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Abstract 31 

Microbial metabolisms in sediments play a pivotal role for marine element cycling. In 32 

hydrothermal sediments chemosynthetic microorganisms likely prevail, while in non-33 

hydrothermally impacted sediment regimes microorganisms associated with organic matter 34 

decomposition are primarily recognized. To test how these microorganisms are distributed 35 

along the hitherto neglected transition zone influenced to different degrees by hydrothermal 36 

input we sampled four sediment sites: these were (i) near an active vent, (ii) the outer rim, 37 

and (iii) the inactive area of the Kairei hydrothermal field as well as (iv) sediments roughly 38 

200 km south-east of the Kairei field. Chemistry and microbial community compositions 39 

were different at all sampling sites. Against expectations, the sediments near the active vent 40 

did not host typical chemosynthetic microorganisms and chemistry did not indicate current, 41 

extensive hydrothermal venting. Data from the outer rim area of the active Kairei field 42 

suggested microbially mediated saponite production and diffuse hydrothermal flow from 43 

below accompanied by increased metal concentrations. A steep redox gradient in the inactive 44 

Kairei field points towards significant redox driven processes resulting in dissolution of 45 

hydrothermal precipitates and intense metal mobilization. Local microorganisms were 46 

primarily Chloroflexi, Bacillales, Thermoplasmata and Thaumarchaeota.  47 

 48 

  49 
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Introduction 59 

Marine sediments (and especially the uppermost 10 cm beneath the surface) host a large 60 

amount of prokaryotic cells. The total microbial abundance in subseafloor sediments has been 61 

estimated to be 2.9 x 1029 cells, similar to the estimates for the total number of prokaryotes in 62 

seawater and soils, and comprises up to 31% of all microbial cells on earth (see Kallmeyer et 63 

al. 2012; Schippers 2016). The abundance composition of this microbial community can vary 64 

considerably, depending on different abiotic and biotic factors, such as sedimentation rates as 65 

well as input of organic matter and oxygen availability (Zinger et al. 2011; Carr et al. 2013 66 

and references therein). In contrast to sediments, hydrothermal vent systems are fueled by 67 

chemosynthetic primary biomass production. The chemical compounds for these redox 68 

reactions stem from hydrothermal endmember fluids (enriched with inorganic compounds as 69 

H2, H2S, CH4 and trace metals) discharging from high-temperature hydrothermal convection 70 

systems in the oceanic crust to more habitable grounds, thereby admixing with cold, 71 

oxygenated seawater (enriched with O2, SO4
2-) (Kelley et al. 2002).  72 

A hydrothermal vent system located on the Central Indian Ridge (CIR) is the Kairei 73 

hydrothermal vent field, first discovered in 2000 (Hashimoto et al. 2001). Due to large 74 

accumulations of weathered sulfides, its activity has been estimated to have started probably 75 

several thousands of years ago (Wang et al. 2012). The hydrothermal fluids are characterized 76 

by low pH25°C (~3, measured at 25°C and 1013 hPa), high H2S and H2 concentrations (several 77 

millimoles) but relatively low CH4 concentrations (0.2 mM) (Van Dover et al. 2001). In 78 

accordance with the prevailing geochemical conditions, hydrogen-oxidizing and sulfate-79 

reducing Bacteria have been isolated from the Kairei vent field (Moussard et al. 2004; Takai 80 

Ken et al. 2004). Microbial community structures of active and inactive vents exist for the 81 

Kairei field, primarily for “black smoker” sulfide chimneys (Nakagawa et al. 2004; Suzuki et 82 
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al. 2004; Takai K. et al. 2004; Han et al. 2018). Besides visually obvious chimney structures 83 

and mussel patches in hydrothermal habitats, adjacent sediments are also influenced by the 84 

chemical signatures of the respective emissions and the underlying geological setting (Mills 85 

et al. 1993).  86 

Microbial communities of individual deep-sea sediments from hydrothermal vent fields have 87 

been reported in several previous studies. These describe the communities of the active vent 88 

fields in the Guaymas Basin, Eastern Lau Spreading Center and along the Mid-Atlantic Ridge 89 

(MAR) (Menez Gwen, Lucky Strike, Rainbow) (e.g., Teske et al. 2002; Wei et al. 2013; 90 

Teske et al. 2014; Cerqueira et al. 2015; Cerqueira et al. 2017; Møller et al. 2018) and 91 

inactive fields along the south-west Indian Ridge and the MAR (Nercessian et al. 2005; 92 

Zhang L et al. 2016). Some studies have documented how the distance from a venting area 93 

affects the microbial community by assessing the sediment gradient over a few meters in the 94 

Yonaguni Knoll IV hydrothermal field (Nunoura et al. 2010) or individually by comparing a 95 

venting site from Menez Gwen with a bathyal plain location (Cerqueira et al. 2015). 96 

Sediment microbial communities near venting chimneys are commonly associated with 97 

mesophilic and (hyper)thermophilic organisms (e.g. Epsilonproteobacteria, Aquificales, 98 

(hyper)thermophilic Archaea), while those distant to venting regimes are colonized by 99 

phylogroups from deep-sea sediments, particularly including bacterial Alpha- and 100 

Gammaproteobacteria, Chloroflexi, and archaeal Thaumarchaeota (Cerqueira et al. 2015; 101 

Zhang J et al. 2015; Zhang L et al. 2016). Despite all this information, sediments along the 102 

transition zone from hydrothermally influenced deep-sea waters have not been described 103 

geochemically and microbiologically to date. Hence, the different environmental factors that 104 

are responsible for shaping the microbial community compositions along this gradient remain 105 

unknown. The objectives of the present study were to combine geochemical (porewater and 106 
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solid particle) with microbiological (bacterial and archaeal 16S rRNA gene tags, CARD-107 

