimentological conditions (7, 28, 31). The current
study extended these findings by showing that the estuarine and
coastal sites (A3 and E501) had surface sediment AEA assemblages
that are distinct from the offshore and deep-water sites in the

FIG 4 CCA ordination plot for the first two dimensions (CCA1 and CCA2)
showing the relationship between the surface sediment fossil archaeal assemblages
from the nSCS and environmental parameters analyzed using the archaeal membrane core lipid data.
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nSCS (Fig. 2 and 3; see Fig. S5 in the supplemental material). CCA
analysis identified sediment temperature, OrgP, and silt content as
the key environmental factors that shaped this AEA distribution
pattern (Fig. 3). While both temperature and sedimentological
conditions have previously been identified as major environmental factors influencing the ecophysiology, community structure,
diversity, and spatial distribution of marine AOA or AEA (28, 30,
31, 43), our finding that sediment OrgP is a key environmental
factor influencing the composition and distribution of surface
sediment AEA is without precedent. Marine thaumarchaeota,
including AOA, such as Nitrosopumilus maritimus and “Candidatus Nitrosopumilus sediminis” (12, 44), as well as AEA,
such as “Candidatus Cenarchaeum symbiosum” (45), harbor
the genes encoding the Phn phosphonate-specific uptake transporter. Homologues of phn genes have also been found in marine metagenomes of putative thaumarchaeotal origin (46, 47).
Phosphonates comprise 20 to 30% of the ocean’s OrgP and
thus are an important P source (reference 4 and references
therein). In the domain Archaea, phosphonate transporter
genes have been found only in marine thaumarchaeota, some
halophilic euryarchaeota, and one extremely thermophilic
methanogen (Fig. 5). The unique phosphonate uptake mechanism may indicate the genetic and ecophysiological adaptability of thaumarchaeota to P-limited conditions in marine environments, such as the nSCS (48, 49).
No significant correlation was found between the abundance
of thaumarchaeol and any of the thaumarchaeotal amoA, hcd, or
MGI 16S rRNA gene abundances in nSCS surface sediments (data
not shown). The thaumarchaeol detected in sediments may represent only fossil (dead) thaumarchaeotal populations (50), the
majority of which may originate from the water column (51, 52).
In contrast, the measured abundances of signature genes likely
reflect the in situ (vital and dead cells with nondegraded DNA)
abundance of thaumarchaeotal cells in the sediments. Clustering
and CCA analyses of the surface sediment archaeal core lipids
documented a difference between the shallow-water and deepwater sites (Fig. 4; see Fig. S7 in the supplemental material). Our
CCA analysis also suggests that sediment temperature and the
distribution pattern of core lipids are correlated (Fig. 4). Archaeal
membrane lipid composition and abundance are responsive to
temperature variations, and thus, they have been used to develop
paleotemperature proxies (51). Previous studies have also indicated that the sediment diagenesis process does not appear to affect the relative proportions of the GDGTs (53). It is unclear
whether the correlation between sediment temperature and archaeal core lipid composition identified by the CCA analysis (Fig.
4) represents a cause-effect relationship.
Low terrestrial nutrient input is the major cause of the oligotrophic conditions in the nSCS, which is supported by gene- and
membrane lipid-based analyses of this and other studies (41).
Soil-related thaumarchaeotal amoA sequences were only occasionally detected in the constructed clone libraries of the nSCS
(cluster II in Fig. 1), which is in stark contrast to the eutrophic
Changjiang estuary and the adjacent East China Sea, which receive
tremendous inputs of terrestrial materials and thaumarchaeotal
microorganisms (31). The low BIT values indicate low terrestrial
input in most of the nSCS sampling sites (see Fig. S6 in the supplemental material). This was further supported by the finding
that the BIT values correlated positively with sediment OrgC/
OrgN and negatively with sediment OrgN in the nSCS (see Table
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S5 in the supplemental material). High OrgC/OrgN and low OrgN
values are usually associated with old and recalcitrant organic
matter that may originate from terrestrial input. The nSCS BIT
values in general were lower in deep-water sites, except for site
E407 (see Fig. S6 in the supplemental material). The relatively high
BIT value at site E407 indicated a likely greater terrestrial input.
