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Supplementary materials 31 

The deployment and recovery of the DIMI 32 

Briefly, the DIMI is a self-return deep-sea microorganism in situ enrichment system that is deployed at 33 

the interface of deep-sea seawater and sediment (Fig. S2). In these situations, the DIMI free falls from the sea 34 

surface to the deep-sea bottom, and when it reaches the seafloor, in situ enrichment in the deep sea is triggered. 35 

The lid of each incubation chamber (IC) was kept open to ensure that substrates were accessible to the 36 

surroundings during enrichment. Four or twelve months later in this study, the DIMI was released by an 37 

acoustic signal, and the lid of each IC was immediately tightly closed under the action of a spring tension. 38 

Once the DIMI was onboard, the enriched cultures in each IC were subsampled on a clean bench on the ship. 39 

Bacterial composition and keystone species 40 

In the case of Psychromonadaceae, a total of 11 OTUs were detected in our deep sea in situ enrichments, 41 

and they were separated into three groups in the phylogenetic tree (Fig. S7). Three OTUs (OTU289, OTU4218, 42 

and OTU3467) were obviously enriched in different OM enrichments. OTU289 displayed a relatively high 43 

abundance of 19 % in Pacific enrichments of proteinaceous substrates and was significantly enriched in the 44 

Indian Ocean enrichments, not only in the enrichments with proteins but also in those with polysaccharides 45 

(Fig. 4). Particularly, in the enrichment with starch and xanthan gum at the SCS site, OTU289 reached an 46 

abundance of 54 % and 53 %, respectively. The other two dominant bacteria (OTU4218 and OTU3467) mainly 47 

existed in the enrichments with polysaccharides as substrate at the SCS station, especially in the wheat straw 48 

enrichments (19-22 % for OTU4218 and 1.4-11 % for OTU3467) and the enrichments with biomass of two 49 

kinds of algae (Undaria pinnatifida Suringar and Laminaria japonica). In the phylogenetic tree, OTU289 was 50 

close to the bacteria from whale falls as well as those from marine sediments and polar ice (Fig. S7). OTU4218 51 

and OTU3467 showed the highest similarity (450 bp) with cultured Psychromonas marina 4-22T (AB023378), 52 

with values of 99.3 % and 99.1 %, respectively. The facultative psychrophilic bacterium P. marina 4-22T could 53 



degrade starch and alginic acid[4]. The other three OTUs (OTU2934, OTU1793, and OTU6048) formed a 54 

separate taxonomic branch distinct from others, indicating a potential novel taxon within family 55 

Psychromonadaceae (Fig. S7). 56 

In comparison with Vibrionaceae and Psychromonadaceae OTUs, fewer Moritellaceae OTUs were 57 

detected. OTU2427, as one dominant bacterium within Moritellaceae, was present in most of the enrichments, 58 

while two other OTUs (OTU14118 and OTU10852) were mainly enriched in the fatty acid enrichments (Fig. 59 

4). 60 

For Desulfobulbaceae, four OTUs (OTU4975, OTU5999, OTU2411, and OTU6049) accounted for 61 

relatively high proportions in the communities. Bacterium OTU4975 showed an average relative abundance 62 

of 8 % and 35 % in the Pacific enrichments with polysaccharides and fatty acids, respectively. However, the 63 

other two OTUs (OTU2411 and OTU6049) occurred in all enrichments at the SCS site, with average 64 

abundances of 0.7 % and 0.6 %, respectively (Fig. 4). Meanwhile, OTU4975 and OTU5999 formed a small 65 

taxonomic branch with bacteria mostly from whale- or wood-falls and our parallel coastal in situ enrichments 66 

with natural macromolecular organic polymers (Fig. S9). There were two cultured psychrophilic SRB strains, 67 

LSv53 and LSv23, on this branch, both of which were isolated from marine Arctic sediments[5]. On the other 68 

hand, OTU2411 and OTU6049 were clustered on another taxonomic branch with many marine sediment 69 

bacteria, including two cultured psychrophilic type strains (Desulfotalea psychrophila LSv54 and 70 

Desulfotalea arctica LSv514), and both were also isolated from permanently cold Arctic marine sediments (in 71 

situ temperature of -1.7 ℃). 72 

Another group of SRBs belonging to Desulfobacteraceae was enriched in some enrichments and 73 

consisted of 35 OTUs. Similar to Moritellaceae OTU14118 and OTU10852, the dominant bacterium, 74 

OTU6079, was mainly present in the enrichments with fatty acids as substrates at both the PO and SCS sites. 75 

However, another dominant bacterium, OTU2426, was mainly detected in the polysaccharide enrichments at 76 

the SCS site (Fig. 4). Their closest relatives were also present in our coastal in situ enrichments (Fig. S10). 77 



