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Introduction

Nitrification, the process of ammonia oxidation to nitrate

via nitrite (NH3 fi NO2
) fi NO3

)), is a key component

of the global N cycle. Over geological time scales, the N

cycle is thought to have affected the C cycle and hence

the climate (Falkowski 1997; Gruber and Galloway 2008).

Microbial nitrification may be responsible for the forma-

tion of the large deep-sea nitrate reservoir (Lam et al.

2007). The coupling of nitrification to denitrification or

the anammox (anaerobic oxidation of ammonium) pro-

cesses may contribute to bioremediation of eutrophica-

tion in estuarine and coastal systems (Seitzinger 1988;

Coolen et al. 2007; Lam et al. 2007), where high input of

anthropogenic active N compounds is often experienced

(Francis et al. 2005; Caffrey et al. 2007). Microbial nitrifi-

ers may also co-oxidize a variety of xenobiotic com-

pounds (Kowalchuk and Stephen 2001; Arp and Stein

2003), thereby providing a detoxification process of excess

ammonia and other toxic compounds in environment.

Similar to ammonia-oxidizing bacteria (AOB), ammo-

nia-oxidizing archaea (AOA) in the mesophilic Crenar-

chaea group catalyse aerobic oxidation of ammonia

(Könneke et al. 2005), the first and likely rate-limiting

step of nitrification. The archaeal ammonia monooxygen-

ase gene, amoA, seems to be abundant in the oceans

(Francis et al. 2005; Beman and Francis 2006; Beman

et al. 2007, 2008; Lam et al. 2007; Nakagawa et al. 2007;
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Abstract

Aims: The ecological characteristics of the deep-sea amoA-encoding archaea

(AEA) are largely unsolved. Our aim was to study the diversity, structure and

distribution of the AEA community in the sediments of the tropical West Paci-

fic Continental Margin, to develop a general view of the AEA biogeography in

the deep-sea extreme environment.

Methods and Results: Archaeal amoA clone libraries were constructed. Diverse

and novel amoA sequences were identified, with the Bohol Sea, Bashi Strait

and Sibuyan Sea harbouring the highest and the Bicol Shelf the lowest AEA

diversity. Phylogenetic and statistical analyses illustrate a heterogeneous distri-

bution of the AEA community, probably caused by the differential distribution

of the terrestrial or estuarine AEA in the various sampling sites.

Conclusions: The deep-sea sedimentary environments potentially harbour

diverse and novel AEA in the tropical West Pacific Continental Margin. The

stations in the Philippine inland seas (including station 3043) may represent

AEA assemblages with various terrestrial influences and the stations connected

directly to the open Philippine Sea may represent marine environment-domi-

nant AEA assemblages.

Significance and Impact of Study: Our study indicates the potential importance

of geological and climatic events in the transport of terrestrial micro-organisms

to the deep-sea sedimentary environments, almost totally neglected previously.
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Dang et al. 2008b; Park et al. 2008; Sahan and Muyzer

2008; Santoro et al. 2008). In addition, these ‘amoA-

encoding archaea’ (AEA) have been suggested to contrib-

ute to N cycling in a variety of environments including

soils, hot springs, subsurface, caves, estuaries, seawater,

sediments, hydrothermal vents, biofiltrations systems and

wastewater bioreactors (Nicol and Schleper 2006; Cavi-

cchioli et al. 2007; Francis et al. 2007; and references

herein). Quantitatively, AEA appear to be more abundant

than AOB (Wuchter et al. 2006; Mincer et al. 2007;

Nakagawa et al. 2007), further suggesting their ecological

importance.

Most of the oceanic sedimentary mineralization occurs

over the continental margin, one of the most important

boundaries on Earth (Derry and Murray 2004). Although

it occupies a relatively small fraction of the ocean floor,

the continental margin is very important in marine bio-

geochemistry (Walsh 1991), affecting the ocean chemistry,

productivity and climate. The deep-sea sediments of the

continental margin may provide an extreme environment

due to its permanent low temperature (approx. 2�C) and

high hydraulic pressure. However, most of the marine N

cycling studies focused only on the estuarine and coastal

areas. Data are not currently available for most of the

deep marginal sea sedimentary environments about the

newly discovered AEA communities (Nakagawa et al.

2007). The composition and transformation rate of the

deep-sea nitrogenous compounds may be different from

those of the estuarine and coastal areas, probably caused

by the change of the nitrogen sources, the influence of

the prevailing extreme environment and the shift of the

microbial community. A recent study showed that the

deep-sea cold seep pelagic brown sediments at the north-

eastern Japan Sea harboured distinct AEA not seen in

other environments (Nakagawa et al. 2007). It is not

known whether this unique sedimentary AEA assemblage

is a local feature of the studied cold seep environment or

a common feature of the rarely explored whole deep-

sea environment.