FISH) analyses of sediments influenced to different degrees by hydrothermal input. We here 108 

present respective data for sediments from a remote site (roughly 200 km south-east of the 109 

Kairei field), the inactive zone of the Kairei field as well as an outer rim and near vent sample 110 

from the active Kairei field.  111 

 112 

Material and Methods 113 

Sample collection and fixation 114 

Deep-sea sediment samples were taken from the (wider) Kairei hydrothermal field area 115 

(25°S, 70°E) as well as a remote site (26°S, 71°E) in the Indian Ocean during the INDEX 116 

cruise 2016 with the N/O Pourquoi pas? (Ifremer, France). For details on our sampling sites, 117 

see supplementary Figure S1 and Han et al. (2018). Push core samples (see supplementary 118 

Figure S2) from different areas of the Kairei vent field as well as a sample from the remote 119 

site (~200 km south-east from the Kairei) were recovered with the help of the ROV VICTOR 120 

6000 (Ifremer, France). Sample names, locations and respective analyses performed, i.e. 121 

chemistry and/or microbiology assessments, for all collected sediments are summarized in 122 

supplementary Table S1. The samples originated from a location termed the “remote station” 123 

(~200 km south-east from the Kairei field) (20 ROV 10-PC1/2/3; 0-18 cm sediment depth), 124 

an inactive region in the Kairei area (06 ROV 03-PC3; 0-18 cm and 12 ROV 06-PC8; 0-22 125 

cm), as well as from the active regions on the outer rim (12 ROV 06-PC3/4; 0-30 cm) and a 126 

near vent site (12 ROV 06-PC5/6: 0-15 cm). For each location two samples were taken in 127 

close vicinity to each other (roughly 10 cm) for sediment and porewater chemistry and 128 

microbiological analyses. Push core tubes of 30 cm length were prepared for porewater 129 

extraction with rhizons (CSS, 5 cm Rhizosphere Research Products B.V., Netherlands) by 130 
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small holes (2 cm to 3 cm spacing). During the sediment sampling process the holes were 131 

covered with adhesive tape which was later removed to insert rhizons for the porewater 132 

extraction. All subsampling steps were carried out shipboard at 4°C. The rhizons were 133 

conditioned with distilled water and sampling was initiated by generating a negative pressure 134 

with the help of 20 mL syringes and appropriate spacers. After the porewater flow stopped, 135 

the samples were transferred into falcon tubes (two each, of which one was conditioned with 136 

1% HNO3 for trace element analyses) and stored at 4°C. 137 

With sterile syringes (nozzles removed) each 0.5 mL and 3 mL of 2 cm layers of sediment 138 

were transferred into sterile microcentrifuge or falcon tubes for cell number 139 

determination/CARD-FISH and DNA extraction respectively. The subsamples for DNA 140 

extraction were stored at -80°C whereas the subsamples for cell counts and CARD-FISH 141 

were fixed on board (see below) and stored at -20°C. The remaining sediment was cut into 2 142 

cm slices, freeze dried, and partially milled to < 75 µm for geochemical analyses (see below). 143 

  144 

Porewater analyses 145 

Concentrations of minor and trace elements Li, Al, Rb, Cs, Sr, Ba, V, Mn, Fe, Co, Ni, Cu, 146 

Zn, Ag, Cd, Tl, Pb, In, Sn, Sb, Bi, W, Mo, U, Au, As, and L were determined by high 147 

resolution ICP-SF-MS (Element XR, Thermo Scientific) after 25-fold dilution and spiking 148 

with Y and Re for internal standardisation using appropriate mass resolution settings. 149 

Precision was typically better than 3-10% RSD for concentrations 10x above the respective 150 

limit of detection of an element. Accuracy was monitored by analysing IAPSO, NIST 1643, 151 

NIST 1640, LGC6019, and an in-house standard (“Anna-Louise”) that had been prepared 152 

from mixed hydrothermal fluids from Logatchev. Further details of calibration and AQC 153 

strategies can be found in Schmidt and colleagues (Schmidt et al., 2007; 2011) and Garbe-154 
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Schönberg (Garbe-Schönberg 1993). The final tabulated compilation of analytical results 155 

represents blank-subtracted averages of 3 replicate runs. 156 

 157 

Sediment characteristics 158 

For qualitative evaluation of the mineralogy, XRD patterns were recorded using a 159 

PANalytical X’Pert PRO MPD Θ-Θ diffractometer and the Highscore Plus (PANalytical) 160 

software in combination with the PDF-2 database. The sediment was analyzed for carbon 161 

chemistry, i.e. total organic carbon (TOC) and total inorganic carbon (TIC) with routine 162 

standard methods (IR-detection after combustion, ISO 10694, LECO CS 230 analyzer). 163 

Elemental composition of Kairei sediments was estimated by the accredited Actlab 164 

Laboratories, Canada (Multi-method mix called Ultratrace 3 programme, using INAA, 4-165 

Acid Digestion, ICP-OES and ICP-MS). Sediments from the remote station were analyzed by 166 

routine WD-XRF after fusion with Li-Metaborate/Li-Bromide (XRF spectrometers Philips 167 

PW 2400 und Philips PW 1480). 168 

From the bulk chemical sediment analyses the principle sediment components were 169 

calculated according to Metz and colleagues (1988) and Coogan et al (2017). The main 170 

biogenic input is derived from calcareous foraminifera shells. The biogenic compound was 171 

calculated from the Ca content which correlates well with total inorganic carbon (TIC, 172 

carbonate) concentrations. The second component is of lithogenic origin. Detritus from 173 

continental river runoff can be neglected, but volcanic particles from ridge volcano activities 174 

likely contribute an important sediment source. This component was calculated based on the 175 

