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Abstract 28 

Guaymas Basin, located off the Gulf of California, is a hydrothermally active marginal basin. 29 

Due to steep geothermal gradients and localized heating by sill intrusions, microbial 30 

substrates like short-chain fatty acids and hydrocarbons are abiotically produced from 31 

sedimentary organic matter at comparatively shallow depths. However, the potential of 32 

hydrocarbons as microbial substrates for both catabolic and anabolic metabolism remains 33 

elusive. We thus analyzed the effect of hydrocarbons on microbial sulfate reduction rates 34 

(SRR) and uptake of hydrocarbons by microorganisms using NanoSIMS. Sediment samples 35 

were recovered during IODP Exp. 385. Two sites, U1545C and U1546D, have a distance of 36 

roughly 1 km, and their sedimentary sequence and current geothermal gradients are almost 37 

identical, but Site U1546D experienced the intrusion of a sill. Since emplacement, the sill has 38 

thermally equilibrated with the surrounding sediment. For SRR measurements, sediment 39 

samples were amended with four aliphatic and four aromatic hydrocarbons or methane. 40 

Incubations were carried out at in-situ temperature and pressure for 10 days. For NanoSIMS 41 

analysis, sediment samples were incubated with stable-isotope labeled hydrocarbons 42 

(hexadecane-d34 + benzene-13C6 or 13C-methane) and 15NH4Cl at in-situ temperature and 43 

pressure for 42 days. Our results show that SRR increases upon the addition of either 44 

methane and hydrocarbons in samples from near the seafloor at Site U1545C. Methane 45 

addition also stimulated SRR around the sulfate-methane transition zone (SMTZ) at Site 46 

U1545C. In contrast, SRR did only increase at Site U1546D below the SMTZ, when the 47 

sample was incubated with methane, but did not show any reaction on hydrocarbon 48 

addition. Despite the relatively short incubation time of only 42 days we succeeded in 49 

detecting hydrocarbon and nitrogen uptake in some samples from both sites. Assimilation 50 

also mostly occurred in samples near the seafloor. Consequently, these data indicate the 51 

potential of microorganisms in Guaymas Basin to metabolize hydrocarbons. 52 

 53 

Introduction 54 

The deep subseafloor biosphere harbors vast amounts of prokaryotes, their number is 55 

thought to be approximately the same as in soil and seawater (Kallmeyer et al., 2012). In 56 
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addition, microorganisms in deep subsurface sediments are metabolically active (D'Hondt et 57 

al., 2004; Schippers et al., 2005) or at least revivable (Morono et al., 2011; Trembath-58 

Reichert et al., 2017; Morono et al., 2020). Because of its great amounts of biomass, the 59 

deep biosphere is thought to play a vital role in the global cycling of elements (Parkes et al., 60 

2014). 61 

Guaymas Basin, located in the Gulf of California off Mexico, is characterized by strong 62 

hydrothermal activity due to seafloor spreading (Kawka and Simoneit 1987). Due to high 63 

productivity in its surface waters and in parts high terrigenous sediment input, organic-rich 64 

sediment accumulates at rates exceeding 1 mm/year (Calvert 1966; Curray et al., 1979; 65 

Teske et al., 2021a). In areas with steep geothermal gradients like Guaymas Basin or Nankai 66 

Trough off Japan, bioavailable organic substrates like volatile fatty acids are produced by 67 

pyrolysis of macromolecular sedimentary organic matter (kerogen) already at shallow 68 

depths (Kawka and Simoneit, 1994; Horsfield et al., 2006; Teske et al., 2014). In addition, 69 

laboratory experiments showed that acetate is produced by heating sediment to 70 

temperatures in the mesophilic to thermophilic range (Wellsbury et al., 1997). These 71 

findings support the notion that in-situ production of organic substrates can support life in 72 

the deep subsurface biosphere. The supply of carbon sources in Guaymas Basin is therefore 73 

expected to be relatively high and diverse (review in Edgcomb et al., 2022). 74 

Recent technological developments, e.g., deep drilling with contamination control for 75 

recovery of samples suitable for microbiological and molecular biological analyses, as well as 76 

sensitive techniques e.g. for detections of ultra-low abundances of microbial cells, made it 77 

possible to study microbial communities and metabolic activities in the deep biosphere 78 

(Colwell and D’Hondt, 2013; Morono and Inagaki, 2016; Kallmeyer, 2017; Morono, 2023). 79 

Additionally, to elucidate the metabolic activity of microorganisms in various environments, 80 

many molecular biological or chemical analytical techniques are used. Nanoscale secondary 81 

ion mass spectrometry (NanoSIMS) is a powerful tool to determine solid surface 82 

compositions (e.g., minerals and cells) on the single-cell level because it is capable of nm-83 

scale resolution (e.g., Ito and Messenger, 2008; Kubota et al., 2014; Morono et al., 2020). 84 

This technique, therefore, allows analysis of uptake of stable-isotope labeled substrates at 85 

the single-cell level (Lechene et al., 2006; Wagner, 2009). NanoSIMS can be combined with 86 

fluorescence in-situ hybridization (FISH) for assessment of cellular metabolic activity of 87 

specific groups of organisms. Using FISH, Boetius et al., (2000) observed microbial consortia 88 

composed of archaea and sulfate-reducing microorganisms that were apparently capable of 89 

anaerobic oxidation of methane using sulfate as an electron acceptor. Based on these 90 

findings, Orphan et al. (2001) used FISH-NanoSIMS to prove that the archaea actually 91 

assimilate methane. However, since marine deep subsurface sediments have very low cell 92 

abundances (Parkes et al., 1994; Kallmeyer et al., 2012) and the cells might have low 93 

metabolic activity (Schippers et al., 2005), there may only be very few FISH-stained cells and 94 

those cells may show only a low signal intensity. Therefore, total cell staining methods like 95 

SYBR Green or DAPI staining can be a better or the sole option. Recent studies used 96 

