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Summary 16 

Cobalt-rich ferromanganese is an important seafloor mineral and is abundantly present in the 17 

seamount crusts. Such crusts form potential hotspots for biogeochemical activity and 18 

microbial diversity, yet our understanding of their microbial communities is lacking. In this 19 

study, we used a cultivation-independent approach to recover genomic information and derive 20 

ecological functions of the microbes in a sediment sample collected from the cobalt-rich 21 

ferromanganese crust of a seamount region in the central Pacific. A total of 78 distinct clones 22 

were obtained by fosmid library screening with a 16S rRNA based PCR method. 23 

Proteobacteria and MGI Thaumarchaeota dominated the bacterial and archaeal 16S rRNA 24 

gene sequence results in the microbial community. Nine fosmid clones were sequenced and 25 

annotated. Numerous genes encoding proteins involved in metabolic functions and heavy 26 

metal resistance were identified, suggesting alternative metabolic pathways and stress 27 

responses that are essential for microbial survival in the cobalt-rich ferromanganese crust. In 28 

addition, genes that participate in the synthesis of organic acids and exoploymers were 29 

discovered. Reconstruction of the metabolic pathways revealed that the nitrogen cycle is an 30 

important biogeochemical process in the cobalt-rich ferromanganese crust. In addition, 31 

horizontal gene transfer (HGT) events have been observed, and most of them came from 32 

bacteria, with some occurring in archaea and plants. Clone W4-93a, belonging to MGI 33 

Thaumarchaeota, contained a region of gene synteny. Comparative analyses suggested that a 34 

high frequency of HGT events as well as genomic divergence play important roles in the 35 

microbial adaption to the deep-sea environment. 36 
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1 Introduction 40 

Seamounts are widespread and defined as topographic rises from the ocean floor with a 41 

limited area across the summit, which is below sea level or emerges above the sea surface 42 

only for short periods of time (Menard, 1964; Staudigel et al., 2010). Recently, 33,452 43 

seamounts (elevation of > 1 000 m) were identified in global bathymetric datasets, most of 44 

them (57.2%) located in the Pacific Ocean (Yesson et al., 2011). However, the number of 45 

seamounts remains under debate due to the different definitions of what constitutes a 46 

seamount as well as the variation in techniques used to count them (Hillier and Watts, 2007; 47 

Iyer et al., 2012; Wessel et al., 2010). Although seamounts have a high degree of biodiversity, 48 

harbour unique biological communities, display high levels of endemism, represent hotspots 49 

of nutrient cycling and support commercial fisheries, fewer than 300 seamounts have been 50 

thoroughly sampled, and the majority of these studies have focused on hydrothermal vents 51 

(Clark et al., 2010; Duffy, 2008; Emerson and Moyer, 2010; Rowden et al., 2010; Schlacher et 52 

al., 2010). 53 

Deposits of cobalt-rich, oxidised ferromanganese in crusts that cover seamounts were 54 

first discovered in 1980 (Craig et al., 1982; Ito et al., 2008; Muiños et al., 2013). These crusts 55 

usually grow at very slow rates (1-10 µm per 103 years) and exist only on a few seamounts 56 

(Fu et al., 2005; Koschinsky and Hein, 2003). Cobalt-rich ferromanganese crusts are a rich 57 

source of metals such as ferromanganese oxide, cobalt, copper, nickel, platinum and other rare 58 

earth elements (Fu et al., 2005; Fuyuan et al., 2008). Currently, our knowledge of biological 59 

interactions at the cobalt-rich ferromanganese crusts is very limited, and more research is 60 

needed into their resident microbial communities and their ecosystem functions to evaluate 61 

the environmental impacts of future crust exploration and mining.  62 

The role of biogenesis in cobalt-rich ferromanganese crust formation on seamounts 63 

remains controversial and poorly understood. Previous results from a northern Pacific 64 

seamount indicated that crust accretion is not a purely physicochemical process as it also 65 

involves microbial processes (Verlaan, 1992). Microorganisms act as biological nuclei for the 66 

formation of cobalt-rich crusts, suggesting that biomineralization is indispensable in the 67 

mineral formation process (Wang and Müller, 2009). Scanning electron microscopy studies 68 

suggest that biological processes are involved in the formation of the ferromanganese crusts 69 

covering seamounts in the central Atlantic (Wang et al., 2011). Several studies of microbial 70 

diversity in sediments from cobalt-rich ferromanganese crusts of central Pacific seamounts 71 

have been performed using culture-independent approaches (Jiang et al., 2012; Liao et al., 72 

2011). Phylogenetic analyses of bacterial and archaeal 16S rRNA clone libraries have 73 
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revealed the predominance of Proteobacteria and marine archaeal group I (MGI), and it has 74 

been suggested that members of this community may be involved in sulphur, nitrogen and 75 

metal cycling in cobalt-rich ferromanganese crusts (Liao et al., 2011). Recently, nine novel 76 

lipolytic enzymes were identified, suggesting that the microbial populations participate in 77 

carbon degradation, calcium deposition and contribute to biomineralization (Jiang et al., 78 

2012). 79 

Recent work revealed the microbial community structure and diversity of the microbes in 80 

cobalt-rich ferromanganese crusts by using molecular and electron microscopy approaches. 81 

