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Fig. S4. Cell morphology of strain ISCAR-7401T observed using scanning electron microscope 

Supra25 Gemini FE-SEM (ZEISS) at electron high tension voltage of 20 kV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S5. Growth rates of the strain ISCAR-7401T function of the temperature.  
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Fig. S6. Growth rates of strain ISCAR-7401T function of pH. 
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Fig. S7. Growth rates of strain ISCAR-7401T function of salinity. 
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Fig. S8. Polar lipid profiles of strain ISCAR-7401T. Lipid identification legends: DPG, 

diphosphatidylglycerol; PE, phosphatidylethanolamine; AL, unidentified aminolipid; APL, 

unidentified aminophospholipid; GL,  unidentified glycolipid; PL, unidentified phospholipid. 

1, first dimension of TLC; 2, second dimension of TLC. 

 

 

 

 

 

 

 

 

 



 

 

Fig. S9. Fatty acids analyses of Rhodothermus bifroesti strain ISCAR-7401T. 

 

 



 

 

Fig. S10. Fatty acids analyses of Rhodothermus marinus DSM 4252T. 

 

 

 

 

 

 

 

 

 



 

 

Fig. S11. Fatty acids analyses of Rhodothermus profundi strain PRI 2902T. 

 

 

 

 

 

 

 

 

 

 



Supplementary Tables. 

Table S1. Media 166, modified from Hjorleifsdottir et al., 2001 (9) (without proline). Grunnur 

base from  medium 162 from Degryse et al., 1978 (10). 

For 1L of liquid media:  

NaCl 10 g 

K2HPO4 0.3 g 

Yeast extract 1 g 

Peptone 1 g 

Tryptone 1 g 

Glucose 0.5 g 

Amidon (starch) 0.5 g 

Na-pyruvate 0.6 g 

Na2CO3 0.18 g 

Base "Grunnur" 100 mL 

Hot tap water 900 mL 

pH adjusted to 7-7.5 
 

  

Grunnur (for 1L):  
 

Titriplex I (nitrilotriacetic 

acid) 

1.32 g 

CaSO4 x 2H2O 0.4 g 

MgCl2 x 6H2O  2.0 g 

Trace elements (Wolfe´s 

mineral solution)  

5 ml 

Ironcitrate 5 ml 

H2O 1000 ml 

pH adjusted to 7.2 
 

  

Ironcitrate (for 1L): 
 

Na3citrate x 2H2O 2.94 g 

FeCl3 x 6H2O 2.7 g 

 

Table S2. Annotated genes from genome of strain ISCAR-7401T (see Excel file). 



Table S3. Characteristics that differentiate the characterized strains of Rhodothermus bifroesti. 

1, Rhodothermus bifroesti sp. nov. strain ISCAR-7401T; 2, Strains ISCAR-7397; 3, Strains 

ISCAR-7399; 4, Strains ISCAR-7403. Data were obtained in the present study. All strains are 

aerobic, stain Gram-negative, produce pinkish, translucent colonies, grew optimally at 70°C, 

and are oxidase- and catalase-negative. All strains could grow without NaCl (w/v) and showed 

growth on D-galactose, glucose, D-lactose, D-mannose, D-raffinose, D-rhamnose, D-sucrose, 

pyruvate, L-asparagine, L-aspartate, and L-glutamine. None exhibited growth on D-fructose, 

acetate, citrate, L-malic acid, L-alanine, L-arginine, L-proline, L-serine, L-threonine, and L-

valine. All the strains were resistant to rifampicin, kanamycin, and streptomycin and were 

sensitive to gentamicin. W, weak growth. 

 

 

1 2 3 4 

Growth at 6% NaCl 

(w/v) 

- - - w 

Growth at pH 9.5 w + + + 

Utilization of D-maltose, 

L-glutamate  

+ + + - 

Utilization of L-

asparagine, L-glutamine 

+ + w w 

16S rRNA gene 

similarity (%) with 

strain ISCAR-7401T 

100 100 99.76 99.68 
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Abstract 

Surtsey, the youngest of the Vestmannaeyjar islands, is an oceanic volcano formed by 

explosive basaltic eruptions off Iceland's southern coast between 1963 and 1967. The 