Al concentration as the key element, using the observed correlations with other lithogenic 176 

elements (Si, Ti, Mg, Na). For the remote station core, the biogenic and lithogenic parts were 177 

corrected for Ca-feldspars. The third component to be considered was the hydrothermal 178 
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derived material, stemming from plume fallout and weathered sulfides. The key element is 179 

Fe, which occurred as goethite, (FeOOH). The detection of atacamite as an oxidation product 180 

of Cu sulfides (e.g. chalcopyrite) indicated, that this mineral could not be neglected and its 181 

concentration (up to 8% m/m) based on the Cu content was added to the hydrothermal 182 

component. Other sulfides occurred in lower concentration and were therefore neglected. 183 

Both the occurrence of saponite and talc as well as the considerable amount of weight 184 

missing (related to the sum of 100%) indicated that a fourth sediment component had to be 185 

considered, which must be of authigenic origin. This component was calculated from the 186 

excess Mg content (difference of total MgO - lithogenic MgO) using the stoichiometry of 187 

saponite/talc. The undefined rest (approximately 10% m/m) was comprised of halite, quartz, 188 

biogenic opaline silica, organic material and other minerals of negligible concentrations.  189 

 190 

CARD-FISH and cell numbers   191 

Sediment samples were fixed in 4 % formaldehyde-sterile filtered seawater. Total cell counts 192 

were determined with a fluorescence microscope by counting SYBR Green I stained cells 193 

after embedding of fixed sediments with moviol on black polycarbonate membrane filters 194 

(0.2 μm, Nuclepore, Whatman) as previously described (Lunau et al. 2005). 195 

Catalyzed reporter deposition - fluorescence in situ hybridization (CARD-FISH) to identify 196 

the relative abundance of Bacteria and Archaea in the sediment samples was carried out 197 

according to Pernthaler et al. (2002) with some modifications. On board samples were fixed 198 

in 2% formaldehyde/PBS followed by two washing steps in PBS. Subsequently, the sediment 199 

was stored in ethanol/PBS and kept frozen at -20°C until further use. For CARD-FISH the 200 

original sediment was diluted by a factor of 100 with sterilized PBS followed by filtration of 201 

100 µl sediment slurry over 0.2 µm polycarbonate filters (WhatmanTM nucleoporeTM). Filters 202 
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were then embedded in low gelling point agarose (0.2%) and dried for 30 min at 37°C. Filter 203 

sections for bacterial and archaeal cell permeabilization were incubated in lysozyme solution 204 

(10 mg ml-1) at 37°C for 60 min. For bacterial hybridization a mix of the biotin-labeled 205 

oligonucleotide probes EUB-I, EUB-II, and EUB-III at equal concentrations was used. 206 

Hybridization was carried out in 35% formamide hybridization buffer. Archaeal cells were 207 

hybridized using the ARCH 915 biotin-labeled oligonucleotide probe. For all probes 35% 208 

formamide hybridization buffer was used. The coupling of the horseradish peroxidase to the 209 

probe was carried out using the Tyramide Signal Amplification Kit (Molecular Probes, 210 

Invitrogen) in combination with the fluorescent dye Alexa 488 (Invitrogen). Finally, cells 211 

were counter-stained with 4´,6´-diamidino-2-phenylindole (DAPI). Cell enumeration was 212 

carried out using a Zeiss Axio Imager.M2 epifluorescence microscope, equipped with EGFP 213 

and DAPI filter sets. For cell imaging a Zeiss Axio Cam MRM.Rev2 in combination with the 214 

ZEN 2.3 software package was used. Cell enumeration for Bacteria and Archaea was carried 215 

out separately in 40 view fields (each 6100 µm2) for each sample filter.  216 

 217 

DNA extraction, amplification and sequencing 218 

The DNA of 0.5 g of sediment from subsamples of each push core was isolated using the 219 

DNeasy PowerSoil® DNA isolation Kit (Qiagen, Hilden, Germany) according to the 220 

manufacturer’s instructions. Bacterial 16S rRNA amplicons for the Illumina MiSeq system 221 

were prepared as previously described, using the Bact_341F/Bact_805R primer pair to 222 

amplify 464 bp covering the V3 and V4 regions (Gonnella et al. 2016). The archaeal 16S 223 

rRNA amplicons for the Illumina MiSeq system were prepared as described for the Bacteria 224 

except that two archaeal primer pairs were used. As recommended by Illumina, adaptor 225 

overhang sequences were added next to the broadly conserved primer sequences of the 226 
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Arch_524F/Arch_958R (434 bp amplicon) (Cerqueira et al. 2017) and 227 

Arch_519F/Arch_915R (396 bp amplicon) (Ding et al. 2017) primer pairs, both amplifying 228 

the V4 and V5 regions. Prior to the final sequencing library construction, the concentrations 229 

of the indexed and purified individual samples were estimated with a Qubit® 2.0 Fluorometer 230 

(Thermo Fisher Scientific, Waltham, USA) and the fragment lengths were determined using 231 

the DNA High Sensitivity Chip of the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 232 

USA). A sample pool with equimolar DNA amounts of all samples was sequenced by paired-233 

end sequencing in a 2x300 bp run on the MiSeq platform (Illumina, St. Diego, USA). 234 

 235 

Sequence preprocessing  236 

Preprocessing of the sequencing reads was performed using Trimmomatic (Bolger et al. 237 

2014) 238 

v. 0.39, using the PE setting (for paired ends), and the parameters ILLUMINACLIP:TruSeq3-239 