However, the functional aspects of the microbes should not be overlooked. In this study, a 82 

metagenomic library of deep-sea sediment collected from a cobalt-rich ferromanganese crust 83 

region from a seamount was screened to describe the genome content and biological 84 

properties of uncultivated microorganisms. In total, approximately 21,000 randomly selected 85 

fosmid clones were subjected to PCR-based screening, 35 archaeal and 43 bacterial 16S 86 

rRNA gene-containing clones were obtained, and nine fragments were sequenced and 87 

analysed. To our knowledge, this is the first report of a metagenomic approach to identify the 88 

role of microorganisms in the formation of cobalt-rich ferromanganese crusts of seamounts. 89 

 90 

2 Materials and Methods 91 

2.1 Sample collection, geochemical properties analysis and library construction 92 

A deep-sea sediment sample was collected from the skirt of a seamount located in the 93 

cobalt-rich crust deposit region in the central Pacific Ocean. The sample collection method, 94 

location, DNA extraction procedure and library construction information were described in 95 

detail in an earlier publication (Jiang et al., 2012). The elemental composition of the sample 96 

was determined by the Zhejiang Institute of Geology and Mineral Resources using various 97 

methods, including the gravimetric method (for SiO2), inductively coupled plasma-atomic 98 

emission spectrometry (ICP-AES; for Al2O3, Fe2O3, CaO, MgO, TiO2, MnO and P2O5), 99 

atomic absorption spectrometry (AAS; for K2O and Na2O) and inductively coupled 100 

plasma-mass spectrometry (ICP-MS; for Ni, Co, V, Cr, Cu, Zn, Cd, Pb, Mo and Ba). 101 

 102 

2.2 16S rRNA gene screening 103 

Approximately 21,000 randomly selected fosmid clones were subjected to PCR-based 104 

screening. The DNA of pooled fosmid clones was extracted using the Axygen Plasmid 105 

Miniprep Kit (Axygen Biotechnology, Hangzhou, China). The fosmid DNA templates were 106 

treated with the plasmid-safe ATP-dependent DNase (Epicentre Biotechnologies, Madison, 107 
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Wisconsin, USA) to remove the chromosomal DNA contamination of the host strain 108 

(Escherichia coli EPI300). Primers Ar20F (5’-TTCCGGTTGATCCYGCCTGA-3’) and 109 

Arch958R (5’-TCCGGCGTTGAMTCCAATT-3’) (DeLong, 1992) were used for archaeal 110 

16S rRNA gene amplification. Primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 111 

23S1R (5’-GGGTTTCCCCATTCGGAAATC-3’) were used for the identification of the 112 

bacterial 16S rRNA gene with the adjacent intergenic spacer region (ISR) (Garcia-Martinez et 113 

al., 1996). Thirty-five cycles of amplification were carried out under the following conditions 114 

for the archaeal 16S rRNA gene: denaturation at 94°C for 45 seconds, annealing at 55°C for 115 

45 seconds and elongation at 72°C for 1 minute. Thirty-five cycles of amplification of 116 

bacterial 16S rRNA gene were performed under the following conditions: denaturation at 117 

94°C for 15 seconds, annealing at 50°C for 30 seconds and elongation at 72°C for 2 minutes 118 

(Martín-Cuadrado et al., 2007). PCR fragments were extracted from the gel using the 119 

AXYGEN gel extraction kit (AXYGEN, Hangzhou, China) and then cloned into the 120 

pMD19-T vector (TAKARA, Dalian, China). The 16S rRNA gene fragments were sequenced 121 

with the primers M13F/M13R (archaea) and 27F/1492R (bacteria). The closest relatives of 122 

the 16S rRNA sequences were obtained from the NCBI GenBank database using blastn. 123 

Evolutionary distances were calculated according to Kimura’s two-parameter correction 124 

method. Neighbour-joining trees were constructed with a bootstrap value of 500 using MEGA 125 

version 5.0 (Tamura et al., 2011). The accession numbers of the 16S rRNA gene sequences are 126 

JQ013299-JQ013333 (archaeal) and JQ013334-JQ013376 (bacterial). 127 

 128 

2.3 Fragments sequencing and analysis 129 

Two archaeal and seven bacterial fosmid clones were selected and their sequences were 130 

determined by sequencing using a Roche 454 GS-FLX and Illumina/Solexa Genome Analyzer 131 

II platforms (Tongji-SCBIT Biotechnology Co., Ltd). Gaps were closed with the help of 132 

targeted PCR. The PCR products were sequenced by primer walking. Open reading frames 133 

(ORFs) were predicted using MetaGeneMark (Zhu et al., 2010). Gene identification was 134 

obtained by submitting the deduced protein sequences for ortholog/homolog searches in the 135 

NCBI nr database, the Cluster of Orthologous Groups (COG) database (Tatusov et al., 2000) 136 

and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto, 137 

2000) using blastp. A threshold e-value of 1e-5 was used for all analyses. For phylogenetic 138 

analysis of ORFs, a blastp search of protein sequences in the NCBI nr database was carried 139 

out with default parameters, and the sequences for the best blast hits were retrieved from the 140 

database. Neighbour-joining trees were constructed with a bootstrap value of 500 using the 141 
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Poisson model option in the MEGA 5.0 phylogenetic software package (Tamura et al., 2011). 142 