Philippine Sea is a marginal sea of the West Pacific,

where Kuroshio Current, the largest western boundary

current of the Pacific Ocean originates. This strong, warm

and saline current may have a significant impact on the

regional marine ecosystem, fishery and climate (Lee et al.

2004). The bordering Philippine archipelago is located on

an active convergent plate boundary between the Eurasian

and Philippine Sea plates. It is also a part of the ‘Pacific

Ring of Fire’ and the ‘Pacific Seismic Rim’, characterized

by frequent active volcanoes and earthquakes (Ozawa

et al. 2004). Astride the typhoon belt, the Philippine

archipelago is affected frequently by heavy rains, tropical

storms and typhoons (Lansigan et al. 2000). These

tectonic and climatic factors may further trigger other

disasters, such as tsunamis, floods and landslides (Liu

et al. 2007). Most of these events may deliver tremendous

amount of terrestrial materials into the ocean. We

hypothesize that these events may also intensify the trans-

port of terrestrial microbes into the deep-sea environ-

ment.

The current paper used the functional marker gene

amoA to study the diversity, structure and distribution of

the amoA-encoding archaea community in the marine

sediments collected from the tropical West Pacific Conti-

nental Margin, to test our hypothesis and to develop a

general view of the biogeography of the deep-sea AEA

community.

Materials and methods

Samples collection and environmental factors

measurement

Deep-sea sediments were sampled using CASQ core sam-

plers during the Chinese-French joint MD155 ⁄ MARCO

POLO 2 ⁄ IMAGES XIV cruise of the R ⁄ V Marion-

Dufresne in the tropical western Pacific from June 11 to

July 6, 2006. The sampling sites included several featured

marginal seas and other geographical locations as detailed

in Table 1 and Fig. S1.

The CASQ box core sampler has a 25 · 25 cm2 section

area and a maximum sediment retrieval depth of 12 m

below the seafloor. On board, the core was opened from

the side and sub-samples for microbial study were taken

from the center of the core under sterile conditions and

stored in airtight sterile plastic bags in a )80�C freezer.

Usually, the topmost sediment was disturbed inside the

core sampler, so intact sediments at depth 5 or 10 cm

were collected instead of the very surface sediments. The

choice of this ‘surface’ layer may also avoid microbial

contamination from the overlaying seawater above the

seafloor.

Sediment total organic carbon (OrgC) and nitrogen

(OrgN) contents were measured with a PE 2400 Series II

CHNS ⁄ O elemental analyzer (Perkin Elmer, Norwalk, CT,

USA). A Cilas 940L laser granulometer (Company Indus-

trielle des Lasers, Orléans, France) was used for sediment

grain size analysis and sorting coefficient, median grain

size, mean grain size, skewness and kurtosis were calcu-

lated (Table 1).

DNA extraction and archaeal amoA clone library

analyses

Sediment DNA extractions followed our previous method

(Dang et al. 2008b). Archaeal amoA fragments (approx.

635 bp) were amplified with primers Arch-amoAF and
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Arch-amoAR (Francis et al. 2005). PCR products cloning

followed our previous procedure (Dang et al. 2008b). A

miniprep method was used for recombinant plasmid

preparations (Dang and Lovell 2000). Cloned amoA frag-

ments were reamplified using the vector primers M13-D

and RV-M (Dang et al. 2008a). Amplicons with correct

size were digested with the restriction enzymes Hha I,

Msp I and Taq I (Fermentas, Glen Burnie, MD, USA)

respectively. Restriction fragments were resolved by 4%

agarose gel electrophoreses in 0Æ5· TBE, and digitally

photographed with an ImageMaster VDS imaging system

(Pharmacia Biotech, Piscataway, NJ, USA). Restriction

fragment length polymorphism (RFLP) analysis was used

to identify redundant clones.

Clone vector primer RV-M was used for sequencing

with an ABI 3770 sequencer (Applied BioSystems, Foster

City, CA, USA). The resultant DNA sequences were

grouped into operational taxonomic units (OTUs) based

on a 5% sequence distance cutoff calculated with the

dotur program (Schloss and Handelsman 2005), to facil-

itate comparison with other studies (Francis et al. 2005;

Beman and Francis 2006; Park et al. 2006; Beman et al.

2007; Dang et al. 2008b). The putative amoA sequences

were translated into conceptual protein sequences and the

blast program was used for retrieval of the closest match

GenBank sequences (Altschul et al. 1997). The AmoA

protein sequences were aligned using the clustalX pro-

gram (Larkin et al. 2007) and a phylogenetic tree was

constructed using the phylip protdist and neighbor

programs (version 3.67) (Felsenstein 1989).