OTU6079 and OTU2426 showed low similarities to cultured Desulfofrigus fragile LSv21 (93 %) and 78 

Desulfobacterium vacuolatum  DSM 3385 (91 %), respectively. The former can use common fermentation 79 

products in marine sediments, such as formate, ethanol, propanol, and lactate, coupled with the reduction of 80 

sulfate[6]. 81 

Arcobacteraceae frequently occurred in all enrichments and accounted for a high relative abundance. 82 

Compared to that of the above taxa, the diversity of this family was quite high, including a total of 33 OTUs, 83 

and over half of the OTUs were among the predominant members of all enrichments (Fig. 4). In addition, 84 

Sulfurovaceae and Sulfurospirillaceae, both belonging to Campylobacterales, were also found in our deep-sea 85 

enrichments, but both showed lower diversity than Arcobacteraceae (Fig. 4). A similar phenomenon was also 86 

observed in our coastal in situ enrichments[7]. The only member of Sulfurospirillaceae (OTU6883) was 87 

identical to a whale fall clone in 16S rRNA gene sequence (404 bp) (Fig. 4 and Fig. S13). The closest cultured 88 

relative, Sulfurospirillum arcachonense DSM 9755 (with 99.5 % similarity), isolated from oxidized marine 89 

surface sediment, has been proven to be a heterotrophic, sulfur-reducing bacterium[8, 9]. It can use hydrogen, 90 

formate, lactate, a-ketoglutarate, glutarate, and glutamate as an energy and/or carbon source coupled with 91 

elemental sulfur reduction under anaerobic conditions[8]. 92 

Similar to Spirochaetaceae and Desulfobulbaceae, the bacteria of Family_XII_o_Clostridiales were 93 

mainly detected at the SCS and PO sites (Fig. 3 and Fig. 4), and 16 OTUs were retrieved. Among them, two 94 

bacteria represented by OTU1821 and OTU6062 occurred in the enrichments at both the PO and SCS sites. 95 

They were both closest to the uncultured bacteria, including some wood-fall bacteria and those from our 96 

coastal in situ enrichments (Fig. S15). 97 

Co-occurrence of the keystone species in the polysaccharide- and protein-assemblages 98 

In the polysaccharide network, OTU5914 (Spirochaetaceae) was positively correlated with OTU2426 99 

(Desulfobacteraceae), OTU4975 (Desulfobulbaceae), OTU6062 (Family_XII_o_Clostridiales), and 100 

OTU6882 (Fusobacteriaceae); OTU6861 (Marinifilaceae) was positively correlated with OTU2426 101 

(Desulfobacteraceae) and OTU6049 (Desulfobulbaceae); OTU4218 and OTU3467 of Psychromonadaceae 102 



were positively correlated with two OTUs of Arcobactaceae (OTU10215 and OTU4225); and OTU2427 103 

(Moritellaceae) was positively correlated with OTU4225 (Arcobacteraceae), OTU2426 (Desulfobacteraceae), 104 

OTU2411 and OTU5999 (Desulfobulbaceae), and OTU6882 (Fusobacteriaceae) (Fig. 7a and Table S11). 105 

However, among the protein enrichments, the OM degraders Marinifilaceae, Spirochaetaceae, 106 

Vibrionaceae, and Moritellaceae were not only generally negatively correlated with other groups, such as 107 

SRBs and SOBs, but also negatively correlated with each other. In detail, OTU5909 (Marinifilaceae) was 108 

negatively correlated with OTU9977 and OTU6853 (Arcobacteraceae), OTU6855 (Sulfurovaceae), OTU6883 109 

(Sulfurospirillaceae), OTU5999 (Desulfobulbaceae), and OTU1821 (Family_XII_o_Clostridiales) as well as 110 

OTU9995 and OTU5817 (Marinifilaceae); and another bacterium, OTU4252, of Marinifilaceae was 111 

negatively correlated with all OTUs associated with it, including Arcobacteraceae (OTU9977, OTU6340, 112 

OTU1752 and OTU6853), Sulfurospirillaceae (OTU6883), Sulfurovaceae (OTU6855), Desulfobulbaceae 113 

(OTU5999), Family_XII_o_Clostridiales (OTU5590, OTU5978 and OTU1821), Marinifilaceae (OTU5817 114 

and OTU9995), Moritellaceae (OTU10852), Spirochaetaceae (OTU4953), and Vibrionaceae (OTU6618, 115 

OTU204 and OTU2). Two OTUs of Vibrionaceae (OTU2920 and OTU5046) were negatively correlated with 116 