NanoSIMS to detect viable cells in coal bed sediment at depths of over 2,000 mbsf (meters 97 

below seafloor) (20 million year old) off the Simokita Peninsula, Japan, and in 100 million-98 

year-old sediment of the oligotrophic South Pacific Gyre (Trembath-Reichert et al., 2017; 99 
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Morono et al., 2020). Both environments are characterized by extremely low cell 100 

abundances and used only SYBR Green staining (104 to 100 cells cm-3 below 1,500 mbsf and 101 

106 to 102 cells cm-3
 down to 100 mbsf, respectively) (Inagaki et al., 2015; Trembath-Reichert 102 

et al., 2017; Morono et al., 2020). 103 

In anoxic subsurface sediment, after other thermodynamically more efficient electron 104 

acceptors (O2, NO3
-, Mn(IV), and Fe(III)) are depleted, sulfate reduction becomes the 105 

quantitatively dominant organic matter mineralization process (Jørgensen, 1982; Jørgensen, 106 

2000; Parkes et al., 2014). The biodegradation of hydrocarbons under anaerobic conditions 107 

and the respective metabolic strategies have already been studied extensively (e.g. 108 

Meckenstock and Mouttaki (2011) and references therein). Sulfate reducers can also 109 

metabolize a wide variety of carbon sources including aliphatic or aromatic hydrocarbons 110 

(Reuter et al., 1994; Coates et al., 1996; Shin et al., 2019). Sulfate reduction fueled by 111 

organic matter is commonly termed organoclastic sulfate reduction. Below the zone of 112 

organoclastic sulfate reduction, sulfate reduction can be coupled with methane oxidation 113 

(methanotrophic sulfate reduction, or anaerobic oxidation of methane; AOM) through a 114 

consortium of archaeal methanotrophs and sulfate-reducing bacteria (Iversen and 115 

Jorgensen, 1985; Hoehler et al., 1994; Boetius et al., 2000). This process is usually restricted 116 

to the relatively narrow depth interval where downward diffusing sulfate and upward 117 

diffusing methane overlap, the so-called Sulfate-Methane Transition Zone (SMTZ). Sulfate is 118 

not fully depleted in the SMTZ and remains at low µM levels below due to the downward 119 

diffusion of sulfide and reoxidation via a cryptic iron-driven sulfur cycle (Holmkvist et al., 120 

2011). 121 

Although pyrolysis of sedimentary organic matter leads to the formation of a wide range of 122 

hydrocarbons in Guaymas Basin (Teske et al., 2014), the potential of anabolic and catabolic 123 

metabolisms by microorganisms living in these sediments is poorly understood. Our study 124 

aims to elucidate anaerobic microbial metabolic activities involving hydrocarbons in 125 

Guaymas Basin sediment by addressing the following questions: How much do 126 

hydrocarbons influence microbial catabolic activity and which hydrocarbons are assimilated 127 

by microorganisms? To address the first question, we quantified the effect of hydrocarbon 128 

addition on microbial sulfate reduction via incubation experiments using 35SO4
2- radiotracer. 129 

The second question is addressed through the detection of uptake of stable isotope-labeled 130 

hydrocarbons using NanoSIMS. All incubations were performed at in-situ temperature and 131 

pressure. 132 

 133 

Materials and Methods 134 

Sampling 135 

The samples were recovered in 2019 during IODP Exp. 385; Guaymas Basin Tectonics and 136 

Biosphere (Teske et al., 2021a and Nagakura et al., 2022). For our study, we used cores from 137 

sites U1545C and U1546D (Table 1). These two sites are only about 1.1 km apart from each 138 

other. Stratigraphy and sediment composition are almost identical at both sites, but 139 

sediments at Site U1546D were affected by a sill intrusion. However, since the temperature 140 
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gradients at sites U1545C and U1546D are almost identical (225°C/km and 221°C/km, 141 

respectively), we can assume that all heat from the sill has already dissipated (Teske et al., 142 

2021a; Nagakura et al., 2022). Table 1 shows the depth and temperature data of the core 143 

samples used for this study. The samples were selected from a wide range of temperatures 144 

(4°C – 63°C) at similar depths of these two sites.  Additionally, we chose one sample from 145 

each site that is located near the SMTZ. Samples were stored in nitrogen-filled gas-tight bags 146 

at 4°C. 147 

 148 

Table 1. Depth and temperature data of the samples from sites U1545C and U1546D. SMTZ 149 

at Site U1545C and U1546D are around 40 mbsf and 110 mbsf, respectively. The incubation 150 

temperatures were within ±2°C of their in-situ temperatures. 151 

 152 

 153 

Sample preparation 154 

All sample handling was carried out inside a nitrogen-filled anaerobic glovebox. In the 155 

anaerobic glovebox, 10 g of sediment was placed into the pre-combusted glass crimp vial at 156 

ca. 6°C and mixed with the medium to form a slurry. These procedures were applied to both 157 

the radioisotope and stable-isotope experiments described in the following sections. All 158 

incubations were carried out at approximate in-situ temperature and pressure (Table 1). 159 

During preliminary tests, we realized that particularly at low temperatures the rubber 160 

stoppers that close the incubation vials are not flexible enough to transfer the pressure, 161 

leading to breaking of incubation vials. Therefore, we cut off the bottom 5 mm of the 162 

stoppers to make them thinner and hence more flexible. All materials in contact with the 163 

sample were either autoclaved or combusted (400°C for 4 hours). 164 

 165 

Radioisotope experiment for the measurements of SRR 166 

In order to quantify the effect of hydrocarbon addition on SRR, we incubated the samples 167 

with 35SO4
2- radiotracer and a mixture of various hydrocarbons or methane. 168 

Medium preparation 169 
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Medium composition and preparation for SRR measurements are the same as in Nagakura 170 

et al. (2022): 0.2 g KH2PO4, 0.25 g NH4Cl, 25 g NaCl, 0.5 g MgCl2×6H2O, 0.5 g KCl, 0.15 g 171 