Statistical analyses

The coverage of each clone library was calculated as

C = [1 ) (n1 ⁄ N)] · 100, where, n1 is the number of

unique OTUs and N the total number of clones in a

library (Dang et al. 2008b). Indices of amoA gene diver-

sity (Shannon–Wiener H and Simpson D) and evenness

(J) were calculated using the OTU data (Dang et al.

2008b). Rarefaction analysis and two nonparametric rich-

ness estimators, the abundance-based coverage estimator

(SACE) and the bias-corrected Chao1 (SChao1), were calcu-

lated using dotur (Schloss and Handelsman 2005). These

diversity indices and richness estimators are useful for

comparing the relative complexity of communities and

for estimating the completeness of sampling.

Community classification of the AEA assemblages was

determined with UniFrac environmental clustering and

principal coordinates analyses (PCoA) (Lozupone et al.

2007). The UniFrac program (http://bmf.colorado.edu/

unifrac/index.psp, last access: 24 July 2008) takes the

molecular evolutionary distances of the sequences for

community similarity analyses, particularly suitable for

sequence data. Correlations between the AEA assemblages

and environmental factors were analysed with canonical

correspondence analysis (CCA) following previous

Table 1 Sampling stations and environmental parameters of the deep-sea sediments collected from the tropical West Pacific Continental Margin

Environmental factor

Station

3043 3047 3048 3053 3057 3059 3063 3064

Site location Bashi Strait Benham Rise Benham Rise Bicol Shelf Sibuyan Sea Cagayan Ridge Bohol Sea Mindanao

Latitude (N) 19�05Æ50¢ 17�00Æ44¢ 16�34Æ82¢ 14�30Æ27¢ 13�00Æ15¢ 9�40Æ57¢ 8�28Æ60¢ 6�28Æ23¢
Longitude (E) 122�24Æ21¢ 124�47Æ93¢ 124�39Æ20¢ 124�19Æ23¢ 122�22Æ22¢ 121�38Æ95¢ 124�37Æ31¢ 126�27Æ82¢
Water depth (m) 2135 2510 2495 2065 1666 3520 1811 1390

CASQ core designation MD06-3043 MD06-3047 MD06-3048 MD06-3053 MD06-3057 MD06-3059 MD06-3063 MD06-3064

Sediment

OrgC (total organic C, %) 0Æ829 0Æ266 0Æ321 1Æ936 3Æ129 0Æ815 2Æ062 0Æ922

OrgN (total organic N, %) 0Æ056 0Æ026 0Æ031 0Æ206 0Æ317 0Æ077 0Æ128 0Æ071

OrgC ⁄ OrgN 14Æ804 10Æ231 10Æ355 9Æ398 9Æ871 10Æ584 16Æ109 12Æ986

Sand (%) 0Æ08 0 0 0 0 0 0 0

Silt (%) 67Æ76 56Æ40 55Æ75 62Æ55 49Æ53 51Æ01 61Æ03 61Æ09

Clay (%) 32Æ15 43Æ60 44Æ25 37Æ45 50Æ47 48Æ99 38Æ97 38Æ91

Median grain size (ø) 6Æ705 7Æ566 7Æ610 7Æ071 8Æ025 7Æ940 7Æ275 7Æ198

Mean grain size (ø) 7Æ032 7Æ649 7Æ659 7Æ299 7Æ886 7Æ819 7Æ498 7Æ386

Sorting coefficient 1Æ749 1Æ585 1Æ595 1Æ704 1Æ527 1Æ568 1Æ573 1Æ677

Skewness 1Æ146 )0Æ158 )0Æ528 0Æ908 )0Æ970 )0Æ913 0Æ826 0Æ782

Kurtosis 2Æ054 1Æ855 1Æ871 1Æ976 1Æ841 1Æ863 1Æ849 1Æ950

Sampling depth (cmbsf*) 10 10 10 5 5 5 5 5

*cmbsf, centimeters below the sea floor.
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procedures using the software canoco (ver. 4.5, Micro-

computer Power, Ithaca, NY, USA) (ter Braak and Šmila-

uer 2002; Dang et al. 2008b). Automatic forward selection

with significance tests of Monte Carlo permutations were

used to build the optimal models of the microbe–

environment relationship. These multivariate statistical

methods cope with major issues in microbial ecology,

such as the distribution and classification of the microbial

community in respect to environmental variables or their

gradients (Lozupone et al. 2007; Ramette 2007; Magalhães

et al. 2008).

Nucleotide sequence accession numbers

The archaeal amoA gene sequences determined in this

study have been deposited in GenBank under accession

numbers EU885546 to EU885712.