International Continental Scientific Drilling Program (ICDP) SUSTAIN Expedition 5059 

conducted three cored boreholes through the volcano's active hydrothermal-seawater system 

in the summer of 2017. Through previous molecular analyses and cultivation investigations, 

these cores revealed the first sight of the subsurface microbial diversity of the very young 

basaltic island associated with the newly formed oceanic crust. In this study, we evaluated 

the presence and distribution of cells as a function of the depth, the presence of putative 

microbial structures attached to the basaltic tuff and their organization at the micro-scale 

toward the substrate by using microscopic methods. This included epifluorescence, confocal 

laser scanning microscopy and scanning electron microscopy. We encountered many 

challenges due to the very low biomass present in the drill core samples and the presence of 

minerals. However, the results suggested that the number of cells was ranging from 5×104 

and 1.36×106 cells per gram of rock, and the sample located at 65 m depth (a few meters 

below the coastal sea level) showed the highest number of cells. Furthermore, putative biotic 

structures attached to basaltic tuff were detected inside the numerous interconnected vesicles 

present in the basaltic glass. This suggests that early microbial colonization of the subaerial 

and submarine deposits already occurred barely 50 years after the eruptions terminated in a 

geothermal system with temperatures approaching the presumed thermal limit for functional 

life on Earth (~121°C). 

Introduction 

The subsurface represents the largest habitable region on Earth, possibly sheltering more 

than 70% of all prokaryotic cells (Edwards et al., 2012a; Bar-On et al., 2018; Magnabosco 

et al., 2019). The limits of life in the subsurface mostly depend on the temperature, redox 

conditions and the availability of water (Baquiran et al., 2016; Ramírez et al., 2019). The 

rock porosity can also influence the distribution of microbial communities in such an 

environment, in terms of available space and permeability, which control the movement of 

cells and chemicals within the rock. For instance, sub-seafloor sediments are vertically 

stratified and therefore present very low porosity and permeability. On the contrary, basaltic 



rocks that compose the oceanic crust are much more heterogeneous. Given its size and the 

difficulties to access it, the subsurface biosphere still remains largely unexplored (Edwards 

et al., 2012b). Its characterization requires linking data from different fields of research such 

as geochemistry, mineralogy and microbiology. Different methods are used to study the 

subsurface biosphere including culture-depend and -independent methods and microscopic 

investigations.  

Here, we take advantage of the drill core samples from 50 years old basalt that were collected 

in 2017 during the ICDP drilling operation on the Surtsey island to study microbe-basalt 

interactions through microscopic investigations (Jackson et al., 2019b; Bergsten et al., 

2021). Surtsey is an underwater volcano that reached the surface and created an island in the 

south of Iceland after 3.5 years of basaltic eruptions that ended in 1979 (Jakobsson and 

Moore, 1982). Today, the still-active seawater-hydrothermal system reaches a temperature 

near 120°C at 100 m below surface (m b. s.), a maximal temperature very close to the known 

upper limit for functional microbial life (Takai et al., 2008). The geological composition and 

volcanic structures of the island were studied over the years. After the drilling of SE-01 in 

1979, the petrology of lithified tephra was described as mostly composed of tuff, and lava 

of alkali olivine basalt (Jakobsson and Moore, 1982, 1986). In 2019, the geological 

composition of the new drill cores, SE-02A, B and SE-03, revealed that since 1979 the 

alteration of glass, plagioclase, and olivine has produced additional smectite, clay minerals, 

principally nontronite, and authigenic zeolite and Al-tobermorite (Jackson et al., 2019a; b; 

Weisenberger et al., 2019; Prause et al., 2020). Overall, the subsurface of Surtsey island can 

be geologically divided into three sections of lapilli tuff with different degrees of alteration: 

(i) the glassy lapilli tuff above the coastal sea level (~60 m measured depth), (ii) the more 

altered submarine lapilli tuff at the hydrothermal temperature maxima (65–138 m measured 

depth) and (iii) the less altered lapilli tuff at the base of the SE-02B borehole (148–180 m 

measured depth). Recent studies of the 1979 and 2017 drill core samples showed abundant 

microtubule structures in the basaltic glass that look like endolithic microborings (Jackson 

et al., 2019a; Jackson, 2020). The observation of these structures in the drill core samples 

retrieved from the subsurface of Surtsey could indicate biotic alteration of the basalt 

(microbial microboring into the glass), as has previously been observed in other basalt 

samples (Fisk et al., 2003; Staudigel et al., 2008; Walton, 2008; Mcloughlin et al., 2010).  