The Genbank accessions of the fosmid sequences are JQ085817-JQ085825. 143 

 144 

3 Results 145 

3.1 Elemental composition 146 

The elemental composition of the sediment sample SEAM02 is shown in Table 1. Compared 147 

with offshore sediment (Zhao, 1988) and continental crust (Wedepohl, 1995), the 148 

concentrations of Al2O3 and CaO were much lower in the sample, whereas those of Na2O, 149 

MnO, Ni, Co, Cu, Zn, Pb and Ba were higher. Specifically, Na2O, MnO, Co, Cu and Ba, 150 

reached concentrations of more than twice those found in the offshore sediment and 151 

continental crust. Taken together, the sample SEAM02 was mainly composed of SiO2 152 

(54.07%), Al2O3 (8.35%), Na2O (7.18%) and Fe2O3 (4.14%) and was rich in metals, including 153 

Mn, Ni, Co, Cu, Zn, Pb and Ba. 154 

 155 

3.2 Microbial community composition 156 

A total of 35 archaeal 16S rRNA-containing clones were obtained from the fosmid library. All 157 

of the archaeal clones belonged to Marine Group I (MGI) in the phylum Thaumarchaeota 158 

except clone W5-61a, which was grouped into Marine Benthic Group A (MBGA) (Fig. 1a). 159 

These sequences were most closely related to those from other deep-sea sediment 160 

environments, including sediments from the Pacific nodule province (Xu et al., 2005), the 161 

Weddell Sea of Antarctica (Gillan and Danis, 2007), the southern Mariana Trough (Kato et al., 162 

2009a; Kato et al., 2009b), the east Pacific rise (Ehrhardt et al., 2007; Li et al., 2008), the 163 

Mediterranean cold seep (Heijs et al., 2007) and the Barents Sea cold seep (Losekann et al., 164 

2007). This result indicated that our clones represent members of a common and abundant 165 

archaeal community in deep-sea sediments. In accordance with findings from previous 166 

microbial diversity studies of deep-sea sediment with cobalt-rich crust deposits (Liao et al., 167 

2011), MGI was the dominant archaeal group. The sequence of clone W5-61a, the only clone 168 

that affiliated with members of group MBGA, shared <90% identity with previously reported 169 

clones, with the exception of clones aEPR13S208 (97.6%) and YS16As04 (92.4%) retrieved 170 

from the East Pacific Rise (Li et al., 2008) and the Southern Mariana Trough (Kato et al., 171 

2009a), respectively. There are no cultivated species reported for MBGA members, and only a 172 

single strain, Nitrosopumilus maritimus SCM1, within the MGI group has been isolated so far 173 

(Könneke et al., 2005), leaving us with little insight into the genetic make-up of their genomes 174 

and the physiological functions they encode. 175 
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A total of 43 bacterial fosmid clones were obtained that distributed over 7 bacterial 176 

groups (Fig. 1b): Alphaproteobacteria (6 clones), Betaproteobacteria (1 clone), 177 

Gammaproteobacteria (14 clones), Deltaproteobacteria (3 clones), Actinobacteria (11 clones), 178 

Gemmatimonadetes (3 clones) and Chlorobi (1 clone). The other 4 clones (W4-21b, W4-50b, 179 

W5-15b and W5-77b) could not be assigned to any taxonomic division. A total of 38 bacterial 180 

clones showed high identities with uncultured clones from the deep-sea surface sediments of 181 

the south Atlantic Ocean (Schauer et al., 2009), the seafloor lavas of the east Pacific rise (EPR) 182 

and the Hawaiian basalts (Santelli et al., 2008), indicating these bacteria may be common to 183 

these deep-sea environments. In addition, the 16S rRNA gene sequences of clones W4-21b, 184 

W5-15b and W5-102b did not have matches with >90% identity to other sequences in the 185 

database, suggesting they might represent novel taxa for the deep-sea environment, and they 186 

may have unique adaptation to the cobalt-rich crust environment. 187 

 188 

3.3 Gene content of fosmid clones 189 

To obtain more genomic information on microbial adaptation to deep-sea sediments, we 190 

sequenced two archaeal and seven bacterial genome fragments. The fosmid insert sizes ranged 191 

from 23 to 45 kb, with G+C content ranging from 36% to 65%. A detailed description of DNA 192 

insert sizes, ORF positions, predicted functions, closest relatives, and COG classification are 193 

summarised in Table S1. In addition, inserts were subjected to gene annotation, revealing a 194 

range of gene functions. 195 

 196 

Archaeal fosmid clones  197 

To the best of our knowledge, clone W5-61a is the first genome fragment to be sequenced for 198 

a MBGA member of the Thaumarchaeota. The fragment has a G+C content of 48.6%, 199 

considerably higher than that of MGI Thaumarchaeota (approx. 34%) (Gilbert et al., 2011; 200 

Walker et al., 2010). Clone W5-61a (32,142 bp) contains 25 ORFs, of which 23 of them could 201 

be assigned with the COG classification system. Of these, 17 encode functions in basic 202 

metabolic processes: leucine biosynthesis (ORFs 1-3), ion transport (ORFs 7-9), DNA 203 

protection and repair (ORFs 13-14) and purine metabolism (ORFs 15-22). Most of the 204 

predicted genes had the most significant blast hits to members of archaea, whereas ORF2, 205 