CaCl2×2H2O, and 0.71 g Na2SO4 were mixed with 1 L of MilliQ water. 3 mL of 0.1% resazurin 172 

was added to the medium and autoclaved. After autoclaving, 5 mL of Na2S solution (0.12 g 173 

Na2S in 10 mL MilliQ water) and 5 mL of NaHCO3 solution (0.84 g NaHCO3 in 10 mL MilliQ) 174 

were added to the medium after autoclaving and flushed with N2/CO2 gas for ca. 2 hrs. The 175 

medium was then stored in pre-combusted crimp bottles flushed with N2/CO2 gas until use. 176 

Sample preparation and incubation with 35S sulfate and hydrocarbon substrates 177 

We quantified SRR with two different hydrocarbon additions, (a) a mixture of eight 178 

hydrocarbons and (b) methane. (a) We prepared eight stock solutions, each containing one 179 

hydrocarbon in a concentration of 10% (w/v in acetone) (Widdel and Bak, 1992). The eight 180 

stock solutions contained decane, hexadecane, icosane, squalene, benzene, naphthalene, 181 

anthracene, and phenanthrene. In the anaerobic glovebox, the medium and 100 µL of each 182 

hydrocarbon stock solution were added to the sample vial containing the sediment. The 183 

hydrocarbon addition into the sample vial was performed at room temperature to keep 184 

hydrocarbons dissolved in acetone. The sample vial was then closed with a black butyl 185 

rubber stopper and crimped. Since icosane, anthracene, and phenanthrene did not dissolve 186 

completely in acetone, they were added as suspensions. The samples were kept in the 187 

anaerobic glovebox overnight at ca. 6°C. (b) For the incubation with methane, the medium 188 

was added to the glass vial containing the sample. The sample vial was closed with a black 189 

butyl rubber stopper, crimped, and kept in the anaerobic glovebox overnight at ca. 6°C. The 190 

next day, a syringe containing 10 mL of methane was stuck into the sample vial. All samples 191 

were prepared in duplicates, as triplicates were not possible due to limited amouts of 192 

sample material. Table 1 shows the incubation temperature of each sample. Additionally, 193 

each run of incubations included killed controls (KCs) and media controls (MCs). KCs were 194 

mixed with 20% ZnAc instead of media and either 100 µL of each hydrocarbon stock solution 195 

or 10 mL of methane. MCs contained only media. After the pre-incubation, the samples, as 196 

well as the KCs and MCs, were injected with 5 MBq 35SO4
2- radiotracer and incubated in our 197 

high-pressure thermal gradient block (HPTGB) (Kallmeyer et al., 2003; Nagakura et al., 2022) 198 

at in-situ temperatures and pressure (ca. 25 MPa) for 10 days. After incubation, the 199 

cylinders were depressurized and the sample vials were removed from the cylinders. When 200 

the glass vials were opened, the samples were immediately transferred into 50 mL 201 

centrifuge tubes containing 5 mL of 20% ZnAc. To transfer the sample and the medium in 202 

the vials, the glass vials were rinsed with 10 mL of 20% ZcAc and transferred to the same 203 

centrifuge tube to achieve quantitative transfer of the sample. Samples were stored at -20°C 204 

until analysis. 205 

Sample distillation and scintillation counting followed by SRR calculation 206 

All inorganic reduced sulfur species (total reduced inorganic sulfur, TRIS), which also contain 207 

the microbially produced radiolabeled sulfide, were separated from the sample by cold 208 

chromium distillation (Kallmeyer et al., 2004). After thawing the samples, they were 209 

centrifuged for 10 min at 2,500 ×g. To quantify the total radioactivity, 50 µL of the 210 
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supernatant was transferred to a scintillation vial and mixed with 4 mL of scintillation 211 

cocktail (Rotiszint® eco plus LSC-Universalcocktail, Carl Roth). The remainder of the 212 

supernatant was carefully decanted off and the sediment sample was mixed with 15 mL of 213 

N,N-Dimethylformamide (DMF) and quantitatively transferred to a glass distillation flask.  A 214 

magnetic stir bar was put into the flask and set at 400 rpm to ensure complete mixing of the 215 

sample and chemicals. The flask was flushed with N2 to maintain anoxic conditions. After 10 216 

min of N2 flushing, 8 mL of 6N HCl and 15 mL of 1M chromium (II) chloride solution were 217 

added through a reaction port to convert all reduced sulfur species in the sediment sample 218 

to gaseous H2S. The H2S was driven out of the solution by the constant stream of N2 gas and 219 

led through a first trap filled with 7 mL of citric acid solution (19.3 g of citric acid and 4 g of 220 

NaOH in 1 L MilliQ water; pH 4) to trap all aerosols potentially containing unreacted 35S-221 

sulfate before reaching a second trap filled with 7 mL of 20% ZnAc solution in which the H2S 222 

is quantitatively converted to solid ZnS. To avoid overflowing of the zinc acetate trap, a few 223 

drops of silicon-based antifoam were added. The distillation lasted for 2 hrs. Normally, only 224 

5% ZnAc solution is used for the traps, but the amounts of TRIS in the sample requires 225 

higher concentrations to ensure the trapping of all sulfide. To avoid the possible 226 

interference by high concentrations of acetate with the scintillation cocktail, the 20% ZnAc 227 

solution was centrifuged at 2,500 ×g for 10 min and the supernatant was discarded. The ZnS 228 

pellet was resuspended with 5% ZnAc and the total volume was adjusted to 7 mL. The ZnS 229 

suspension was then quantitatively transferred into a 20 mL plastic scintillation vial and 230 

mixed with 8 mL of scintillation cocktail. Distillations were carried out in batches of 10 231 

samples plus one distillation blank (DB), containing only a few drops of non-radioactive ZnS 232 

carrier. Counter blanks (CBs) contained only 7 mL of 5% ZnAc solution and 8 mL of the 233 

scintillation cocktail. MCs and DBs were then directly transferred into plastic scintillation 234 