Results

Diversity of the deep-sea archaeal amoA genes

Of the eight libraries constructed, 735 clones were identi-

fied to contain a valid archaeal amoA gene fragment,

resulting in a final of 167 unique sequences and 83 OTUs

(Table 2). The values of the library coverage (C) ranged

from 38Æ7% to 75Æ0% (Table 2), together with rarefaction

analysis (Fig. S2), indicating that most of the libraries had

quite high amoA gene diversity. The sampling stations

3063, 3043 and 3057 had the highest and the station 3053

had the lowest amoA diversity, based on the majority of

the diversity indices (H, 1 ⁄ D and J) and the SACE and

SChao1 richness estimators (Table 2). These data indicate a

heterogeneous distribution of the deep-sea sedimentary

AEA community in the tropical West Pacific Continental

Margin, with the Bohol Sea, Bashi Strait and Sibuyan Sea

sediments harbouring the highest and the Bicol Shelf

sediments harbouring the lowest AEA diversity.

Phylogeny of the archaeal AmoA sequences

The obtained 167 distinct archaeal amoA sequences had

67Æ6–99Æ8% identities among each other and 83Æ8–99Æ5%

identities to the closest match GenBank sequences. After

translation, the corresponding AmoA sequences had 75Æ4–

100Æ0% identities among each other and 93Æ8–100Æ0%

identities to the closest match GenBank sequences

retrieved from a variety of terrestrial, estuarine, coastal

and marine environments. A majority (71Æ9%) of our

archaeal AmoA sequences matched top hit GenBank

sequences that were originally retrieved from marine or

related environments including the Changjiang Estuary

and its adjacent East China Sea sediments (Dang et al.

2008b), the Northeastern Japan Sea Hokkaido deep-sea

water column or sediments (Nakagawa et al. 2007), the

Hawaii coral reef sediments, the Southern Okinawa

Trough Yonaguni Knoll IV hydrothermal sediments, the

sulfides at the Clambed vent of Juan de Fuca field, the

Australia Orpheus Island and Bare Island marine sponges

(Steger et al. 2008), the Black Sea seawater (Lam et al.

2007) and the marine aquarium biofiltration systems

(Urakawa et al. 2008). The remaining sequences were

mainly related to terrestrial environments, including soils

from China, Germany or Australia (Treusch et al. 2005;

He et al. 2007), sediments of the China saline Qinghai

Lake, hot spring in China Tengchong (Zhang et al. 2008)

and anoxic granular sludge for anaerobic ammonium oxi-

dation. Nearly one third (31Æ1%) of the top hit GenBank

sequences were originally retrieved from the deep-sea

hydrothermal vent or terrestrial hot spring environments.

Table 2 Diversity and predicted richness of the sedimentary archaea amoA sequences recovered from the sampling stations of the tropical West

Pacific Continental Margin

Station

No. of

clones

No. of amoA

sequences*

No. of

OTUs� C (%) H 1 ⁄ D J SACE SChao1

Cluster II

sequences� (%)

Cluster II

clones (%)

3043 94 39 33 54Æ55 4Æ51 19Æ96 0Æ89 51Æ4 44Æ7 65Æ8 51Æ1

3047 94 28 19 57Æ89 2Æ90 3Æ89 0Æ68 29Æ2 24Æ6 7Æ1 4Æ3

3048 94 35 23 56Æ52 3Æ55 7Æ31 0Æ78 37Æ3 30Æ5 5Æ7 3Æ2

3053 89 16 8 75Æ00 2Æ11 3Æ44 0Æ70 9Æ4 8Æ5 0Æ0 0Æ0

3057 94 34 31 38Æ71 4Æ01 10Æ56 0Æ81 67Æ6 59Æ5 54Æ6 26Æ6

3059 88 30 25 56Æ00 3Æ90 11Æ06 0Æ84 40Æ4 34Æ2 46Æ7 21Æ6

3063 92 50 37 40Æ54 4Æ57 18Æ28 0Æ88 80Æ7 75Æ5 73Æ5 68Æ5

3064 90 26 20 50Æ00 3Æ10 5Æ37 0Æ72 35Æ0 29Æ0 26Æ9 11Æ1

*Unique amoA sequences were determined via RFLP analysis.

�Unique OTUs of the amoA sequences were determined using the DOTUR program. The coverage (C), Shannon–Weiner (H), Simpson (D) and

evenness (J) indices, and SACE and SChao1 richness estimators were calculated using the OTUs data.