ORF3 and ORF6 showed the highest identity to bacterial genes. ORF2 and ORF3 encoded the 206 

large and small subunits of 3-isopropylmalate dehydratase, and phylogeny indicates that they 207 

may have been transferred from Firmicutes via HGT (Fig. S1a,b). Both ORF6 and ORF11 208 

were identified as encoding the pyrroloquinoline quinone biosynthesis protein C (PqqC); 209 
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however, only 53.4% of the amino acid residues were similar between them. The phylogenetic 210 

tree was constructed based on bacterial and available archaeal original PqqC genes (Fig. S1c). 211 

The two genes formed distinct phyletic lines with high bootstrap values towards the periphery 212 

of the bacterial lineage, revealing that they may be of bacterial origin. ORF12 encodes a 213 

PQQ-dependent alcohol dehydrogenase, which is rarely found in archaea. The function of 214 

archaeal PQQ-dependent alcohol dehydrogenase is still unknown; however, bacterial alcohol 215 

dehydrogenase had been proved to oxidize various alcohols for bioenergy generation (Adachi 216 

et al., 2007). This gene might be important for the energy requirement of Archaea in deep sea 217 

sediments.  218 

Clone W4-93a (34,190 bp) was most closely related to Candidatus Nitrosoarchaeum 219 

limnia within the marine group I Thaumarchaeota (> 95.8% 16S sequence identity). The G + 220 

C content of this fragment was 36.3%, and a total of 49 ORFs were predicted. Deduced amino 221 

sequences indicated that only 21 proteins (44.7%) could be assigned a physiological function 222 

with the COG classification system, and 9 proteins (19.1%) did not show significant 223 

similarity to any proteins in the NCBI nr database. Apart from these 9 predicted proteins that 224 

had no significant relatives, the other ORFs were most closely related to known archaeal 225 

genes found in the members of Thaumarchaeota (17 ORFs to Candidatus Nitrosoarchaeum 226 

limnia, 16 ORFs to Nitrosopumilus maritimus, 4 ORFs to Candidatus Cenarchaeum 227 

symbiosum and 2 ORFs to Candidatus Nitrosoarchaeum koreensis). Interestingly, ORF25 was 228 

most closely related to the nitrogen regulatory protein P-II from Thermococcus sibiricus, a 229 

hyperthermophilic member of the Euryarchaeota (Miroshnichenko et al., 2001) (Table S1). 230 

Phylogenetic analysis also indicated that this gene may have been obtained from 231 

euryarchaeotal species by HGT (Fig. S1d). 232 

Gene organisation and synteny was determined by comparing clone W4-93a with two 233 

MGI Thaumarchaeota fragments (Fig. 2), Nitrosopumilus maritimus SCM1 and clone 74A4 234 

(Béjà et al., 2002). N. maritimus SCM1 isolated from seawater from the Seattle Aquarium was 235 

the first member of the Thaumarchaeota to have been cultured (Könneke et al., 2005), and this 236 

isolate was identified as a key chemolithoautotrophic ammonia-oxidiser in the marine 237 

environment. Fosmid clone 74A4 was obtained from a surface sample in the Southern Ocean 238 

(Béjà et al., 2002). The 16S rRNA gene sequence of clone W4-93a was > 95% identical to 239 

that of N. maritimus SCM1 as well as clone 74A4. Comparative genomic analysis showed 240 

that the gene content and arrangement in the three related MGI Thaumarchaeota genome 241 

fragments were largely conserved at the 5’-end of the 16S-23S rRNA operon, but not at the 242 

3’-end (Fig. 2). Upstream of the 16S-23S rRNA operon, a colinear region spanning 12 genes 243 



 

 9 / 25 
 

(approx. 13 kbp), was shared by the three fragments. Downstream of the 16S-23S rRNA 244 

genes, however, strain SCM1 harboured an approximately 26.5 kbp fragment, whereas both 245 

clone W4-93a and 74A4 did not contain this region. A single gene (ORF48, 246 

biotin--acetyl-CoA-carboxylase ligase) was common to the three fragments. Although clone 247 

W4-93a lacked a genome fragment near the 16S-23S rRNA genes, it contained a nitrogen 248 

regulatory protein P-II gene (ORF25) and a nitroreductase gene (ORF31) that participates in 249 

nitrogen cycling.  250 

Bacterial fosmid clones 251 

Clone W4-39b contained 28 ORFs and a 16S-23S-5S rRNA operon with two tRNA genes 252 

(tRNA-Ala and tRNA-Ile). The 16S rRNA and 23S rRNA sequences identified this clone as 253 

belonging to the Deltaproteobacteria. COG classification was successful in assigning 254 

functions to most of the predicted proteins, including genes responsible for L-glutamate 255 

synthesis (ORF7-8), glycerophospholipids metabolism (ORF10-11), de novo purine 256 

biosynthesis (ORF18), substrate transport (ORF13, ORF15-16 and ORF23) and transposition 257 