vials and mixed with 8 mL of scintillation cocktail. 235 

Radioactivity was quantified using a HIDEX 600 SL Liquid Scintillation Counter (HIDEX Oy) 236 

with Guard Scintillator. Before the vials were placed into the counter, they were vortexed to 237 

ensure complete mixing of the sample and scintillation cocktail, and the surface of the vial 238 

was wiped with a cleaning wipe (Kimtech Science) moistened with 70% ethanol to remove 239 

any potential contamination on the surface of the vial. 240 

SRR was calculated as follows: 241 

 SRR = (SO4
2-)TOT /VSED  × aTRIS/aTOT × 1/t × 1.06 242 

where SRR is calculated in pmol∙cm-3∙d-1, (SO4
2-)TOT is the total amount of sulfate in the 243 

sample (sulfate in the sediment + sulfate in the medium; pmol), VSED is the volume of the 244 

sediment sample (cm3), aTRIS is the radioactivity of TRIS (Bq), aTOT is the total used 245 

radioactivity (Bq), t is the incubation time (d), and the value 1.06 is the correction factor for 246 

the isotopic fractionation of sulfur Jørgensen (1978). Since the samples were incubated with 247 

media in a slurry, we consider the results as “potential” SRR. The minimum quantification 248 

limit (MQL) and minimum detection limit (MDL) were calculated as follows: 249 

MDL = Average value of blank aTRIS (KCs, MCs, DBc, and CBs) 250 
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MQL = MDL + k × (standard deviation of blank aTRIS) 251 

where k is a factor for a confidence level (Kaiser, 1970). k = 3 was applied for the MQL and 252 

its confidence level is 95% instead of 99.86% as the blanks are non-normally distributed 253 

(Kaiser, 1970). The aTRIS of samples and blanks are compared to determine MDL and MQL. 254 

 255 

Stable-isotope experiment for the analysis of hydrocarbon and inorganic nitrogen uptake 256 

with NanoSIMS 257 

We aimed to observe hydrocarbon and inorganic nitrogen uptake by incubating sediment 258 

samples with stable-isotope-labeled hydrocarbons and ammonium chloride and analyzing 259 

them using NanoSIMS. 260 

Medium preparation for stable-isotope analyses  261 

The composition of the medium was the same as in Nagakura et al. (2022), but slightly 262 

modified for the stable isotope uptake analysis with NanoSIMS; 0.2 g KH2PO4, 0.225 g 263 
14NH4Cl, 0.025 g 15NH4Cl (for nitrogen uptake analysis), 25 g NaCl, 0.5 g MgCl2 × 6H2O, 0.5 g 264 

KCl, 0.15 g CaCl2 × 2H2O, and 0.71 g Na2SO4 mixed with 1 L of MilliQ water. 3 mL of 0.1% 265 

resazurin was added to the medium and autoclaved. 5 mL of Na2S solution (0.12 g Na2S in 10 266 

mL MilliQ water) and 5 mL of NaHCO3 solution (0.84 g NaHCO3 in 10 mL MilliQ water) were 267 

added to the medium after autoclaving and flushed with N2/CO2 gas for ca. 2 hrs. The 268 

medium was then stored in autoclaved serum bottles flushed with N2/CO2 gas until use. 269 

Sample incubation with stable isotope substrates 270 

Similar to the SRR measurements, we separated the samples for quantification of anabolic 271 

activity (i.e., uptake) via NanoSIMS into two groups, (a) uptake of benzene and hexadecane 272 

and (b) uptake of methane. Both types of samples were amended with 15N-ammonium 273 

chloride to monitor uptake of inorganic nitrogen. (a) Each 10% (w/v of acetone) 274 

hydrocarbon stock solution (hexadecane and benzene) was prepared (Widdel and Bak, 275 

1992). The hexadecane stock solution consisted of 90wt% of normal hexadecane and 10wt% 276 

of fully deuterated hexadecane-d34. The benzene stock solution consisted of 80wt% of 277 

benzene and 20wt% of benzene-13C6. When the medium was added to the glass vial 278 

containing the sample, 400 µL of each hydrocarbon stock solution was added as well, and 279 

the sample vial was closed with a black butyl rubber stopper and crimped. The stock 280 

solutions were added to the sample vials at room temperature to keep the hydrocarbons 281 

dissolved in acetone. In addition, a 3 mL syringe including 0.5 mL of the medium was stuck 282 

into each vial to avoid breakage of the glass vial upon pressurization. The samples were pre-283 

incubated overnight in the anaerobic glovebox to allow the microorganisms to adjust to the 284 

new condition. (b) For the incubation with methane, the sediment samples were mixed with 285 

the medium and pre-incubated in the anaerobic glovebox overnight. After pre-incubation, 286 

10 mL of gaseous methane, consisting of 80v% 12C-methane and 20v% of 13C-methane was 287 

injected into the sample vial. For both types of incubations we also prepared two killed 288 

controls (KCs), which were mixed with 20% ZnAc instead of media. Other conditions were 289 
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the same as the samples mentioned above; one KC was prepared with hydrocarbons (a), 290 

and the other one with methane (b).  291 

The samples were put into high-pressure cylinders and they were incubated in a HPTGB 292 

system (Kallmeyer et al., 2003; Nagakura et al., 2022) at in-situ temperature (Table 1) and 293 

pressure (ca. 25 MPa) for 42 days. 294 

Sample fixation 295 

At the end of the incubation, samples were fixed in Phosphate-Buffered Saline (PBS) 296 

solution and paraformaldehyde (PFA) solution. The solutions were prepared as 10X PBS and 297 

9.33% PFA. For 10X PBS solution, 79.4 g NaCl, 1,9 g KCl, 11.4 g Na2HPO4, and 2.6 g KH2PO4 298 

were mixed in 1 L MilliQ (pH 7.2). The solution was then autoclaved and stored at room 299 

temperature. For 9.33% PFA solution, 28 g of PFA was added to 260 mL MilliQ water and 300 

heated at ca. 60°C. As PFA only dissolves in alkaline conditions, 1N NaOH was added until 301 

the PFA was dissolved. The solution was then cooled down and 30 mL of 10X PBS was 302 

added. HCl was added to adjust the pH to 7.2. To maintain consistent osmotic conditions, 303 

we also added 5.1 g NaCl. The solution was brought to its final volume of 300 mL by adding 304 