PE.fa:2:30:10:2:keepBothReads LEADING:3 TRAILING:3 MINLEN:100. With these 240 

settings, Trimmomatic removes residual TruSeq adapters, if any, trims bases under quality 3 241 

from both ends of the read, scans the reads with a 4-base wide sliding window, and removes 242 

any read for which less than 100 nt remained after trimming. Reads still paired in the output 243 

of Trimmomatic 244 

(i.e. for which both forward and reverse were retained in the output) were used for the 245 

following steps. Using Flash v.1.2.11 (Magoc and Salzberg, 2011), we then joined the reverse 246 

and forward read of each Illumina read pair and eliminated read pairs which were not 247 

merging. The merged amplicon sequences were formatted for processing with Qiime 248 

(Caporaso et al., 2010) using the script split_libraries_fastq.py with default parameters. After 249 
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each step of preprocessing, quality control was performed using Fastqc v.0.11.5 250 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 251 

OTU picking 252 

For the OTU picking, we adopted the open-reference OTU picking procedure described in 253 

(Rideout et al. 2014), as implemented in Qiime v.1.9 (Caporaso et al. 2010). Thereby, we 254 

employed UCLUST v.1.2.22q (Edgar 2010) and the Silva database v.132 (Klindworth et al. 255 

2013). The default OTUs identity threshold level of 97% was used. Singleton OTUs 256 

(containing a single sequence in the whole dataset) were removed.  257 

 258 

Taxonomy assignments and Alpha diversity analyses 259 

The taxonomy assignments computed by the pick_open_reference_otus.py script were used 260 

for preparing taxonomy plots. Thereby, all assignments to Archaea in bacterial samples and 261 

to Bacteria in archaeal samples, if any, were discarded and the corresponding counts were 262 

moved to the category “Unassigned”.  263 

Alpha diversity and rarefaction curves were computed using the Qiime script 264 

alpha_rarefaction.py.  265 

 266 

PcoA Ordination  267 

Principal coordinate analysis ordination was performed with the wcmdscale function of the R 268 

library vegan (Oksanen et al. 2018). Fitting of environmental variables (listed in 269 

supplementary Table S2 and S3) to the ordination was performed using the function envfit of 270 

vegan. Variables were displayed as vectors, if the p-value computed by envfit was smaller 271 

than 0.01.  272 
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 273 

Correlations of OTUs to environmental variables  274 

Pearson correlations of the OTU relative abundances to the environmental variables were 275 

computed using the observation_metadata_correlation.py script of Qiime. Only results with a 276 

Benjamini-Hochberg (Benjamini and Hochberg 1995) corrected p-value smaller than 0.01 277 

were considered. 278 

 279 

Sequence deposition 280 

Sequence data was deposited in the National Center for Biotechnology Information (NCBI) 281 

under the accession number: BioProject PRJNA474182. 282 

 283 

Results  284 

Sediment chemistry 285 

We observed differences in the sediment and porewater chemistry as well as in the chemical 286 

compounds related to distinct mineral phases (Figure 1; supplementary Figure S3 and 287 

supplementary Tables S2 and S3) for the four sediment cores (near vent, outer rim site, 288 

inactive zone of the Kairei field, remote station; for detailed sample locations see 289 

supplementary Figure S1). Relative to other marine sediments nitrate levels were mostly 290 

lower, but dissolved metals such as zinc, cadmium, cobalt, copper, manganese and iron were 291 

highly enriched in certain Kairei sediment horizons (Klinkhammer et al. 1982; Sawlan and 292 

Murray 1983; Heggie and Lewis 1984).  293 
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The geochemistry of the remote station reflects the setting near an actively spreading oceanic 294 

ridge with high (recently increasing) volcanogenic and some hydrothermal input (approx. 295 

10%) (supplementary Figure S4). Porewater profiles showed moderate nitrate reduction and 296 

no elevated trace element concentrations (except Ni). In the inactive zone of the Kairei field 297 

hydrothermal input was dominating below 6 cm sediment depth (supplementary Figure S4). 298 

The porewater chemistry between 12 and 14 cm depth was characterized by dramatic 299 

enrichments of dissolved manganese (from <1 to ~700 µg/l), dissolved iron (from 2.5 to 512 300 

µg/l) and dissolved copper (from 30- 35 µg/l to ~3000 µg/l) (Figure 1), marking a very sharp 301 

boundary between the oxic and the suboxic zone. Nitrate levels dropped rapidly at this redox 302 

shift (Figure 1). Other element concentrations also increased such as zinc (from 75 µg/l to 303 

304 µg/l), cobalt (<0.005 to 2.7 µg/l) and SiO2 (from 12 to 27 mg/l), but not as dramatically, 304 

while dissolved uranium (from 2.2 to 0.2 µg/l) decreased with depth (supplementary Figure 305 

S3). Although the sample from the outer rim site was collected at the foot of a large sulfide 306 

mound supporting the active Kairei vent, the hydrothermal input recorded in the solid 307 

sediments was very low (approx.10%; supplementary Figure S4). Porewater data reflected 308 

oxic conditions with a slight decrease of nitrate concentrations with depth and very low 309 

dissolved manganese (max. 1.4 µg/l) and iron concentrations (on average <5 µg/l). Only the 310 

uppermost layer was enriched with hydrothermal / sulfidic material, also reflected e.g. by 311 

elevated dissolved copper concentrations in that layer (Figure 1; supplementary Table S2). 312 

Below 2 cm sediment depth the concentrations of dissolved zinc, cadmium and cobalt 313 

increased considerably, clearly exceeding the concentrations for all other cores: zinc up to 314 

445 µg/l, cadmium up to 1.35 µg/l and cobalt up to 4.6 µg/l (supplementary Figure S3 and 315 

Table S2). The sediment contained high amounts of authigenic minerals like saponite 316 