�Cluster II sequences were determined by sequences phylogeny as the putative terrestrial or estuarine AmoA-related sequences depicted in Fig. 1.
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The phylogenetic tree constructed using the 154 dis-

tinct AmoA sequences showed that two sequence clusters,

with 20% between-cluster distance determined via dotur,

could be identified (Fig. 1). The Cluster I AmoA

sequences were mainly associated with marine sediment,

seawater or the related environments, such as the North-

eastern Japan Sea Hokkaido deep-sea water column or

sediments, Southern Okinawa Trough Yonaguni Knoll IV

hydrothermal sediments, Hawaii coral reef sediments, East

China Sea and occasionally the Changjiang Estuary sedi-

ments, Juan de Fuca Clambed deep-sea hydrothermal

vent sulfide, Black Sea seawater, Australia Bare Island and

Orpheus Island marine sponges and marine aquarium

biofiltration systems. The Cluster II AmoA sequences

were mainly related to terrestrial or estuarine environ-

ments, such as soils from China, Germany and Australia,

China saline Qinghai Lake sediments, China Tengchong

hot spring, Changjiang Estuary and occasionally East

China Sea sediments and anoxic granular sludge. Cluster

I and II included almost equal number of AmoA

sequences (50Æ6% vs 49Æ4%). However, Cluster I had

much more AmoA clones than Cluster II (76Æ6% vs

23Æ4%). Most AmoA sequences of the stations 3047, 3048

and 3053 (92Æ9%, 94Æ3% and 100Æ0%, respectively) were

affiliated within Cluster I and they accounted for 95Æ7%,

96Æ8% and 100Æ0% of the clones in each corresponding

library. Most AmoA sequences of the stations 3063, 3043

and 3057 (73Æ5%, 65Æ8% and 54Æ6%, respectively) were

affiliated within Cluster II and they accounted for 68Æ5%,

51Æ1% and 26Æ6% of the clones in each corresponding

library (Table 2). Our data indicate that the Benham Rise

and Bicol Shelf sampling sites may represent marine envi-

ronment-dominated AEA assemblages, while the Bohol

Sea, Bashi Strait and Sibuyan Sea sampling sites may

represent continental margin AEA assemblages with vari-

ous degrees of terrestrial impact.

Four AmoA sequences, 3043-A-01, 3043-A-02, 3043-

A-03 and 3047-A-01, which were related to the clones

retrieved from the East China Sea sediments (Dang et al.

2008b), marine aquarium biofiltration systems (Urakawa

et al. 2008) and Northeastern Japan Sea Hokkaido deep-

sea sediments and water column (Nakagawa et al. 2007),

occurred in all the sampling stations (Fig. 1). Seven other

sequences, 3043-A-04, 3043-A-05, 3043-A-06, 3047-A-02,

3047-A-03, 3059-A-01 and 3064-A-01, occurred in four

to six of the stations. These common sequences were also

the dominant ones (50Æ2% of the 735 clones screened) in

the respective libraries. However, most AmoA sequences

(71Æ4%) occurred only in one of the sampling sites, indi-

cating their heterogeneous distribution in the tropical

West Pacific Continental Margin.

Our archaeal AmoA sequences can be classified into

several groups based on the prevailing environmental

characteristics, such as the Tropical West Pacific Conti-

nental Margin Deep-sea Sediment Group, the Deep Mar-

ine Group (Water Column B) (Nakagawa et al. 2007), the

Deep-sea Hydrothermal Vent and Sediment Group, the

Coastal and Marginal Sea Sediment Group, the Japan Sea

Deep-sea Sediment A Group (Nakagawa et al. 2007), the

China Red Soil A Group, and the Soil, Lake and Estua-

rine Sediment Group (Fig. 1). There are several groups or

subgroups of sequences with limited similarity to known

GenBank AmoA sequences, indicating uniqueness of the

AEA assemblage in the studied deep-sea sedimentary

environment, such as the Tropical West Pacific Continen-

tal Margin Deep-sea Sediment Group and several sub-

groups in the Deep-sea Hydrothermal Vent Group, the

Coastal and Marginal Sea Sediment Group, the China

Red Soil A Group and the Soil, Lake and Estuarine Sedi-

ment Group (Fig. 1). The environmental specificity of

these sequences indicates that the tropical West Pacific

Continental Margin sediments might harbour AEA with-

out close relatives detected in other marine environments.

AEA community classification

Significant difference of the AmoA assemblages was

detected via the all environments UniFrac significance

(P < 0Æ001) and the P test significance (P < 0Æ001) analy-

ses (Lozupone et al. 2007). Both pairwise UniFrac and P

test significance analyses indicated that the difference

between the AEA assemblage of station 3043 or 3063 and

that of station 3047, 3048, 3053 or 3064 was at least mar-

ginally significant (P £ 0Æ028) (Figs. S3 and S4).