MilliQ water, then the solution was sterile filtered (0.2 µm pore size). When the PFA solution 305 

is mixed with the incubation media, it has a final concentration of ca. 4%. 306 

Upon removal of the samples from the HPTGB the sample vials were opened and the 307 

sediment and medium immediately transferred into 50 mL centrifuge tubes including 15 mL 308 

of 9.33% PFA solution and stored for 22 hrs at 4°C. After this fixation step, the samples were 309 

centrifuged at 2,500 x g for 15 min and the supernatant was discarded. Afterwards, the 310 

samples were washed twice with 1X PBS. Once the samples were fixed, they were preserved 311 

in PBS/ethanol (1:1 [v/v]) and kept at -20°C until analysis at JAMSTEC in Kochi, Japan. 312 

Cell detaching and sorting 313 

At JAMSTEC, the following procedures were performed for detaching cells from sediments.  314 

1. 0.5 mL of the sample slurries were transferred into new 15 mL centrifuge tubes and 315 

mixed with 1 mL of 2.5% NaCl.  316 

2. Samples were centrifuged at 5,000 ×g for 10 min and the supernatants were discarded. 317 

3. The sediment pellets were mixed with 2.7 mL of pre-filtered 3X PBS, 0.5 mL NaCl, 0.4 318 

mL detergent mix (Kallmeyer et al., 2008), and 0.4 mL methanol. 319 

4. The suspensions were shaken at 500 rpm for 1 hour with a shaker (ShakeMaster, bms 320 

biomedical science), followed by sonication (Bioruptor, Cosmo Bio Co., Ltd.) for 20 min 321 

(20 cycles of sonication at 200 W for 30-sec with 30-sec intervals). 322 

5. The samples were carefully put onto the top surface of the following density gradient 323 

containing the following solutions: from surface to bottom in 15 mL centrifuge tubes; 4 324 

mL of 30% [v/v] Nycodenz, 4 mL of 50% [v/v] Nycodenz, 4 mL of 80% [v/v] Nycodenz, 325 

and 4 mL of 67% [v/v] sodium polytungstate. 326 

6. The tube was centrifuged for 1 hour at 10,000 ×g and 4°C. 327 

7. The supernatants were collected and transferred into new 15 mL centrifuge tubes. 328 

8. 5 mL of NaCl was added to the sediment and resuspended. 329 
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9. The slurry was centrifuged at 6,000 ×g for 15 min and the supernatant was discarded. 330 

10. The rest was mixed with 2.2 mL of NaCl, 0.4 mL of D-mix, and 0.4 mL of methanol.  331 

11. The mixed solution was shaken at 500 rpm for 10 min. 332 

12. The sample was then sonicated for 20 min. 333 

13. The sample was placed gently onto the gradient layer solution in 15 mL centrifuge 334 

tubes. 335 

14. The tube was centrifuged at 10,000 ×g for 1 hour. 336 

15. The supernatant was carefully recovered and stored with the supernatant collected 337 

before. 338 

The cells in the supernatant were collected by filtration through an AnodiscTM 25 aluminum 339 

oxide filter (pore size 0.2 µm). Five hundred microliter of 1X TE buffer was also placed on 340 

Anodisc to wash out the density gradient compounds. After removing the solution and 341 

stopping the vacuum pump, 110 µL of 40X diluted SYBR Green I (Thermo Fischer Scientific) 342 

was immediately put onto the filter and left for 10 min. After 10 min, 500 µL of 1X TE buffer 343 

was poured onto the Anodisc membrane while vacuuming to wash the membrane. Right 344 

after the final drop of the liquid had passed through the membrane, the membrane was 345 

immediately put in a 50 mL centrifuge tube containing 5 mL of 1X TE buffer, placing the side 346 

containing the cells facing down. The tube containing the filter was then sonicated twice for 347 

30 sec each at 200W. Then the suspension was stored at 4°C. 348 

The stained cells were sorted by a cell sorter (MoFlo XDP, Beckman Coulter). Cells were 349 

directly sorted onto an indium tin oxide (ITO)-coated membrane. Approximately 10,000 cells 350 

were sorted on the ITO membrane. For the sample from Site U1545 Core 16 incubated with 351 

benzene and hexadecane, 30,000 cells were sorted. The area where the cells were sorted 352 

was marked by laser microdissection (LMD6000; Leica Microsystems). 353 

Analysis of hydrocarbon uptake with NanoSIMS 354 

The sorted microbial cells on an ITO-coated membrane were analyzed with the JAMSTEC 355 

NanoSIMS 50L ion microprobe (AMETEK Co. Ltd, CAMECA BU). The samples incubated with 356 

benzene and hexadecane, 1H- and 2H- were analyzed as well after the analysis of carbon and 357 

nitrogen isotopes. The analytical procedures were described elsewhere (e.g., Morono et al., 358 

2020). In brief, a focused primary positive Cs ion beam of approximately ~1.5 pA was used 359 

for carbon and nitrogen isotopic analyses, and approximately ~6 pA was used for hydrogen 360 

isotopic analysis, rastered over 24 × 24 µm areas on the samples. Each analysis was initiated 361 

after stabilization of the secondary ion beam intensity following several minutes of pre-362 

sputtering with a relatively strong primary ion beam current (~20 pA). For carbon and 363 

nitrogen isotopic analysis, images of 12C-, 13C-, 16O-, 12C14N-, 12C15N-, and 32S- were acquired 364 

simultaneously in multidetection with six electron multipliers (EMs) at a mass resolving 365 

power of approximately 9000, sufficient to separate all relevant isobaric interferences (12C1H 366 

on 13C and 13C14N on 12C15N). For hydrogen isotopic analysis, images of 1H-, 2H-, and 12C- were 367 

acquired using three EMs in multidetection mode at a mass resolving power of 368 

approximately 3000. Each analysis consisted of the same area, which individual images 369 

consisting of 256 × 256 pixels. The dwell times were 2 ms/pixel (131.072 sec/scan) for the 370 
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carbon and nitrogen isotopic analyses and 5 ms/pixel (327.68 sec/scan) for the hydrogen 371 

isotopic analysis. 372 

Examination of isotope abundance ratio with OpenMIMS 373 

After the NanoSIMS analysis was performed, the data was saved in IM files. To open and see 374 

the NanoSIMS images, the OpenMIMS plugin in the application ImageJ of Fiji software was 375 

used. Each of the vertically stacked spattered planes, analyzed with NanoSIMS, was aligned 376 

to correct the drift during the acquisition of each plane image and integrated into an image. 377 