(approx. 30%) and talc (supplementary Table S3). As expected, the near vent cores were 317 

dominated by hydrothermal input (up to roughly 70%) (supplementary Figure S4), but this 318 
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portion changed strongly with time, reflecting the varying hydrothermal activity of the nearby 319 

vents. Porewater profiles showed some increase in iron and cadmium concentrations at 320 

greater depth and depletion of nitrate (Figure 1; supplementary Figure S3). The 321 

supplementary Results and Discussion section details further chemistry for all sites. 322 

 323 

Microbiology 324 

The bacterial and archaeal community compositions differed for the four sites (Figures 2 and 325 

3). Overall, they were largely in line with communities previously detected in sediment 326 

samples of corresponding depth horizons, not directly exposed to significant hydrothermal 327 

emissions (Cerqueira et al. 2015; Zhang J et al. 2015; Zhang L et al. 2016; Cerqueira et al. 328 

2017): the microbial communities of the different depth horizons at the remote station were 329 

all very similar with differences primarily apparent in the relative abundance of the different 330 

groups (Figures 2A and 3A). Predominant Bacteria and Archaea included Chloroflexi (mostly 331 

SAR202 and S085), uncultured Alphaproteobacteria,, Betaproteobacteriales 332 

(Gammaproteobacteria), Nitrospirales, Bacillales and Planctomycetes (particularly the 333 

environmental sequence Urania-1B-19) and Nitrosopumilus species of the Thaumarchaeota 334 

(Figures 2A and 3A). Bacterial cell numbers dominated with 66% to 92% of all DAPI stained 335 

cells (Figure 1; supplementary Table S6). 336 

The community containing the above mentioned Bacteria was found in a similar composition 337 

in all of the tested Kairei surface sediments, namely in the 0-2 cm and 2-4 cm horizons of the 338 

inactive zone sample and the near vent sample and in the 0-2 cm horizon at the outer rim. 339 

Below these surface environments, microbial communities and sediment porewater 340 

compositions in the different Kairei areas were mostly quite distinct from those of the remote 341 

station. Both the inactive Kairei and the outer rim area contained large proportions of 342 
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unassignable Archaea (up to 60% at 6-8 cm and 17% at 0-2 cm sediment depth in the inactive 343 

and outer rim, respectively) (Figures 3B, C). In the inactive Kairei zone peaks of Chloroflexi 344 

S085 at 8-14 cm (max. 24%) and of Bacillales at 4-8 cm and 14-18 cm (max. 57%) of 345 

sediment were evident. The archaeal Thermoplasmata peaked at 10-14 cm (max. 74%). A 346 

slight shift in the archaeal cell numbers (from 12% to 32% of all DAPI stained cells; 347 

supplementary Table S6) and the archaeal diversity index (from 6.4 to 3.16 supplementary 348 

Table S7) was notable at 6 cm. In the outer rim area 16S rRNA gene tags of Bacillales (max. 349 

48%), Acidobacteria of the subgroups 6 and 26 (max. 20%) and Betaproteobacteriales (max. 350 

20%) prevailed at 4-16 cm and Actinobacteria with up to 28% at 22-28 cm. Unfortunately, 351 

apart from the surface horizon, no archaeal sequences from the outer rim area passed the 352 

quality control and thus the archaeal community composition for this site remains enigmatic. 353 

In the near vent area 16S rRNA gene tags of Chloroflexi and uncultured 354 

Alphaproteobacteria) increased from 2% and 0.5% at the surface to 20% and 18% at 10-12 355 

cm, respectively (Figure 2D). Generally, Planctomycetes and NB1-j (Deltaproteobacteria), 356 

decreased from 15% to 2%, and 6 to <1%, respectively (Figure 2D). Furthermore, a peak of 357 

Bacillales (16 %) was observed at 4-6 cm. Thermoplasmata generally increased (up to 90% 358 

in the 12-14 cm horizon) and Thaumarchaeota decreased (from 75% at 0-2 cm to 8% at 12-359 

14 cm) with depth (Figure 3D).  360 

 361 

Correlations between environmental parameters and microbiology 362 

The only significant correlations between the entire community composition from a site and 363 

environmental parameters (for the list of tested parameters see supplementary Tables S2 and 364 

S3) were those of chemical compounds (found in mineral phases), depth and microbial 365 

community compositions for Bacteria from the remote station, the outer rim site and the near 366 
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vent location  (Figure 4A-C) and for Archaea from the inactive zone of the Kairei field and 367 

the near vent location (figure 5A, B)... The environmental vectors that fitted to the ordination 368 

in bacterial plots of the remote station showed a correlation with sediment depth (figure 4A), 369 

while no significant correlation could be observed for the total archaeal communities of this 370 

site. The only correlation for the inactive zone of the Kairei field was apparent for Na2O (in 371 

the archaeal plot, figure 5A), which may reflect a silicate sedimentary fraction, deriving from 372 

e.g. volcanic ash, glassy pillow lavas or outcropping rocks. The outer rim site is characterized 373 

by a negative correlation between the porewater-derived copper and cadmium, zinc and 374 

cobalt (bacterial plot, figure 4B). In contrast to copper, the concentrations of cadmium, zinc 375 

and cobalt in the outer rim porewaters are the highest of all sampled locations, reflecting a 376 

(former) hydrothermal fluid input (supplementary table S2). . The microbial plot of the near 377 

vent site showed a negative correlation between the depth and Al2O3, which (like Na2O) 378 

stands for the silicate phase of the sediment (figure 4C) while the archaeal community only 379 

showed a correlation to the heavy metal thallium (figure 5B). As thallium concentrations 380 

increase with the proximity to the venting site (supplementary table S2), this correlation 381 

indicates a hydrothermal influence.  382 

Among the above mentioned chemical compounds found in mineral phases strong and 383 

significant correlations (absolute value of the Pearson correlation coefficient >=0.5 and 384 

corrected p-value <0.01) with the community compositions, were observed for Al2O3 and 385 