Detection of soil-related thaumarchaeotal amoA sequences in the
clone library of site E407 provides another line of evidence of
terrestrial input (cluster II in Fig. 1). This seemingly puzzling observation that deep-sea environments may receive stronger terrestrial inputs than estuarine and coastal areas (i.e., A3 and E501) has
been reported previously (7).
Our data showed that the surface sediment AEA assemblages
responded to the variation of certain key environmental factors in
the nSCS (Fig. 3). Sediment physical and geochemical conditions,
rather than localized dispersal, play a key role in controlling the
spatial distribution of the AEA assemblages in the nSCS surface
sediments, consistent with a previous finding about marine water
column AOA (42). Our current analyses also indicated that the
deep-sea methane hydrate reservoirs or their prospective areas
harbored sediment AEA assemblages similar to those of the nonhydrate deep-sea environments in the nSCS (Fig. 2 and 3; see Fig.
S5 in the supplemental material). As discussed in a previous publication (29), the nSCS methane hydrates are buried very deeply in
the sediments, and the seeping activity may be very low and localized, therefore not causing significant changes to the deep-sea sediment geochemistry.
Ecophysiological potential of sediment MGI thaumarchaeota. MGI thaumarchaeota constitute a significant cohort of
the resident archaea in marine sediments (54, 55). Quantitation of
thaumarchaeotal signature genes suggests that the surface sediments in the nSCS also harbor high levels of MGI thaumarchaeota, the majority of which appeared to carry amoA genes (Fig.
1 and Table 1). We found that the abundance of thaumarchaeotal
amoA genes was higher than that of betaproteobacterial amoA
genes in nSCS surface sediments (Table 1). The thaumarchaeotalto-betaproteobacterial amoA abundance ratio showed a significant positive correlation with sediment pore water salinity (see
Table S5 in the supplemental material), consistent with the results
of studies in the water column (42). A direct correlation of the
thaumarchaeotal amoA gene abundance with sediment pore water
NH4⫹ was not found (see Table S5 in the supplemental material).
Urea was detected in pore water of the nSCS surface sediments
(see Table S1 in the supplemental material), and it is possible that
some thaumarchaeota utilize urea as an alternative source of ammonia for assimilation, as well as for nitrite production (17, 56,
57). On the other hand, partial-correlation analysis showed that
the thaumarchaeotal amoA gene abundance in nSCS surface sediments is significantly positively correlated (r ⫽ 0.738, P ⫽ 0.009)
with sediment pore water NO2⫺ when pore water PO43⫺ is controlled for. This suggests that the surface sediment amoA-bearing
thaumarchaeota contribute to in situ nitrite production controlled by PO43⫺ availability. Thaumarchaeota, including marine
or estuarine AOA, such as Nitrosopumilus maritimus and “Candidatus Nitrosoarchaeum limnia” SFB1 (12, 58), as well as AEA,
such as “Ca. Cenarchaeum symbiosum” (45), harbor genes encoding the Pst phosphate ABC transporter (see Fig. S8 in the supplemental material), a high-affinity, high-activity, but energetically costly phosphate transport system usually activated in
P-deficient environments. Homologues of pst genes have also
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FIG 5 Consensus phylogenetic tree constructed by using distance neighbor-joining inference of the permease inner membrane protein subunit PhnE sequences
of the phosphonate ABC transporter systems. The archaeal PhnE sequences are shown in boldface. The PhnE sequence of the extremely thermophilic methanogen Methanocaldococcus infernus was used as the outgroup.

been found in marine metagenomes of putative thaumarchaeotal
origin (46). The presence of this P-scavenging genetic inventory
indicates the importance of inorganic-P acquisition for thaumarchaeotal ecophysiology. Recent studies have suggested that the
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nutrient regime of the nSCS ecosystem has been changing from
N-limited to P-limited conditions, especially in its estuarine and
coastal areas (48, 49). The importance of P availability (including
both PO43⫺ and OrgP) to the amoA-bearing thaumarchaeota po-
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tentially identifies a previously overlooked linkage of N, C, and P
cycles in marine environments.