(ORF20-22). ORF20-22 encoded transposases that clustered with Alphaproteobacteria in a 258 

monophyletic tree (Fig. S1f). ORF24-26 had a small number of close relatives, including the 259 

genera Erythrobacter, Novosphingobium, Sphingobium and Sphingomonas of 260 

Alphaproteobacteria and the genera Gallionella, Methylotenera and Limnobacter of 261 

Betaproteobacteria (Fig. S1g-i). Intracellular ammonium is incorporated into carbon skeletons 262 

via the glutamate / glutamine synthase pathway. Interestingly, ORF7 and ORF8, which 263 

encoded small and large subunits of glutamate synthase, were most similar to those found in 264 

Actinobacteria (Fig. S1e). 265 

Clone W4-87b exhibited the highest 16S and 23S rRNA gene sequence identities to 266 

Nitrosospira multiformis ATCC 25196 (97.8% and 97.1%, respectively), which is an 267 

ammonia-oxidising bacterium (AOB) isolated from soil (Norton et al., 2008). Among the 268 

predicted 18 ORFs, only seven ORFs were related to the Betaproteobacteria class. ORF4 269 

showed a clearly Bacteroidetes origin (Fig. S1j). Clone W4-87b encoded a urease accessory 270 

protein (UreD) involved in the activation of a urease that hydrolyses urea to ammonia. 271 

Considering the phylogenetic analyses of the rRNA genes, as well as that of ureD, we 272 

considered that clone W4-87b might have derived from an AOB similar to N. multiformis 273 

which plays an important role in the nitrogen cycle. In addition, some oxidative stress 274 

resistance genes, including thioredoxin (ORF3 and ORF13), superoxide dismutase (ORF9) 275 

and universal stress protein A (ORF10) were found in clone W4-87b. 276 

A similar situation was observed for clone W5-47b, which showed the highest 16S rRNA 277 
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sequence identity to Ignavibacterium album Mat9-16 (92.6%) belonging to the Chlorobi. 278 

Chlorobi are obligate anaerobic photoautotrophic bacteria. Clone W5-47b contained several 279 

antibiotic-synthesising and metabolic genes from other bacteria, as well as archaea, to survive 280 

in the deep-sea environment. Examples of these were ORF1 (penicillin synthesis), ORF2-5 281 

(pentose phosphate pathway), ORF10 (streptomycin biosynthesis), ORF17 and ORF24 282 

(purine and pyridine metabolism) and ORF22 (poly-γ-glutamate synthesis).  283 

 The 16S and 23 rRNA genes found in clone W5-102b identified this fragment as being 284 

derived from a member of the Actinobacteria. Most ORFs (54.8%) were predicted to be 285 

hypothetical proteins, and 13 ORFs had no orthologs in the NCBI nr database. Some ORFs 286 

might have been acquired by HGT, including ORF6 from Firmicutes (Fig S1k), ORF10 from 287 

other bacteria (Fig. S1l), ORF18 from Euryarchaeota (Fig. S1m), ORF25 and ORF30 from 288 

Chloroflexi and ORF26 from Bacteroidia. 289 

Tree topology with a high bootstrap value (100%) revealed that clone W5-51b fell within 290 

a cluster composed of Gemmatimonadetes members, and formed an independent clade (Fig. 291 

1b). However, this clone was distinguishable from the known Gemmatimonadetes species 292 

based on the low (< 85%) (Table S1) identities of its 16S rRNA gene and other functional 293 

genes. Upstream of the 5S-23S-16S rRNA genes, clone W5-51b fragments were partially 294 

conserved, and most ORFs (10/13, 76.9%) exhibited the highest sequence identities with 295 

genes found in Gemmatimonas aurantiaca. Downstream of the rRNA gene cluster, ORFs 296 

were similar to those of other Gemmatimonadetes members, and most of them were more 297 

closely related to Proteobacteria. Phylogenetic analysis revealed that ORF17 and ORF18-19 298 

might have been acquired by HGT from Alphaproteobacteria and Gammaproteobacteria, 299 

respectively (Fig. S1n-o). Our data suggest that clone W5-15b presented a new lineage in the 300 

phylum Gemmatimonadetes.  301 

Clones W4-21b and W5-15b belonged to unknown taxonomic groups within the 302 

phylogenetic tree (Fig. 1) and showed very low 16S rRNA sequence identity with known 303 

bacterial species (< 78%, Table S1). Some important functional genes were detected in these 304 

two clones. In clone W4-21b, ORF22 encoded a SpoIID/LytB domain-containing protein that 305 

is involved in sporulation (Lopez-Diaz et al., 1986); ORF24 encodes a heavy metal resistance 306 

protein (CzcD) that is able to mediate metal efflux and so enhance the cell’s resistance to e.g., 307 

cobalt, zinc and cadmium (Nies, 1992); and ORF15 (RadC), ORF16 (RecJ), ORF29 (DNA 308 

polymerase) and ORF30 (LexA repressor) were related to DNA repair. Sporulation, heavy 309 

metal resistance and DNA repair are important mechanisms of environmental stress resistance 310 

in microbes, indicating that clone W4-21b belonged to a spore-forming bacterium adapted the 311 
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deep-sea cobalt-rich ferromanganese crust environment. In clone W5-15b, ORF1 312 