To identify the cellular regions analyzed with NanoSIMS, the NanoSIMS images were 378 

compared to the fluorescence microscopy images which were taken before (Figure 1). We 379 

were able to match the isotope images and the fluorescence microscopy image in about half 380 

of the samples.  381 

 382 

Figure 1: NanoSIMS isotope images and fluorescence microscopy images of the sample Core 383 

6 at Site U1546D, incubated with methane. A: 12C isotope images analyzed with NanoSIMS. 384 

B: 12C14N isotope images analyzed with NanoSIMS.  C: Fluorescence microscopy images. The 385 

cells were dyed with SYBR Green I. Scale bars in each panel represent 5 µm. 386 

 387 

Cells shown in the isotope images were marked as regions of interest (ROI) and the isotope 388 

abundance of each ROI was thereby calculated. 13C/(12C+13C), 12C15N/(12C14N+12C15N), or 389 
2H/(1H+2H) isotope abundance ratios were calculated to examine if the cells assimilated the 390 

isotopes. ROI were drawn based on the following criteria: (1) ROI were drawn based on the 391 

clear isotope signals in 12C images. When the signals are clearly detected, ROI were drawn 392 

also based on the 13C images or 12C/15N images (heavy isotope images). (2) If at least one of 393 

the isotope abundance ratios was zero, the ROI was excluded. These criteria were also 394 

applied to the samples matching the NanoSIMS and the fluorescence microscopy images. 395 

Since the calculated values are not absolute values but relative values, the ROI in each 396 

analysis were standardized by the “blank” ROI drawn at a membrane region without any 397 

cells. This blank region is regarded as the natural abundance ratio of each isotope 398 

(13C/(12C+13C) = 1.06%, 15N/(14N+15N) = 0.4%, and 2H/(1H+2H) = 0.0115%; Trivedy et al., 2016). 399 

A B C 
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The isotope abundance ratios were calculated as follows (here presented for carbon as an 400 

example). 401 

 Isotope abundance ratio (C, %) = 13C/(12C+13C) × 100 402 

This calculation was also done for the KCs to obtain the average and standard deviation 403 

values for the statistical threshold. 404 

 Statistical threshold (-) = (Average of the isotope abundance ratio of KC) + 3 × 405 

(Standard deviation of the isotope abundance ratio of KC) 406 

This calculation assumes that the ROI values of KCs are normally distributed. The values 407 

were then converted to the isotope abundance ratios and described in percentages. 408 

 409 

Results 410 

SRR and the addition of hydrocarbons 411 

We measured SRR in samples from both sites, U1545C and U1546D, covering a wide depth 412 

and temperature range (from 2 mbsf to 261 mbsf; from 4°C to 63°C) (Figure 2). The study of 413 

Nagakura et al. (2022) presented SRR measured on the same samples but without 414 

hydrocarbon additions. At Site U1545C, SRR increased upon the addition of methane and 415 

the hydrocarbon mixture in the shallowest sample (Core 1, 2 mbsf) (Figure 2A). In Core 6 416 

and 7 from near the SMTZ (44 mbsf and 55 mbsf, respectively), SRR increased upon the 417 

addition of methane, representing the increase of methanotrophic sulfate reduction (AOM), 418 

but not when adding the hydrocarbon mixture. In samples from below the SMTZ SRR did not 419 

increase at Site U1545C. At Site U1546D SRR did not increase at all upon hydrocarbon 420 

addition (Figure 4B). However, in Core 23 (191 mbsf) below the SMTZ, SRR were recorded 421 

above MQL upon the addition of methane, whereas all SRR fell below MQL in previous 422 

incubations without any substrate additions. 423 

 424 

 425 
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 426 

Figure 2: A: SRR at Site U1545C. B: SRR at Site U1546D. Blue circles show SRR measured 427 

from the samples incubated with the hydrocarbon mixture, and red circles show SRR 428 

measured from the samples incubated with methane. Black circles show SRR measured 429 

from the samples incubated without any substrate addition (Nagakura et al., 2022). Solid 430 

circles indicate SRR > MQL and open circles indicate SRR < MQL. Gray bars indicate the 431 

depth of the respective SMTZ (ca. 40 mbsf and ca. 110 mbsf). A few data points are missing 432 

due to the loss of vials during incubation. Due to the lack of sediment, these experiments 433 

could not be repeated. All incubations were carried out at in-situ temperature and pressure. 434 

 435 

Detection of hydrocarbon and inorganic nitrogen uptake with NanoSIMS 436 

We compared hydrocarbon uptake in the incubated samples with those from the KCs to 437 

determine if the uptake is statistically significant (Figure 3). The vast majority of the ROI 438 

indicates no uptake of carbon compounds (Figure 3A and B). However, a few ROI indicate 439 

low levels of benzene uptake (Figure 3A) and visible uptake of carbon from methane (Figure 440 

3B). 441 

Nitrogen from ammonium chloride was assimilated in almost all samples, especially in Core 442 