The weighted UniFrac environmental clustering anal-

ysis indicated that the AmoA assemblages of stations

3043 and 3063 were different from all the other stations

(Fig. 2). The weighted UniFrac PCoA analysis further

confirmed this difference (Fig. 3a). Clearly, the putative

terrestrial or estuarine AmoA-dominated (in the sense of

Figure 1 Phylogenetic tree constructed with distance and neighbour-joining method of the archaeal AmoA sequences recovered from the sedi-

ments of the tropical West Pacific Continental Margin. Partial archaeal AmoA sequences of 196 aligned amino acid positions were used for tree

construction. The tree branch distances represent amino acid substitution rate and the scale bar represents the expected number of changes per

homologous position. Bacterial AmoA sequences from Nitrosomonas europaea, Nitrosospira briensis and Nitrosococcus oceani were used as the

outgroup. Bootstrap values greater than 70% of 100 resamplings are shown near nodes. The archaeal AmoA sequences obtained in this study

are shown in bold, along with their distribution and clone abundance in each library as depicted in the parentheses. The * symbol indicates that

the AmoA sequence groups were originally designated by Nakagawa et al. (2007).
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3047-A-02 (3043: 1, 3047: 1, 3057: 1, 3059: 2, 3064: 2)

3047-A-01 (3043: 5, 3047: 1, 3048: 1, 3053: 2, 3057: 17, 3059: 5, 3063: 1, 3064: 2)

Tropical West pacific Continental Margin
Deep-sea Sediment Group
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Australia Bare Island marine sponge Siphonochalina sp. clone Siph_2 [ABX84137]
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Candidatus Nitrosopumilus maritimus SCM1 [AAZ38768]

Northeastern Japan Sea Hokkaido deep-sea sediments clone CBK-G3N013 [BAF43476]

Southern Okinawa Trough, Yonaguni Knoll IV hydrothermal sediments clone p763_AMO_1.02 [BAF74716]
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3048-A-26 (3048: 1)
3048-A-23 (3048: 1)

3057-A-09 (3057: 1)

Black Sea clone BS2-130mC3 [ABQ15246]

Juan de Fuca Clambed deep-sea hydrothermal vent sulfide clone 4136-1-4 [ACC78480]
Juan de Fuca Clambed deep-sea hydrothermal vent sulfide clone 4136-1-212 [ACC78460]

Northeastern Japan Sea Hokkaido deep-sea sediments clone CBK-G3N131 [BAF13192]

Northeastern Japan Sea Hokkaido deep-sea sediments clone CR-G3N128 [BAF43489]

Hawaii coral reef sediment clone checker801 [ABV53962]

Hawaii coral reef sediment clone checker702 [ABV53959]

Hawaii coral reef sediment clone checker901 [ABV53967]

East China Sea sediments clone S10-A-14 [ABS80988]

Marien aquarium biofiltration systems clone OA-MA-52 [BAF96145]

Marien aquarium biofiltration systems clone OA-MA-6 [BAF96132]

East China Sea sediments clone S33-A-10 [ABS80999]

East China Sea sediments clone S33-A-06 [ABS80997]

East China Sea sediments clone S33-A-11 [ABS81000]
Australia Orpheus Island marine sponge Coscinoddema sp. clone CoscGrA [ABX84121]

Changjiang Estuary and East China Sea sediments clone S7-A-02 [ABS80958]

East China Sea sediments clone S10-A-08 [ABS80983]

Changjiang Estuary sediments clone S7-A-13 [ABS80969]
Marine aquarium biofiltration systems clone OA-SA10-22 [BAF96042]

Marine aquarium biofiltration systems clone OA-SA10-44 [BAF96055]

Marine aquarium biofiltration systems clone OA-MA-55 [BAF96147]

Cenarchaeum symbiosum from Santa Barbara coast marine sponge Axinella mexicana [ABK77038] 

East China Sea sediments clone S33-A-12 [ABS81001]
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both sequences and clones) stations 3043 and 3063

could be separated from the marine AmoA-dominated

stations 3047, 3048 and 3053 along the first principal

coordinate (P1), which explained 81Æ8% of the total

AEA community variability among all the sampling

stations (Fig. 3a). The unweighted PCoA analysis (omit-

ting clone abundance for each AmoA sequence) of the

AmoA assemblages showed a slightly different classifica-

tion schema (Fig. 3b). The stations (3063, 3043, 3057

and 3059) with the highest percentage of the putative

terrestrial or estuarine AmoA sequences (Cluster II in

Fig. 1 and Table 2) were grouped together. It appears

that both terrestrial and estuarine microbial inputs may

have a significant impact on the composition and struc-

ture of the sediment AEA community in the continental

margin deep-sea environment.