(adenylate/guanylate cyclase), ORF3 (CspE), ORF6 (PspC), ORF9 (PhoH), ORF22 313 

(glutathione S-transferase) and ORF26 (RecB) were recognized as the stress response 314 

regulating genes, and ORF32 encoded a poly-γ-glutamate synthesis protein. Poly-γ-glutamate 315 

is a natural polymer synthesised by gram-positive bacteria. It allows bacteria to survive at 316 

high salt concentrations and may also act as a virulence factor or a storage element for carbon 317 

and nitrogen precursors or as an energy source (Candela and Fouet, 2006). The above genes 318 

reveal that clone W5-15b was derived from a gram-positive bacterium and was able to resist 319 

various stresses, including low temperature, high osmotic pressure and low nutrient 320 

availability. In addition, potential HGT of ORF22 from plant was identified (Fig. S1q).  321 

 322 

4 Discussion 323 

Recently, we published the first assessment of the bacterial and archaeal diversity in the 324 

sediment collected from a cobalt-rich ferromanganese crust (Liao et al., 2011). Proteobacteria 325 

and MGI Thaumarchaeota dominated the bacterial and archaeal communities, respectively. In 326 

addition, the microbial diversity inside nodules and in the surrounding sediments collected 327 

from a cobalt-rich ferromanganese crust were compared (Wu et al., 2013). Here, we focused 328 

on the ecological functions of these microbial communities with a special emphasis on their 329 

adaptive ability and survival in cobalt-rich ferromanganese crusts.  330 

Manganese, cobalt, copper and nickel are the most important metal elements available in 331 

cobalt-rich ferromanganese crust. The content of Co + Cu + Ni is one of the significant 332 

evaluation indicators of the crust. Our study revealed that the concentrations of Mn, Ni, Co 333 

and Cu in the sediment from station SEAM02 were more than twice those found in offshore 334 

sediments or in continental crust (Table 1), whereas they were at much lower concentrations 335 

than those in the cobalt-rich ferromanganese crust (data not shown). Some oxidative stress 336 

resistance genes, including thioredoxin, superoxide dismutase and PqqC, were detected in our 337 

fosmid library. A gene encoding a cobalt-zinc-cadmium resistance protein (ORF24 in clone 338 

W4-21b) was also found, suggesting that some microbes that inhabit in the sediment adapt to 339 

heavy metal toxicity (Supplementary Table 1). Recent works demonstrate that cobalt-rich 340 

ferromanganese crusts are formed by biologically driven processes involving microbes (Wang 341 

et al., 2009; Wang and Müller, 2009), and that microorganisms are responsible for the bulk of 342 

Mn oxide formation (Tebo et al., 2004). Some microorganisms produce high amounts of 343 

organic acids or exopolymers to aggregate the metal granules (Gadd, 2007; Guibaud et al., 344 

2009), and the surfaces of the budding and sheathed bacteria are surrounded by Mn oxide, 345 
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which forms a shell and protects the microbes from heavy metal invasion (Ghiorse, 1984; 346 

Santelli et al., 2011). Many genes participating in the synthesis of organic acids and 347 

exoploymers were discovered, such as isopropylmalate synthase, poly-hydroxyalkanoic acid 348 

synthase and polyglutamate synthase.  349 

The large abundance of phosphorus (Pi) and barium (Ba) in the sediment indicated that 350 

the seamount cobalt-rich ferromanganese crust region prossessed a high level of biological 351 

productivity, which may directly support a rich diversity of microbes as well as benthos on the 352 

seafloor. Oceanic Pi is usually enriched by marine organisms and settles into the sediment 353 

(Delaney, 1998). The concentration of P2O5 in the sediment from station SEAM02 was 0.22% 354 

higher than that from offshore sediment and continental crust (Table 1). Some genes involved 355 

in the P cycle were found in the fosmid library, and the ratio of those genes to the functional 356 

genes was 12.6% (22 / 174). Sedimentary Ba has been used as a proxy for the reconstruction 357 

of past oceanic productivity (Schenau and De Lange, 2001). The concentration of Ba in the 358 

sediment was 4.2 and 3.1 times than that in the offshore sediment and the continental crust, 359 

respectively.  360 

In a deep-sea environment, the electron acceptors are reduced in a sequential order based 361 

on the free energy yield: O2, NO3
- and NO2

-, Mn and Fe, SO4
2-, and CO2 (Wright et al., 2012). 362 

The nitrogen cycle plays a key role not only in energy metabolism but also in the element 363 

cycle, which affects the Mn and Fe oxidation and even mineralisation process. Ammonia 364 

oxidation is a key process in marine nitrogen cycling and is executed by several microbial 365 

groups, including aerobic chemoautotrophic archaea (ammonia-oxidising archaea, AOA) and 366 

bacteria (ammonia-oxidising bacteria, AOB) (Beman et al., 2012; Li and Gu, 2013). 367 