1 and Core 6 from Site U1546D in incubations with methane (Figure 3C and D). The highest 443 

isotope abundance ratio of Core 1 from Site U1546D incubated with methane reaches more 444 

than 8%. The median isotope abundance ratio of ROI of Core 6 from Site U1546D incubated 445 

with methane shows about 4%. 446 

The uptake of hexadecane was observed by deuterium incorporation (Figure 3E). The 447 

isotope abundance ratio of Site U1545C apparently decreases with depth and hence 448 

temperature, though only comparatively few ROI are above the statistically significant value. 449 

Overall, the results show the uptake of hydrocarbons (benzene, hexadecane, and methane) 450 

and inorganic nitrogen (ammonium chloride). 451 
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 452 

Figure 3: Isotope abundance ratios of each sample. A and B: Carbon uptake from benzene 453 

(A) and methane (B). C and D: Nitrogen uptake from ammonium chloride. E: Deuterium 454 

uptake from hexadecane. A, C, and E: Samples incubated with benzene and hexadecane. B 455 

and D: Samples incubated with methane. KCs were incubated with 15N-ammonium chloride 456 

plus either with benzene and hexadecane (A, C, E) or with methane (B, D). Black solid lines 457 

represent the natural incorporation ratios of each isotope (Carbon = 1.06%, Nitrogen = 458 

0.4%, and Hydrogen = 0.0115%, respectively). Black dashed lines represent the statistical 459 

threshold values of the uptake of respective isotopes (A, C, E: Carbon = 1.58%, Nitrogen = 460 

0.58%, and Hydrogen = 0.0255%, respectively; B, D: Carbon = 1.54%, and Nitrogen = 0.57%, 461 

respectively). See the method section for more details. A few data are missing due to the 462 
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breaking of vials during incubation and the lack of additional sediment to repeat the 463 

experiments. Note the different ranges of isotope abundance ratios of each element on the 464 

y-axes. 465 

 466 

Since 13C/(12C+13C) and 12C15N/(12C14N+12C15N) were measured separately from 2H/(1H+2H), 467 

we tried to match the ROI to those based on the carbon, nitrogen, and hydrogen isotope 468 

images as much as possible. Based on the position of cells in each isotope image, the cells 469 

were manually matched to each other and summarized in the 3D plot (Figure 4). The figure 470 

summarizes only the results from the samples incubated with benzene and hexadecane as 471 

the samples incubated with methane were not incubated with a 2H-labeled substance. 472 

Our results indicate that there is no simultaneous uptake of different isotope-labeled 473 

compounds. Benzene uptake is less than hexadecane and ammonium chloride uptake, and 474 

the samples from near the seafloor tend to have higher incorporation ratios than those 475 

from deeper cores (Figure 3 and 4). There are two remarkable signals from Site U1545C 476 

Core 1 (Figure 4A). One shows a high nitrogen isotope abundance ratio (≈ 2.67%) and 477 

another shows a high hydrogen isotope abundance ratio (≈ 0.0420%). 478 

 479 

 480 

Figure 4: 3D plots of isotope abundance ratios for carbon (benzene), nitrogen (ammonium 481 

chloride), and hydrogen (hexadecane) uptake. A: Site U1545C and B: Site U1546D. Red 482 

dashed lines represent the thresholds for each element (C = 1.58%, N = 0.584%, and H = 483 

0.0255%), above which incorporation becomes statistically significant corresponding to 484 

Figure 3. 485 

 486 

Discussion 487 

Relation between the assimilation of organic/inorganic matter and dissimilatory sulfate 488 

reduction 489 
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Hexadecane was taken up more than benzene and the uptake tends to decrease with depth 490 

(Figure 3A and E). This may be because of the different biodegradability between these two 491 

compounds. Hexadecane is a linear and non-branched aliphatic hydrocarbon and can be 492 

degraded more easily by microorganisms than benzene (Edgcomb et al., 2022), which is a 493 

more stable and recalcitrant aromatic hydrocarbon. 494 

In samples from Site U1546D Core 1 and 6, nitrogen (from ammonium chloride) and 495 

methane were assimilated (Figure 3D), but SRR did not increase with the addition of 496 

methane (Figure 2B). We interpret this observation as sulfate-reducing microorganisms 497 

being active but they did not use methane because of the abundance of more favorable 498 

organic compounds produced by pyrolysis, which was triggered by the sill (Teske et al., 499 

2014), even though the heating from the sill at Site U1546D has already ceased (Teske et al., 500 

2021a; Nagakura et al., 2022). Other electron acceptors such as NO3
-, Mn(IV), or Fe(III) can 501 

contribute to the assimilation, but these electron acceptors are depleted and hence not 502 

available (LIMS Reports: https://web.iodp.tamu.edu/LORE/). Compared to hydrocarbons 503 

(benzene and hexadecane), ammonium chloride uptake was higher in these cores, 504 

suggesting nitrogen is limited in these deep subsurface sediments or inorganic nitrogen is 505 

taken up faster than hydrocarbons. This result concurs with Trembath-Reichart et al. (2017) 506 

in which 15N-ammonium and 15N-methylamine were incorporated although 13C-methanol 507 

and 13C-methylamine uptake was not observed, and Morono et al. (2020) in which nitrogen 508 

incorporation was much more observed in first 21 days and thereafter (day 68 and 557). 509 

However, the nitrogen uptake was less in the sample Core 6 at Site U1546D when the 510 

sediment was incubated with a mixture of hydrocarbons (benzene and hexadecane) (Figure 511 

3C), as compared to the same sample incubated with methane (Figure 3D). This might be 512 

either methane stimulated nitrogen uptakers or benzene/hexadecane suppressed nitrogen 513 

uptakers. Although this is still elusive, nitrogen uptake by microorganisms in deep 514 

subsurface sediments is well-documented (Morono et al., 2011; Trembath-Reichart et al., 515 