Spatial distribution of the AEA community

For the weighted CCA analysis (Fig. 4a), the first two

CCA axes (CCA1 and CCA2) explained 48Æ4% of the total

variance in the AEA composition and 52Æ3% of the

cumulative variance of the AEA–environment relation-

ship. The CCA1 distinguished the AEA assemblages of

stations 3043 and 3063 from those of the other stations

and explained 31Æ6% of the cumulative variance of the

AEA–environment relationship. The sediment OrgC ⁄
OrgN contributed the most to this distinction and was

the only environmental parameter that contributed signif-

icantly (P = 0Æ005, 1000 Monte Carlo permutations) to

the AEA–environment relationship. Although none of the

other environmental factors contributed significantly

(P > 0Æ180) to the AEA–environment relationship, the

combination of these environmental factors provided

additionally 68Æ3% of the total CCA explanatory power.

For the unweighted CCA analysis (omitting clone

abundance for each AmoA sequence) (Fig. 4b), the first

two CCA axes explained 43Æ4% of the total variance in

the AEA composition and 48Æ5% of the cumulative vari-

ance of the AEA–environment relationship. The AEA

assemblages of stations 4043, 4057 and 4063 were
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Figure 2 Dendrogram of the hierarchical clustering analysis of the

tropical West Pacific Continental Margin deep-sea sedimentary AmoA

assemblages constructed using the UniFrac weighted Jackknife Envi-

ronment Clusters statistical method. The percentage supports of the

classification tested with sequence jackknifing resamplings are shown

near the corresponding nodes.
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using the archaeal AmoA protein sequences recovered from the deep-sea sediments of the tropical West Pacific Continental Margin. Shown are

the plots of the first two principal coordinate axes (P1 and P2) for PCoA and the distributions of the AEA assemblages (designated with the sam-

pling station names) in response to these axes.
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grouped together and their distribution was positively

correlated with OrgC, OrgN, OrgC ⁄ OrgN and the sedi-

ment sand content and negatively correlated with water

depth. In particular, the sediment OrgC appeared to be

significant (P = 0Æ053, 1000 Monte Carlo permutations)

to the AEA–environment relationship. None of the

other environmental factors contributed significantly

(P > 0Æ200) to the AEA–environment relationship. How-

ever, the combination of these environmental factors

provided additionally 78Æ3% of the total CCA explanatory

power.

Discussion

Deep sea sediments constitute the largest compartment of

the global biosphere and as such are also the largest

unexplored habitat on Earth (Whitman et al. 1998). Not

surprisingly, studies of the distribution, abundance and

functions of its resident microbial assemblages have

begun only recently.

The colour of the sediments sampled in this study was

mostly brown, yellow, olive green or olive grey thereby

indicating that these sections were probably removed

from the oxic or suboxic zones of the sediments (Diaz

and Trefry 2006). Previous studies indicated that the AEA

are particularly abundant in low oxygen environments,

which is ecologically relevant (Park et al. 2006; Coolen

et al. 2007; Lam et al. 2007; Santoro et al. 2008). There-

fore, the presence of diverse archaeal amoA genes identi-

fied by our study may represent diverse AEA assemblages

in deep-sea subsurface sediments with a comparable

ecological relevance.

By comparison, the cold deep-sea sediment AEA diver-

sity of the tropical West Pacific Continental Margin is

higher than that of the other marine environments, such

as the hypernutrified subtropical Bahı́a del Tóbari estuary

(Beman and Francis 2006), the temperate Changjiang

estuary and its adjacent East China Sea (Dang et al.

2008b). The Bohol Sea, Bashi Strait and Sibuyan Sea sedi-

ments had the highest amoA gene diversity (Table 2,

Fig. S2) and also the highest proportion of the putative

terrestrial or estuarine AmoA-related sequences (Fig. 1,

Table 2). Previous studies indicated that the AEA

communities in terrestrial environments are distinct from

those in marine environments (Leininger et al. 2006),

whereas other studies indicated that estuaries and coasts

might harbour mixed populations of AEA from soil and

sediments (Francis et al. 2005; Beman and Francis 2006;

Dang et al. 2008b). The deposition of archaea from ter-

restrial input could potentially explain the existence of

the putative terrestrial or estuarine AmoA-related

sequences in some of the studied deep-sea sites. These
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sites might harbour mixed AEA populations of both

terrestrial and marine origins and thus, a higher microbial

diversity.

Phylogenetic analysis of experimental and retrieved

archaeal AmoA sequences resulted in two sequence clus-

ters (Fig. 1) consistent with a previous report characteriz-

ing the AEA community in the Changjiang estuary and

its adjacent East China Sea (Dang et al. 2008b). None of

the AmoA sequences in Cluster II was deduced from

sequenced DNA that originated from AEA resident in

other deep-sea environments, such as the cold seep water

column and sediments of the Northeastern Japan Sea

(Nakagawa et al. 2007), which may receive little terrestrial

influence. Besides this phylogenetic evidence, the spatial

distribution of sediment AEA assemblages in response

with environmental variables analysed via CCA statistics

(Fig. 4) also indicates that certain AEA assemblages (sta-

tions 3043, 3057 and 3063) are positively correlated with

the distribution of sediment OrgC ⁄ OrgN or OrgC and

negatively correlated with water depth, which may serve

as signatures of terrestrial input intensity (Kukal 1971).