The work focuses on the following questions: (i) can we estimate the cell abundance in the 

drill core samples as a function of the depth? (ii) can we detect cells and microbial structures 

such as biofilms and remnants of microbial activity? and (iii) if so, how organized are the 

cells toward the microstructures of the subtract (e.g. cavities, vesicles, tubules, cracks, etc.) 

and the minerals? To approach these questions, we used microscopic methods such as 

epifluorescence, Confocal Laser Scanning Microscopy (CLSM) and Scanning Electron 

Microscopy (SEM) on the drill core samples from the subsurface of the Surtsey volcano. 

Material and Methods 

Study site and samples collection 

Located on the extension of the Icelandic rift zone, Surtsey island (63°18'10.8"N; 

20°36'16.9"W) is a volcano that was formed after almost 4 years of underwater and basaltic 

eruptions from 1963 to 1969 (Thorarinsson and Þórarinsson, 1965; Jakobsson and Moore, 

1982; Baldursson, S. & Ingadóttir, 2007; Jakobsson et al., 2009). During the ICDP drilling 

operation on Surtsey island in 2017 (Jackson et al., 2019b; Weisenberger et al., 2019), drill 



   

cores were collected and stored at 4°C under anaerobic conditions by applying GasPak™ 

(BD, USA) (Bergsten et al., 2021). This study focuses on twenty-one drill core samples 

extracted at different depths from the subsurface of Surtsey island (Table 1). In the 

laboratory, the samples were broken in an anaerobic chamber (atmosphere: N2/CO2/H2: 

80/10/10, Coy Laboratory Inc., USA) and only interior pieces of the drill cores were selected 

for microscopic investigations. Fragments with a diameter less than 5 cm were transferred 

to sterile 15 ml Falcon® tubes, sealed and put back in new GasPaks™. The subsamples were 

transported at 4°C to the institute of IPGP in Paris, where the analyses took place. 

Table 1. Sample ID, borehole ID, core run number, depth, recovery of the full section of the 

core run and temperature. 

Well 
Core 

run no.  

Depth (m) 
Recovery (m) Temperature (°C) ICDP labelling system 

From To 

SE-02-

A 

3 14.32 17.37 3.05 18.00 5059-1B-3Z-2,20-29 

6 23.47 26.52 3.05 22.00 5059-1B-6Z-3,21-30 

9 31.10 32.62 1.52 30.00 5059-1B-9Z-2,22-28 

12 38.72 41.77 3.05 40.00 5059-1B-12Z-2,25-30 

15 47.87 50.92 3.05 65.00 5059-1B-15Z-22-30 

18 57.02 60.07 3.05 85.00 5059-1B-18Z-3,24-30 

21 64.32 66.17 1.85 102.00 5059-1B-21Z-2,24-30 

24 69.22 71.62 2.40 110.00 5059-1B-24Z-3,22-30 

27 75.32 78.37 3.05 115.00 5059-1B-27Z-3,24-30 

30 84.47 87.52 3.05 120.00 5059-1B-30Z-3,24-30 

33 93.62 96.67 3.05 122.00 5059-1B-33Z-4,22-30 

36 102.77 105.82 3.05 122.00 5059-1B-36Z-3,24-30 

39 111.92 114.92 3.00 122.00 5059-1B-39Z-3,24-32 

42 121.07 124.12 3.05 111.00 5059-1B-42Z-3,22-30 

45 130.22 133.27 3.05 106.00 5059-1B-45Z-3,23-30 

49 139.37 142.32 2.95 85.50 5059-1B-49Z-4,22-30 

SE-02-

B 

52 145.89 148.94 3.05 74.00 5059-1C-52Z-3, 0-9 

55 155.04 158.09 3.05 66.80 5059-1C-55Z-3, 22-30 

59 164.19 167.24 3.05 55.00 5059-1C-59Z-3, 15-22 

62 173.34 176.14 2.80 44.00 5059-1C-62Z-3, 11-19 

65 179.44 182.49 3.05 NA 5059-1C-65Z-2,0-9 

Sample fixation 

All material used during the experiments was cleaned using 70% ethanol (EtOH) and UV 

sterilized for 40 min. Using sterile tweezers, fragments of rock samples were transferred to 

5 ml Eppendorf® tubes. Samples were fixed in 50% EtOH prepared with 1X Phosphate-

Buffered Saline (PBS) (v/v) at -20°C for 24h. 