Arcobacteraceae (OTU2912 and OTU10139), Sulfurovaceae (OTU6855), and Family_XII_o_Clostridiales 117 

(OTU5590) as well as Spirochaetaceae (OTU4953); another Vibrionaceae bacterium, OTU5046, was 118 

negatively correlated with OTU3467 (Psychromonadaceae) and OTU14118 (Moritellaceae); OTU289 119 

(Psychromonadaceae) was negatively correlated with OTU5999 (Desulfobulbaceae) and OTU6855 120 

(Sulfurovaceae) as well as Vibrionaceae (OTU6618 and OTU204); and OTU2427 (Moritellaceae) was 121 

negatively correlated with the other OM degraders Marinifilaceae (OTU5817), Psychromonadaceae 122 

(OTU6048), and Spirochaetaceae (OTU5952) (Fig. 7b and Table S11). 123 
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Supplementary Figures 128 

 129 

Fig. S1. The locations of the three in situ incubations. In situ incubations of POM-degrading bacteria were 130 

performed in three different marine environments: marginal sea (South China Sea, SCS), abyssal ocean 131 

(Indian Ocean, IO), and seamount (Pacific Ocean, PO). Site SCS is located in a deep-sea basin with a 132 

water depth of 3758 m in the northern South China Sea. Site IO is located in the deep-sea basin near the 133 

Southwest Indian Ridge at a water depth of 4434 m in the Indian Ocean. Site PO is located at the top of a 134 

flat-topped seamount with a water depth of 1622 m in the West Pacific Ocean. The incubation times were 135 

375, 117, and 348 days, respectively. 136 
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 147 

 148 
Fig. S2. Layout diagram of the deep-sea in situ microbial incubator (DIMI) in the deep sea. (a) The 149 

DIMIs were respectively located in three different inhabits, including the seafloor of the marginal deep 150 

sea (① ) and the open sea (② ) and the top of a seamount (③ ). DIMI is a self-return deep-sea 151 

microorganism in situ enrichment system that is deployed at the interface of deep-sea seawater and 152 

sediment. (b) Schematic diagram of the DIMI. DIMI is dropped freely on the surface and lands on the 153 

deep-sea bottom, and once it reaches the seafloor, in situ enrichment in the deep sea is triggered. The lid 154 

of each incubation chamber (IC) was kept open to ensure that substrates were accessible to the 155 

surroundings during enrichment. After months of incubation, the DIMI was released by an acoustic signal 156 

and up the sea surface, during the process of going up, the lid of each chamber was closed tightly. 157 
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   160 

Fig. S3. Pictures of some samples and fluorescent staining of cells after incubation. (a) Wheat bran; (b) 161 

wood chips; (c) fish scales; (d) fish muscle; (e) Undaria pinnatifida Suringar; (f) fish oil (DHA and EPA) 162 

trapped by sintered silicate materials; and (g) a field of view with cells stained with DAPI under a light 163 

microscope, and the organic substrate of this sample is a wood chip enriched for 117 days at the IO site 164 

(depth of 4434 m) in the Indian Ocean. The samples (a-f) were all collected from the PO site with 165 

incubation for 348 days at a depth of 1662 m. 166 
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 169 

Fig. S4. Circular diagram showing the proportions of the dominant families among the three kinds of 170 

POM enrichments at the three deep sea sites. IO, Indian Ocean; SCS, South China Sea; PO, Pacific 171 

Ocean. PS, polysaccharide; PT, protein; FA, fatty acid. 172 
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 178 

Fig. S5. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 179 

Spirochaetaceae. OTUs indicated by the arrows are abundant (please see Fig. 4). Brachyspira aalborgi 180 

513A (SAXU01000001) is the outgroup. Deep-sea enrichments are from this study, and coastal 181 

enrichments are from our parallel coastal in situ enrichments with natural macromolecular organic 182 

polymers[7]. Wood-fall sequences were retrieved from previous studies[1, 2, 10]. Whale-fall sequences 183 

were retrieved from a previous study[11]. 184 
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 194 

Fig. S6. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 195 

Vibrionaceae. OTUs indicated by the arrows are abundant (please see Fig. 4). Escherichia coli (X80725) 196 

is the outgroup. Deep-sea enrichments are from this study, and coastal enrichments are from our parallel 197 

coastal in situ enrichments with natural macromolecular organic polymers[7]. Wood-fall sequences were 198 

retrieved from previous studies[1, 2, 10]. 199 
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 209 

Fig. S7. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 210 

Psychromonadaceae. OTUs indicated by the arrows are abundant (please see Fig. 4). Psychromonas 211 