Nitrosopumilus maritimus SCM1 was the first discovered isolate of MGI Thaumarchaeota and 368 

the first archaeal strain observed to undergo ammonia oxidation (Könneke et al., 2005). This 369 

strain grows chemoautotrophically by oxidising ammonia aerobically and assimilating carbon 370 

through the 3-hydroxypropionate/4-hydroxybutyrate pathway (Walker et al., 2010), indicating 371 

that marine MGI Thaumarchaeota may be important to the nitrogen and carbon cycles in 372 

ecosystem. In our study, MGI Thaumarchaeota was the most abundant archaea in the deep-sea 373 

sediment (Fig. 1). Ammonia monooxygenase (AMO) is a key enzyme in the ammonia 374 

oxidation process. An amo gene, having 98.0% amino acid sequence similarity with that from 375 

N. maritimus SCM1, was observed in fosmid-end sequences (data not shown). Clone W4-93a 376 

contained a 3-hydroxybutyryl-CoA dehydrogenase gene (ORF11), which is involved in the 377 

3-hydroxypropionate/4-hydroxybutyrate cycle for autotrophic carbon fixation. Clone W4-87b, 378 

a potential chemoautotrophic AOB (97.8% 16S rRNA gene identity with Nitrosospira 379 
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multiformis), was annotated. Although the amo gene was not observed in clone W4-87b, an 380 

UreD gene (ORF4), which participates in the hydrolysis of urea to ammonia, was detected. 381 

The enzyme could provide a substrate for ammonia oxidation. In addition, clone W4-93a 382 

contained putative genes for a nitrogen regulatory protein (ORF25) and a nitroreductase 383 

(ORF31). It is noteworthy that the combined microbial community and functional genes 384 

imply a nitrogen cycle was an important biogeochemical process in the deep-sea sediment 385 

from the seamount cobalt-rich ferromanganese crust region. 386 

Our results not only support previous observations showing a relatively high abundance 387 

of Proteobacteria and MGI Thaumarchaeota in the microbial community (Liao et al., 2011) 388 

but also reveal the genomic and biological properties of the microbes in the deep-sea sediment 389 

from seamount cobalt-rich ferromanganese deposit region. In total, 78 clones containing 390 

archaeal and bacterial 16S rRNA genes were screened from 21000 clones in the metagenome 391 

library; Proteobacteria (55.8%) and MGI Thaumarchaeota (97.1%) dominated in the bacterial 392 

and archaeal communities, respectively. The continued analysis of microbial genomic data 393 

indicated that numerous genes are involved in metabolism, which is the most abundant gene 394 

group (44.0% in genes assigned to the COG classification system) (Fig. 3). Interestingly, a 395 

significant proportion of genes (8.2%) were related to DNA transport and metabolism. The 396 

plankton and microbe from the upper layers of seawater sink to the seafloor and become an 397 

energy resource there. The total DNA sinking to the seafloor was estimated to 1.26 X 107 398 

metric tons year-1, and up to 0.45 gigatons of extracellular DNA is present in the top 10 399 

centimetres of deep-sea sediments (Dell'Anno and Danovaro, 2005). Recent research has 400 

found the DNA-eating ability of Escherichia coli during long-term survival (Finkel and Kolter, 401 

2001; Finkel, 2006). Considering most of the planktons and microbes from the upper layers of 402 

seawater are not able to survive in the deep-sea environment, the release of their DNA into the 403 

sediment might be used as an important nutrient for indigenous microbes. Several 404 

antibiotic-synthesising genes (penicillin and streptomycin) were also detected in the 405 

metagenome library. Antibiotics can inhibit or kill some microbes, as well as benthos, and 406 

help the microbes to occupy an ecological niche. Therefore, it is essential for microbes to 407 

have alternative metabolic pathways to survive in the deep-sea environment.  408 

Genomic divergence and HGT played important roles in the microbial adaption to the 409 

heavy metal rich and cold deep-sea environment. Previous comparative genomic studies of 410 

uncultivated marine planktonic archaea from different oceanic regions revealed significant 411 

genomic divergences, regardless of the 16S rRNA gene sequence variation (Béjà et al., 2002; 412 

Martin-Cuadrado et al., 2008). In our study, the comparative genomic analysis of clone 413 
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W4-93a, N. maritimus SCM1 and fosmid clone 74A4 suggested that considerable genome 414 

divergence exists at the genus level (95.2% 16S rRNA gene sequence identity) between 415 

sedimentary and planktonic lineages (Fig. 2). Although the 16S rRNA gene sequences of 416 

fosmid W4-87b and N. multiformis ATCC 25196 showed a high identity (97.8%), their G+C 417 

content (44.7% and 53.9%) and genome synteny surrounding the rRNA operon (data not 418 

shown) were surprisingly different. CloneW5-51b also showed different genome synteny with 419 

Gemmatimonas aurantiaca T-27T, which is the only isolate in class Gemmatimonadetes 420 

(Zhang et al., 2003). These differences may have been caused by genome evolution during 421 

adaption to different habitats. Many HGT events have been observed in genomes, and the 422 

HGT rate was 11.4% (23 / 201) among the seven fragments of known phylogenetic lineages 423 

(W5-61a, W4-93a, W4-39b, W4-87b, W5-47b, W5-102b and W5-51b). However, 17.9% (36 / 424 

201) of the predicted genes have no significant relatives, and the origin of some cannot be 425 

determined due to a lack of sufficient information in the database. Taken together, the 11.4% 426 

HGT rate should be most likely an underestimation. Most HGTs were from bacteria to 427 

bacteria, with a few possibly were from bacteria to Thaumarchaeota, from Euryarchaeota to 428 