Na2O (for the list of all significant correlations see supplementary Table S5). The group of 386 

closely associated chemical compounds Al2O3, Na2O, TiO2 stands for silicate phase(s) that 387 

are abundant in the local sediments and likely derive from glassy pillow lavas and 388 

outcropping rocks. The Al2O3, Na2O and TiO2 contents significantly correlated with the 389 

abundance of microorganisms associated with the carbon and nitrogen cycle, namely 390 
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Nitrosospira species of the Betaproteobacteriales (Gammaproteobacteria), , SAR202 391 

(Chloroflexi), possibly Urania-1B-19 marine sediment group of the Phycisphaerales 392 

(Planctomycetes) and Nitrosopumilales (Thaumarchaeota). Al2O3 and TiO2 contents also 393 

appeared to influence distributions of Acidobacteria and of members associated with the 394 

sequences NB1-j (Deltaproteobacteria) and EPR3968-08a-Bc78 (Gammaproteobacteria.  395 

Elements rather than chemical compounds of mineral phases correlating with the presence of 396 

specific microbial groups included nickel and vanadium (supplementary Table S5). They are 397 

both common trace elements that are typically enriched in the ultramafic rocks in the Kairei 398 

area. Their compositions correlated with Rhodospirillales, NB1-j (Deltaproteobacteria), the 399 

Urania-1B-19 marine sediment group (Planctomycetes) and Nitrosopumilales 400 

(Thaumarchaeota). Members of the Chloroflexi SAR202 and S085 as well as 401 

Nitrosopumilales correlated with iron levels. Cadmium; cobalt and zinc contents (which were 402 

highly enriched at the outer rim site of the Kairei field, see supplementary table S2) 403 

correlated with Chloroflexi (SAR 202 and S085), Firmicutes (Lactobacillales and Bacillales) 404 

and Actinobacteria. Zinc also correlated with Steroidobacterales (Gammaproteobacteria) 405 

and further (less abundant) proteobacterial groups. The total sulfur contents showed strong 406 

correlations with Rhodospirillales, the Urania-1B-19 marine sediment group and Pirellulales 407 

(Planctomycetes), Chloroflexi SAR 202, Nitrosopumilales (Thaumarchaeota) and 408 

Woesearchaeia (Nanoarchaeota), supplementary Table S5). All of these correlating metals 409 

are closely related to medium-to-high temperature hydrothermal activity. Iron, nickel, , 410 

vanadium, zinc and sulfur are elements important for enzyme functioning (e.g., as part of the 411 

active center, for electron transferring redox reactions or interactions with biomolecules) 412 

(Kessler 2006; Vignais and Billoud 2007; Winter and Moore 2009; Malgieri et al. 2015; Peng 413 

et al. 2018) or generally metabolic processes (e.g. Dahl and Friedrich 2008; Bryce et al. 414 
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2018). Some of these compounds as well as other elements (e.g., cobalt, copper) can be toxic 415 

in higher concentrations for microbial life (Bruins et al. 2000 and references therein). Their 416 

presence and concentrations therefore affect microbial community compositions. 417 

 418 

 419 

Discussion 420 

The impact of hydrothermal contributions on the geochemistry of marine sediments and their 421 

microbial community compositions was investigated for four sediment sites differing in their 422 

distance to an active venting area (supplementary Figure S1). We expected to find a clear 423 

spatial gradient with respect to changes in redox chemistry of the porewaters and in the 424 

abundance of microorganisms colonizing the different niches.  425 

PcoA plots indicated that Bacteria colonizing the upper sediment horizons, i.e. <=4 cm, 426 

mostly clustered (Figure 4D). The similarity of the surface bacterial communities of the four 427 

sites may reflect oxygen entrainment into the sediments. However, the microbial community 428 

compositions for the four sites below 2 cm or 4 cm were distinctly different (Figure 6) likely 429 

reflecting the quite different local geochemistry.  430 

The remote station exhibited the most constant chemistry with sediment depth (Figure 6A). 431 

Since it is the location most distant (~200 km) from the active Kairei field, it is largely 432 

unaffected by the current or past hydrothermal activity from Kairei venting as the other sites 433 

are. No dramatic increases of toxic metals were observed that would affect the microbial 434 

community compositions. Correspondingly, the bacterial and archaeal community 435 

compositions did not show dramatic changes along the sampled sediment core, except for a 436 

peak of Bacillales and Betaproteobacteriales in the 12-14 cm horizon. But neither the 437 
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increase of iron levels nor the depth-related nitrate depletion is reflected by distinct shifts in 438 

the community compositions (Figure 6A). The archaeal community at the remote station was 439 

dominated by Nitrosopumilus over the full length of the sediment core, without significant 440 

changes in the abundance of the respective 16S rRNA gene tags. This Thaumarchaeon 441 

oxidizes ammonia to nitrite (Könneke et al. 2005) and may; in conjunction with the also 442 

abundant nitrite-oxidizing Nitrospirales (Figure 2A, Koch et al. 2014; Koch et al. 2015), 443 

participate in shaping the local nitrogen cycling.  444 

The environmental conditions in the inactive zone of the Kairei field was considerably 445 

different (Figure 1; Figure 6B; supplementary Figure S3). Two sediment horizons appeared 446 

to mark geochemical boundaries: one was the 6 cm and the other was the 14 cm sediment 447 

horizon. Biogenic contributions made up one third of the upper sediment horizon (above 6 448 

cm), while below 6 cm the large relative proportion of a hydrothermal sedimentary 449 

component (approx. 70 %) (supplementary Figure S4) suggests an intense hydrothermal 450 

activity in the past. Hence, no current hydrothermal activity is providing the grounds for 451 

microbial life, but remains of previous venting/plume fall out may serve as energy sources. A 452 

shift in the community composition accompanied the biogenic-hydrothermal precipitate 453 

boundary at 6 cm, where the bacterial diversity was rapidly reduced (supplementary Table 454 