(AY167263), Psychromonas COL-1 (HQ534320), and Psychromonas GY23 (KC208031) are the 212 

outgroups. Deep-sea enrichments are from this study, and coastal enrichments are from our parallel coastal 213 

in situ enrichments with natural macromolecular organic polymers[7]. Whale fall sequences were 214 

retrieved from a previous study[11]. 215 
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 222 

Fig. S8. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 223 

Moritellaceae. Shewanella sp. CONC13 (EU275361) is the outgroup. 224 
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 228 

Fig. S9. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 229 

Desulfobulbaceae. OTUs indicated by the arrows are abundant (please see Fig. 4). Bdellovibrio 230 

bacteriovorus HD100 (BX842601) is the outgroup. Deep-sea enrichments are from this study, and coastal 231 

enrichments are from our parallel coastal in situ enrichments with natural macromolecular organic 232 

polymers[7]. Wood-fall sequences were retrieved from previous studies[1, 2, 10]. Whale-fall sequences 233 

were retrieved from a previous study[11]. 234 
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 244 

Fig. S10. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 245 

Desulfobacteraceae. OTUs indicated by the arrows are abundant (please see Fig. 4). Bdellovibrio 246 

bacteriovorus HD100 (BX842601) is the outgroup. Deep-sea enrichments are from this study, and coastal 247 

enrichments are from our parallel coastal in situ enrichments with natural macromolecular organic 248 

polymers[7]. Wood-fall sequences were retrieved from previous studies[1, 2, 10]. Whale-fall sequences 249 

were retrieved from a previous study[11]. 250 
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 259 

Fig. S11. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 260 

Arcobacteraceae. OTUs indicated by the arrows are abundant (please see Fig. 4). Campylobacter fetus 261 

ATCC 27374 (DQ174127) is the outgroup. Deep-sea enrichments are from this study, and coastal 262 

enrichments are from our parallel coastal in situ enrichments with natural macromolecular organic 263 

polymers[7]. Wood-fall sequences were retrieved from previous studies[1, 2, 10]. Whale-fall sequences 264 

were retrieved from a previous study[11]. 265 
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 275 

Fig. S12. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 276 

Sulfurovaceae. OTU4956 is the most abundant of this group (please see Fig. 4). Sulfuricurvum kujiense 277 

DSM 16994 (CP002355) is the outgroup. Deep-sea enrichments are from this study, and coastal 278 

enrichments are from our parallel coastal in situ enrichments with natural macromolecular organic 279 

polymers[7]. Whale-fall sequences were retrieved from a previous study[11]. 280 
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 289 

Fig. S13. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 290 

Sulfurospirillaceae. OTU6883 with red font is the most abundant of this group (please see Fig. 4). 291 

Arcobacter nitrofigilis (CP001999) is the outgroup. Deep-sea enrichments are from this study, and coastal 292 

enrichments are from our parallel coastal in situ enrichments with natural macromolecular organic 293 

polymers[7]. 294 
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Fig. S14. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 309 

Fusobacteriaceae. Caviibacter abscessus CCUG 39713 (LOQG01000014) is the outgroup. Deep-sea 310 

enrichments are from this study, and coastal enrichments are from our parallel coastal in situ enrichments 311 

with natural macromolecular organic polymers[7]. 312 
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Fig. S15. Phylogenetic tree based on the OTUs in this study and related sequences belonging to 316 

Family_XII_o_Clostridiales. OTUs with red font are abundant in this group (please see Fig. 4). 317 

Acidaminobacter hydrogenoformans glu 65 (AF016691) is the outgroup. 318 
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 321 

Fig. S16. Heatmap of partial functional groups created by using the FAPROTAX prediction method. 322 

Various respirations, hydrogen and sulphur oxidations, and fermentation were among the top ten 323 

functional groups, indicating that the bacterial decomposition of newly input POM during the “hot time” 324 

in the deep sea was an anaerobic process tightly coupled with the cycles of nitrogen, sulphur, and hydrogen. 325 

IO, Indian Ocean; SCS, South China Sea; PO, Pacific Ocean. PS, polysaccharide; PT, protein; FA, fatty 326 

acid. 327 
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 337 

Fig. S17. Comparison of the transcripts of genes associated with polysaccharide and protein 338 

metabolism between polysaccharide and protein enrichments. This diagram indicates the obvious 339 

difference in the transcriptional pattern of genes for biopolymer hydrolysis between polysaccharide and 340 

protein enrichments responding to corresponding organic substrates in situ. Each point represents one 341 

gene set; the numbers on the horizontal and vertical axes are the TPM values from polysaccharide 342 

enrichments and protein enrichments, respectively. The point on the dotted line (y=x) indicates that the 343 

TPM values of this gene set from the two types of enrichments are the same. 344 
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