Thaumarchaeota, from Euryarchaeota to bacteria, and even from eukarya to bacteria (Fig. S1). 429 

Most of the genes acquired through HGT were involved in metabolism, including carbon and 430 

energy metabolism (isopropylmalate dehydratase, pyrroloquinoline quinone biosynthesis 431 

protein C, glutamate synthase, cytochrome c family protein, MIP family channel protein and 432 

alcohol dehydrogenase) and nitrogen metabolism (nitrogen regulatory protein and urease 433 

accessory protein UreD).  434 

In conclusion, element concentrations in the sediment from the seamount cobalt-rich 435 

ferromanganese crust region are different from those in other marine or terrestrial 436 

environments. The large abundances of heavy metals (Mn, Ni, Co, Cu), P and Ba in the 437 

sediment from station SEAM02 implied a unique microbial community with high biodiversity. 438 

Microbes inhabiting the cobalt-rich ferromanganese crust region not only adapt to high 439 

amounts of heavy metal but also might participate in the biomineralization process, as 440 

observed at the gene level. Alternative metabolic pathways and a variety of stress genes are 441 

essential for microbial survival in the deep-sea environment. Genomic divergence and HGT 442 

may played important roles in the microbial adaption to the deep-sea environment. Some 443 

microbes, which come from the upper seawater, might obtain a series of new features and 444 

adapt to this harsh environment via high frequency HGT events. The information gathered via 445 

the rRNA-gene based PCR screening method provided insight only into the genomic regions 446 

directly adjacent to rRNA operons. However, this is the first metagenomic study of deep-sea 447 
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sediment from the cobalt-rich ferromanganese crust region, giving us some insights into the 448 

genetic and functional information about uncultured microorganisms in the cobalt-rich 449 

ferromanganese crust region. 450 

 451 
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Table 1. Geochemical properties of the sediment sample SEAM02, offshore sediment and 699 

continental crust 700 

  SEAM02 
Offshore 

Sediment* 

Continental 

Crust† 

SiO2 /% 54.07 54.43 61.50 

Al2O3 /% 8.35 12.03 15.10 

Fe2O3 /% 4.14 4.59 6.28 

CaO /% 0.92 10.05 5.50 

MgO /% 2.58 1.84 3.70 

K2O /% 2.10 1.98 2.40 

Na2O /% 7.18 2.24 3.20 

TiO2 /% 0.48 0.57 0.68 

MnO /% 0.33 0.12 0.10 

P2O5/% 0.22 0.12 0.18 

Ni /μg g-1 74 27 56 

Co /μg g-1 52 14 24 

V /μg g-1 94 - 98 

Cr /μg g-1 57 43 126 

Cu /μg g-1 134 20 25 

Zn /μg g-1 83 72 65 

Cd /μg g-1 0.09 - - 

Pb /μg g-1 35 28 14.8 

Mo /μg g-1 4.4 - - 

Ba /μg g-1 1821 431 584 

*Data of the East China Sea from Zhao, 1988; 701 

†Data from Wedepohl, 1995. 702 
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Fig. 1. Neighbour-joining trees of archaeal (a) and bacterial (b) 16S rRNA genes amplified 704 

from the metagenomic library SEAM02. Numbers in parentheses represent the total number 705 

of clones with the same 16S rRNA sequence. The environments where the relatives were 706 

obtained from are given after their NCBI accession numbers. Numbers at nodes correspond to 707 

bootstrap values based on 500 replicates, and the values less than 70% were omitted. Bar, 708 

0.05 substitutions per nucleotide position.  709 

 710 

Fig. 2. Gene maps of fosmid clone W4-93a, Nitrosopumilus maritimus SCM1 and fosmid 711 

74A4. The rRNA genes were used as an alignment point. ORFs: 1, ATP-dependent DNA 712 

ligase; 3, hypothetical protein; 4, fructose-1,6-bisphosphatase; 5, translation elongation factor 713 

EF-1 alpha; 6, ribosomal protein S10; 7, RNA polymerase Rbp10; 8, C2H2 Zn finger protein; 714 

9, hypothetical protein; 11, rossmann fold nucleotide-binding protein; 12, 715 

3-hydroxybutyryl-CoA dehydrogenase; 13, hypothetical protein; 14, HIT superfamily 716 

hydrolase; 15, DnaJ class molecular chaperone; 18, TPR repeat-containing protein; 23, 717 

glutamate-1-semialdehyde aminotransferase; 30, hypothetical protein; 34, peptide methionine 718 

sulfoxide reductase; 36, alpha/beta hydrolase; 37, AbrB family transcription regulator; 38, 719 

hypothetical protein; 39, poly(R)-hydroxyalkanoic acid synthase subunit PhaC; 40, 720 

hypothetical protein; 41, hypothetical protein; 44, transcription factor TFIIB cyclin-related 721 

protein; 46, TPR repeat-containing protein; 48, biotin--acetyl-CoA-carboxylase ligase. 722 

 723 

Fig. 3. Functional classification of genes of the nine fosmids according to COG classification 724 

system. Blue, the COG corresponding to the “cellular processes and signalling”; green - 725 

“information storage and processing”; red - “metabolism”; orange - “poorly characterised”. 726 
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