Hence, our data indicate that the marginal seas may serve

as a conduit for the transport of microbes from the land

or estuaries to the deep ocean. The putative terrestrial or

estuarine AEA found in the cold deep sedimentary

environments of the tropical West Pacific may serve as a

bioindicator or biotracer for terrestrial impact on the

deep-sea benthic microbial ecosystem.

The finding of terrestrial AmoA-like sequences in the

deep-sea sediments supports our hypothesis that the fre-

quent activities of volcanoes, earthquakes, tropical storms,

typhoons, tsunamis, floods and landslides in the Philip-

pine area may have intensified the transport of terrestrial

microbes into the deep-sea sedimentary environment. The

occurrence of the putative terrestrial AEA in the cold

deep-sea subsurface sediments may thus relate to certain

historical geological or climatic events. More importantly,

our results suggest that certain terrestrial or estuarine

AEA may have broader ecophysiological adaptation

potential than previously appreciated.

The UniFrac analyses indicate a heterogeneous distri-

bution of the sediment AEA community in the tropical

West Pacific Continental Margin (Figs. 2, 3), which might

be the result of the differential distribution of the putative

terrestrial or estuarine AEA in the various deep-sea sam-

pling sites (Table 2). Our UniFrac results also indicate

the importance of both quantitative (based on both

sequences and clones data) and qualitative (based solely

on sequences data) community analyses. The unweighted

PCoA analysis mainly illustrates the compositional differ-

ence of the AmoA assemblages among the sampling sta-

tions, while the weighted PCoA analysis can also illustrate

the community structural difference of the AmoA assem-

blages. Although stations 3057 and 3059 had large pro-

portions of the putative terrestrial or estuarine AmoA

sequences (54Æ6% and 46Æ7%), the abundance of the cor-

responding clones was quite low (26Æ6% and 21Æ6%). The

different PCoA classification results pertaining to

sampling stations 3057 and 3059 (Fig. 3) may indicate a

transitional status of their AmoA assemblages; from

strongly land-impacted stations (3063 and 3043) to mar-

ine environment-dominated stations (3047, 3048 and

3053). Similarly, the comparison of the weighted and

unweighted CCA analyses may also indicate the importance

of employing both quantitative and qualitative analyses in

decoding the AEA–environment relationship (Fig. 4).

A considerable proportion of our AmoA sequences

were related to the GenBank sequences originally associ-

ated with community DNA retrieved from the deep-sea

hydrothermal vent or terrestrial hot spring environments

(Zhang et al. 2008). This finding indicates that deep-sea

AEA either have a wide range of temperature adaptation

or the AEA present in the modern deep-sea cold sediment

environments of the West Pacific Continental Margin

have a thermophilic evolutionary history (Hatzenpichler

et al. 2008; de la Torre et al. 2008; Zhang et al. 2008).

The existence of volcanic ash layers in some of the sedi-

ment cores (Institut Polaire Francais 2006) indicates that

the latter inference is plausible, as geothermal events, such

as volcanoes, happened historically in the studied area.

Extant deep-sea cold sediment AEA assemblages may thus

serve as a geomicrobiological record of the past geother-

mal events in the continental margin deep-sea sediments

(Inagaki et al. 2001).

The continental margin is the most important interface

between the terrestrial and marine environments, espe-

cially in the recycling of nutrients (Walsh 1991; Derry and

Murray 2004). Relating to the environmental characteris-

tics, several groups or subgroups of the AmoA sequences

were found to be specific to the tropical West Pacific

Continental Margin sedimentary environments (Fig. 1).

These unique archaeal ammonia monooxygenase

sequences may reflect specific adaptation (molecular evo-

lution) of the sediment functional archaeal community

including novel ammonia-oxidizing archaea. Environmen-

tal specificity of the AEA community has also been found

in other deep-sea environments, such as the Sediment A-1

subgroup detected in the deep-sea cold seep pelagic

brown sediments at the northeastern Japan Sea (Fig. 1)

(Nakagawa et al. 2007). Related to environmental

background and microbial evolutionary history, specific

biogeographical distribution of certain microbial func-

tional members in the deep-sea sedimentary environments

may be a common phenomenon. Specifically, in the tropi-

cal West Pacific Continental Margin, the stations in the

Philippine inland seas (including station 3043) may
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represent AEA assemblages with various terrestrial influ-

ences, whereas the other stations connected directly to the

open Philippine Sea may represent marine environment-

dominant AEA assemblages.
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