2017; Morono et al., 2020). According to the works by Kellermann et al. (2012), inorganic 516 

carbon (bicarbonate) is taken up preferentially over methane, but methane is used as an 517 

energy source. 518 

The studies of Trembath-Reichart et al. (2017) and Morono et al. (2020), in which 519 

microorganisms recovered from deep subsurface sediments were incubated for much 520 

longer, i.e., months to several years, showed significant microbial uptake of 2H-, 13C-, 15N-521 

labeled substrates. Morono et al., (2020) demonstrated also uptake of carbon in 21 days but 522 

the substrates were more favorable (e.g., acetate and pyruvate; volatile fatty acids) and 523 

incubations were carried out with aerobic organisms, having thermodynamically more 524 

efficient metabolisms. Although our samples were incubated for only 42 days, which was 525 

relatively short, and the added carbon sources were hydrocarbons, uptake of hydrocarbons 526 

was successfully observed. To observe a higher degree of assimilation, a longer incubation 527 

time would be needed. 528 

 529 

Anaerobic degradation of hydrocarbons and sulfate-reducing microorganisms 530 

https://web.iodp.tamu.edu/LORE/
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It has been already known for decades that sulfate-reducing microorganisms can degrade 531 

both aliphatic and aromatic hydrocarbons under anaerobic conditions (e.g. Rueter et al., 532 

1994, Meckenstock and Mouttaki (2011) and references therein). Despite their stability, 533 

sulfate-reducing microorganisms can degrade the aromatic hydrocarbons used in this study: 534 

benzene (Edwards and Grbić-Galić, 1992; Lovley et al., 1995; Anderson and Lovley, 2000), 535 

naphthalene (Zhang and Young, 1999; Meckenstock et al., 2000; Musat et al., 2009), 536 

phenanthrene (Zhang and Young, 1999; Ramsay et al., 2003; Davidova et al., 2007; Tsai et 537 

al., 2009), and anthracene (Ramsay et al., 2003). Therefore, we assume that the increase in 538 

SRR was induced by one or several of the added aliphatic/aromatic hydrocarbons. With the 539 

exception of methane, all hydrocarbons were added simultaneously, so it is not possible to 540 

identify which one was used for dissimilatory sulfate reduction. 541 

Because microbial sulfate reduction is a catabolic process and more exergonic than 542 

hydrocarbon uptake, which is an anabolic process, it can be measured in a shorter time. 543 

Some anabolic processes of microorganisms including ammonia oxidizers, methanotrophs, 544 

sulfate oxidizers, and sulfate reducers are assumed even endergonic, although it depends on 545 

the conditions (Allen et al., 2023). Trembath-Reichart et al. (2017), for example, carried out 546 

anabolic process experiments using anoxic sediments from off Shimokita peninsula, Japan 547 

and incubated those samples for 2.5 years to reach a detectable signal of incorporation, 548 

while our SRR data was measurable after incubation for 10 days. The samples from Site 549 

U1546D showed a less positive response to the hydrocarbon addition in terms of SRR, as 550 

compared to the samples from Site U1545C (Figure 2). This may be because the sulfate-551 

reducing microorganisms at Site U1546D did not metabolize as much added hydrocarbons 552 

as the sulfate-reducing microorganisms at Site U1545C, although cell abundances between 553 

these two sites are similar (~109 cells cm-3 near the seafloor to ca. 106 cells cm-3 around 175 554 

mbsf) (Teske et al., 2021b; Teske et al., 2021c). One possible explanation for these findings 555 

might be related to the sill emplaced at Site U1546D. Upon heating, macromolecular 556 

sedimentary organic carbon will be pyrolyzed and converted into bioavailable organic 557 

substrates (Horsfield et al., 2006), so the input of heat into the sediment by the 558 

emplacement of the sills (Teske et al., 2014), might have increased the availability of the 559 

microbial substrates. Given the overall low microbial activity in these sediments, especially 560 

at greater depths, and the heat sterilization of the sediment around the intruded sill as well 561 

as the subsequent recolonization of the sediment, the microbial substrates that were 562 

produced by thermal cracking might be still available in the sediment, even though the heat 563 

effect of the sill at Site U1546D has already ceased. The extent of the thermal aureole and 564 

hence the sterilized zone is still unknown. However, it is estimated that 3.3 Mt of carbon 565 

were released by this sill intrusion (Lizarralde et al., 2023). If those thermogenically 566 

produced bioavailable carbon sources still existed in the sediment, providing a reservoir of 567 

readily bioavailable substrates and thus the hydrocarbons added in this experiment were 568 

not utilized and did not increase SRR. Given the lack of thermogenically produced substrates 569 

at Site U1545C, the microorganisms metabolized the added hydrocarbons instead. Edgcomb 570 

et al. (2022) argue that linear aliphatic hydrocarbons, such as decane and hexadecane are 571 

easier to degrade than recalcitrant polycyclic ones (naphthalene, anthracene, and 572 

phenanthrene). Combining this argument with our SRR data (Figure 2A) and with the 573 
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anabolic data (Figure 3A and E) from our NanoSIMS analyses, we argue that microorganisms 574 

can utilize hydrocarbons catabolically and anabolically but use them preferentially for 575 

catabolism. 576 

 577 

Summary 578 

Microbial catabolic and anabolic utilization of various hydrocarbons in hydrothermally 579 

influenced subsurface sediments of Guaymas Basin were analyzed using radioisotope- and 580 

stable-isotope-labeled compounds. Radioisotope experiments showed an increase in SRR in 581 

samples from near the seafloor at Site U1545C upon the addition of hydrocarbons, whereas 582 

SRR did not increase in most samples from Site U1546D. This may infer that at Site U1546D 583 

more favorable carbon compounds that were produced when the sill had been active, are 584 

still available. NanoSIMS analysis revealed the uptake of carbon from benzene and methane 585 

and hydrogen from hexadecane by microorganisms in a relatively short incubation time of 586 

42 days. Nitrogen uptake from ammonium chloride was recorded especially from Core 1 and 587 

6 at Site U1546D, incubated together with methane, indicating the presence of active 588 

hydrocarbon-metabolizing processes. To sum up, microorganisms in Guaymas Basin have 589 

the potential to utilize hydrocarbons buried in Guaymas Basin for both anabolism and 590 

catabolism. 591 
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