S7) and a large proportion of the archaeal 16S rRNA gene tags (60% at 6-8 cm) were 455 

unassignable (Figure 3B). The steady increase of Chloroflexi (S202 and especially S085) 456 

between 8 cm and 14 cm (Figure 2B) may relate to recycling of ferric iron and nitrate and 457 

their ability to oxidize refractory organic compounds as has been shown for some Chloroflexi 458 

(Kawaichi et al. 2013; Landry et al. 2017). The latter is particularly advantageous in a 459 

seafloor environment where TOC is generally low, and unlikely of high quality, as is likely 460 

the case in these sediments. However, to date, the S085 phenotype remains unknown.  461 
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The sudden increase of dissolved metals (Figure 1) in porewaters below 14 cm is likely 462 

related to redox-driven processes leading to the dissolution of hydrothermal precipitates 463 

(sulfide minerals, plume fallout). In the zone of the redox shift at 14 cm sediment depth this 464 

led to a slight peak in cell numbers (Figure 1). Simultaneously, the relative abundance of 465 

Archaea increased to 40% (Figure 3, supplementary Table S6) and the archaeal community 466 

was mostly dominated by Thermoplasmata (68% of archaeal tags, Figure 3B). 467 

Thermoplasmata exhibit metabolically diverse physiologies (Huber and Stetter 2006): some 468 

species likely base their nutrition on the products of decomposing cells, while others grow on 469 

elemental sulfur by sulfur respiration. Some species are known to use CO2 as a carbon source 470 

and ferrous iron and pyrite as energy source or to oxidize manganese. The sharp increase in 471 

Thermoplasmata in the zone of redox shift may suggest their local involvement in manganese 472 

and iron cycling. Besides rising numbers of 16S rRNA gene tags affiliated with Bacillales at 473 

4-8 cm and below 14 cm, Betaproteobacteriales (Gammaproteobacteria) increased 474 

considerably as well (Figures 2, 6B). The organotrophic Bacillales may be more successful 475 

than others in these sediment horizon because they can tolerate local adverse environmental 476 

conditions, like heavy metal enrichments (Volesky and Holan 1995; Yilmaz 2003; Cheung 477 

and Gu 2005; Singh et al. 2013). The most abundant OTUs among the Betaproteobacteriales 478 

at the inactive Kairei vent field are assigned to the genus Delftia, which comprises a 479 

representative able to detoxify soluble gold (Johnston et al. 2013). Likewise to heavy metal 480 

tolerance, this ability may pose an advantage in (formerly) hydrothermally affected 481 

environments. 482 

Despite the vent vicinity of the outer rim area the hydrothermal input remained rather low 483 

and only the uppermost layer (0-2 cm) of the outer rim core was richer in oxidized 484 

hydrothermal material (supplementary Figure S4). The porewater chemistry profiles (Figure 485 

1) indicated the presence of (former) hydrothermal fluid with strongly elevated dissolved 486 
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metal concentrations that ascends and mixes with, or diffusively escapes to, near bottom 487 

seawater (Figure 6C).While the bacterial communities could be analyzed down to 28 cm 488 

sediment depth, no archaeal sequences of sufficient quality were detected below 2 cm, 489 

indicating inefficient DNA extraction or primer mismatching (for details see supplementary 490 

results and discussion). No chemical compounds could be identified that may have induced 491 

the rapid increase in Acidobacteria in the 10-16 cm sediment horizons or the high abundance 492 

of Bacillales in the 4-8 cm horizons (figures 2C and 6C). Local mineralogy was dominated 493 

by calcite and saponite (supplementary Table S3). As known from experiments and from 494 

other hydrothermal sites, the authigenic formation of talc and saponite requires elevated 495 

temperatures of 50-100°C (Costa et al. 1980; Geptner et al. 2002) and magnesium from the 496 

open ocean is used to bind silica. Typical signatures indicating abiotic saponite production 497 

through basalt weathering would accumulate aluminum and titanium, but were not found in 498 

the samples in significant amounts (data not shown). Magnesium-rich saponite formation can 499 

also be mediated by thermophilic Bacteria and major proportions of solids are related to 500 

biogenic input from different organisms such as Bacillus spp. (Chobotar'ov, Hodiienko, et al. 501 

2010; Chobotar'ov, Hordiienko, et al. 2010). Given that among the classified organisms, 502 

members of the Bacillales were among the prevailing Bacteria, the occurrence of these 503 

authigenic minerals may be microbially catalyzed. This microbially mediated saponite 504 

formation, conclusively, strongly suggests past (and possibly even active) diffuse flow of low 505 

temperature (<100°C) hydrothermal fluids in the outer rim area. Indeed, records of 506 

temperature sensors of the ROV during sampling showed a slightly increased bottom 507 

temperature of 1.89°C at the outer rim station compared to 1.83°C at the inactive site or even 508 

1.81°C at the near vent site. It may be possible that these fluids are the source for the 509 

observed high trace metal concentrations in the porewater driving a mostly unknown 510 

community. 511 
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The near vent cores were dominated by hydrothermal input (up to 70%), but this portion 512 

varied strongly with time (supplementary Figure S4), reflecting the dynamics of the 513 

hydrothermal activity of the nearby vents. With increasing depth, cell numbers decreased by 514 

three orders of magnitude (Figure 1), alongside with 16S rRNA gene tags of Planctomycetes 515 

(primarily the environmental sequence Urania-1B-19 marine sediment group of the 516 