The average ratio of thaumarchaeotal amoA to MGI 16S rRNA
gene abundance is 1.1:1, close to unity; however, this ratio ranged
widely (0.1:1 to 3.2:1) in the different sampling sites of the nSCS.
Fully sequenced marine thaumarchaeotal species, such as N. maritimus, “Ca. Cenarchaeum symbiosum,” “Ca. Nitrosoarchaeum
limnia,” and “Candidatus Nitrosopumilus salaria,” harbor only
one amoA gene per genome (12, 45, 58, 59). Nearly equal abundances of amoA and 16S rRNA genes from environmental MGI
thaumarchaeota have been reported from most studied marine
environments (reference 60 and references therein). However, a
recent study indicated that the commonly used amoA primers
might miss a significant fraction of the amoA-bearing thaumarchaeota (61). This potentially incomplete coverage of thaumarchaeotal amoA gene diversity by PCR primers may explain some
of the amoA/16S rRNA gene ratios below 1 obtained in many
studies, including ours (5). A recent report of some MGI thaumarchaeota that likely do not carry amo genes (62) contributes another explanation for the observed unequal abundances of thaumarchaeotal amoA and 16S rRNA genes. Previous studies also
showed that the MGI thaumarchaeotal diversity is quite high and
that MGI 16S rRNA gene clusters specific to marine sediment
environments exist (55). However, commonly used archaeal 16S
rRNA gene PCR primers may miss some of the thaumarchaeotal
diversity included in marine sediment environments (63). This
may be part of the reason why some of the nSCS sediment sites had
a thaumarchaeotal amoA/16S rRNA gene ratio greater than unity
(Table 1). Some studies have reported that MGI thaumarchaeota
can take up amino acids and other organic compounds to live
chemo-organotrophically or mixotrophically (64, 65). Hence, the
mere detection of amoA genes is insufficient for inferring ammonia-dependent chemolithotrophy (2, 8, 28, 66).
Thaumarchaeotal hcd genes were also found in the surface sediments of the nSCS (Table 1). In general, the abundances of all
three targeted thaumarchaeotal genes, hcd, amoA, and 16S rRNA,
were significantly positively correlated, suggesting that the majority, if not all, of the amoA-bearing thaumarchaeota in marine sediments fix carbon autotrophically.
MGI thaumarchaeotal amoA abundance exhibited a significant
negative correlation with sediment pore water DO in the nSCS
(see Table S5 in the supplemental material), likely indicating active oxygen consumption by sediment thaumarchaeotal ammonia
oxidation. The amoA-bearing thaumarchaeota, including AOA,
are abundant and well adapted to hypoxic marine environments,
including the water column and sediments (references 18, 20, 28,
55, and 67–69 and references therein). In our current study, sediment pore water NO3⫺ showed a significant positive correlation
with the ratio of thaumarchaeotal hcd to amoA gene abundances in the surface sediments (see Table S5 in the supplemental material). Partial-correlation analysis indicated that
this correlation is real (P ⫽ 0.016, controlling for DO; P ⫽
0.008, controlling for OrgC/OrgN; P ⫽ 0.008, controlling for
sediment clay content; and P ⫽ 0.025, controlling for sediment
skewness). Because specific MGI thaumarchaeotal clusters
have been identified recently in nitrate-reducing marine sediments (55), it is possible that thaumarchaeota cooperate metabolically with diverse N-transforming microbes, including nitrate reducers, in marine sediments (66–69).
The molecular basis for catabolism of MGI thaumarchaeota
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has not yet been elucidated (5). The sole report so far that correlated genetic potential with evidence of a chemo-organoheterotrophic lifestyle investigated nonmarine AEA in wastewater (8),
and the mode of carbon fixation in the putatively amoA-lacking
thaumarchaeon Giganthauma has not yet been reported (62).
Thus, it is still an open question whether marine sediment thaumarchaeota per se exhibit variable catabolic lifestyles that include
chemo-organotrophic and non-ammonia-based chemolithotrophic catabolism, in addition to the ammonia-dependent chemolithotrophy of the bona fide AOA.
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