Phycisphaerales) and Nitrosopumilales of the Thaumarchaeota (Figures 2D and 3D), 517 

coinciding with rising zinc (56.7 to 184.6 µg/l) and cadmium (0.4 to 0.8 µg/l) levels (Figure 518 

6D; supplementary Table S2). In contrast, different Chloroflexi, particularly SAR202 (from 519 

0.1% to 10.3%) and S085 (from 0.1% to 13.4%), uncultured Alphaproteobacteria  (from 520 

0.6% to max. 17.8%) as well as Thermoplasmata increased in their abundance with depth 521 

(Figure 2D; Figure 3D). This could reflect thermophilic lifestyles, microbially mediated 522 

decomposition of increasingly poor organic matter and recycling of iron and nitrogen 523 

compounds (Huber and Stetter 2006; Kawaichi et al. 2013; Sorokin et al. 2014; Thiel et al. 524 

2014; Landry et al. 2017; Mehrshad et al. 2018). SAR202 are predicted to be involved in 525 

sulfite oxidation (Mehrshad et al. 2018), but we are lacking measurements of sulfur 526 

compounds in porewaters for comparison. Intriguingly, microorganisms that are commonly 527 

found in hydrothermally impacted sediments, such as Epsilonproteobacteria (recently 528 

reclassified as Campylobacterota) (Cerqueira et al. 2017; Waite et al. 2018) were not 529 

detected. 530 
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FIGURES 739 

Figure 1: 740 

 741 

 Cell counts and chemical compositions in sediments. Sediments were taken at the remote station approx. 200 km south-east of the Kairei field 742 

(20 ROV 10-PC1/2/3, filled black dots), in the inactive zone of the Kairei field (12 ROV 06-PC8 and 06 ROV 03-PC3, filled blue dots), in the 743 

outer rim (12 ROV 06-PC3/4, orange) and near an active vent (12 ROV 06-PC5/6, red) in the Kairei field. Loq = limit of quantification.744 
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Figure 2:  745 

 746 

Taxonomy plots of Bacteria. Proportions of 16S rRNA gene tags related to major bacterial 747 

groups for the remote station 20 ROV 10-PC3 (A), the inactive Kairei site 06 ROV 03-PC3 748 

(B), the outer rim Kairei area 12 ROV 06-PC4 (C) and the Kairei near vent site 12 ROV06-749 

PC6 (D). Only bacterial groups with at least 5% abundance in one of the samples are shown750 
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Figure 3:  751 

 752 

Taxonomy plots of Archaea. Proportions of 16S rRNA gene tags related to major archaeal 753 

groups for the remote station 20 ROV 10-PC3 (A), the inactive Kairei site 06 ROV 03-PC3 754 

(B), the outer rim Kairei area 12 ROV 06-PC4 (C) and the Kairei near vent site 12 ROV06-755 

PC6 (D). Only archaeal groups with at least 0.1% abundance in one of the samples are 756 

shown.757 
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Figure 4:  758 

 759 

PcoA Principle coordinate analysis ordination) plots for Bacteria. They are displayed for 760 

the remote station (A), the outer rim site in the Kairei field (B), the near vent site (C) and 761 

sediment horizons from all four sites (D), In A, B, C significant correlations between 762 

communities and environmental parameters are shown. Weighted average species scores are 763 

represented in the plot as light gray points. In D sediment horizons of the remote station, 764 

inactive zone of the Kairei field, outer rim area and near vent site in the active Kairei field are 765 
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color coded in black, blue, orange and red, respectively. The abbreviations of the sediment 766 

horizons (2 cm thickness) correspond to supplementary Tables S4 and S7 and are as follows: 767 

the remote station is displayed by numbers 27 (0-2 cm) to 33 (12-14 cm), the inactive Kairei 768 

area by numbers 1 (0-2 cm) to 9 (16-18 cm), the outer rim area by numbers 10 (0-2 cm) to 19 769 

(26-28 cm) and the near vent area by numbers 20 (0-2 cm) to 26 (12-14 cm). Please note that 770 

due a very limited amount of sequences, sample B11 has been excluded from the PcoA 771 

analysis.772 
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Figure 5:  773 

 774 

PcoA Principle coordinate analysis ordination) plots for Archaea. They are displayed for 775 

the inactive zone of the Kairei vent field (A), the near vent site (B) and sediment horizons 776 

from all four sites (C), In A and B significant correlations between communities and 777 

environmental parameters are shown. Weighted average species scores are represented in the 778 

plot as light gray points. In C sediment horizons of the remote station, inactive zone of the 779 

Kairei field, outer rim area and near vent site in the active Kairei field are color coded in 780 
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black, blue, orange and red, respectively. The abbreviations of the sediment horizons (2 cm 781 

thickness) correspond to supplementary Tables S4 and S7 and are as follows: the remote 782 

station is displayed by numbers 27 (0-2 cm) to 33 (12-14 cm), the inactive Kairei area by 783 

numbers 1 (0-2 cm) to 9 (16-18 cm), the outer rim area by numbers 10 (0-2 cm) to 19 (26-28 784 

cm) and the near vent area by numbers 20 (0-2 cm) to 26 (12-14 cm). Due to a lack of 785 

archaeal 16S rDNA amplicons, the following sediment horizons were excluded from the 786 

analysis: A3, A8, A11-A19, A29-A30.787 
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Figure 6:  788 

 789 

An overview of the microbial community compositions and porewater geochemistry for the four sampled sediment locations. Relative 790 

cell abundances or concentrations of chemical compounds increase from left to right. Microbiology and geochemistry data is shown down to a 791 

maximum of 14 cm (remote station), 18 cm and 22 cm (inactive zone of Kairei field), 28 cm and 29 cm (outer rim active Kairei field) and 14 cm 792 

and 13 cm (near vent in active Kairei field), respectively (see also supplementary Tables S1). 793 