Cell counting using epifluorescence microscopy 

Small EtOH-fixed fragments were collected for each sampling depth from the drill core 

samples. The samples were crushed and stained with fluorescent dyes at a final concentration 

of 10 µM for 10 min. Both SytoTM 9 green fluorescent nucleic acid dye (SYTO9; Thermo 

Fisher Scientific, USA, # S34854) and 4′,6-diamidino-2-phenylindole (DAPI; Thermo 

Fisher Scientific, USA, # D1306) were tested. Citifluor was used as antifading (Citifluor 

Ltd., UK). Each slide was visualized under an epifluorescence microscope (Axiostar plus, 

Zeiss, Germany; magnification 1000× with 100× objective; λEx = 359 nm, λEm = 441 nm). 

Counting cells using epifluorescence microscopy was performed by selecting 15 random 

fields of view on a glass slide to calculate the arithmetic mean which was then used to 

estimate the total microbial abundance of a sample. However, too few cells were observed 

for the results to be meaningful.  

Estimation of the number of cells based on DNA concentration  

The number of cells was estimated based on the DNA concentration results from Bergsten 

et al., 2021. In the last study, DNA was extracted from 15 g of rocks for each depth, 

resuspended in 50 µl of Tris buffer (10 mM, pH 8) and quantified using the Qubit 

fluorometer and high-sensitivity dsDNA reagents (Invitrogen™). 

The concentration of DNA per gram of rock was estimated for each depth using the 

following equation:  

[
𝑛𝑔 𝑜𝑓 𝐷𝑁𝐴

1 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑟𝑜𝑐𝑘𝑠
] =

DNA concentration (
ng
µl

) × Volume of resuspension (µl)

Mass of rocks extracted (g)
 

Then, the cell number per gram of rock was estimated based on the DNA concentration. If 

it is considered that one prokaryotic cell contains 1 to 4 fg of DNA (Sessions and Hodgkin, 

2013), then, it is possible to estimate the number of microbial cells potentially present in 1 

gram of rock. To do so, the following equation was used: 

[
𝐶𝑒𝑙𝑙𝑠

1 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑟𝑜𝑐𝑘𝑠
] =

DNA concentration (
ng
g ) × 10 − 9

DNA quantity estimated in one cell (fg)  × 10 − 15
 

Confocal laser scanning microscopy (CLSM) 

Several EtOH-fixed samples were selected for CLSM: (i) 5059-1B-9Z-2,22-28, labeled 

B9Z-Cu, which was extracted from SE-02A at 31,5 m depth corresponding to a temperature 

of 30°C, (ii) 5059-1B-49Z-4,22-30, labeled B49Z-Cu, which was extracted from SE-02A at 

141 m depth where the temperature rises to 85°C and (iii) 5059-1C-65Z-2,0-9, labeled C65Z-

Cu, extracted from SE-02B at 181 m depth where the temperature was around 37°C. The 

samples were selected to represent the three different sections of the drill core: the first 

sample corresponding to the glassy lapilli tuff section above the sea level, the second for the 

more altered submarine lapilli tuff section at the hydrothermal temperature maxima and the 

third representing the less altered lapilli tuff section at the base of the borehole.  

Fragments of EtOH-fixed samples were transferred to a sterile mortar and crushed with a 

pestle to obtain a thin powder. The powder was transferred to a 1.5 ml Eppendorf® tube and 



   

1 ml of a solution of fresh 50% EtOH was added. Samples were stained with 10 µM of 

SYTO9 for 10 min in ice and washed with 1 ml of PBS. DAPI was also tested. After removal 

of the supernatant, 100 µl of PBS were added, as well as a freshly prepared solution of 0.5% 

melted (37°C) agarose. After gentle homogenization, the solution was transferred to a glass 

slide with a well and put on ice for 5 min for agarose solidification. Antifading was added. 

Controls without staining were systematically performed for each sample. No fluorescence 

was observed in the SYTO9 fluorescence emission range for unstained samples. The 

aforementioned method was adjusted after several cell visualization attempts using CLSM. 

One strategy consisted of loading more powder material on the slide to concentrate the 

sample and the other used very small and friable fragments of drill core samples instead of 

powder. After staining, washing and addition of the agarose, the fragment was crushed in 

order to fit in the slide well.  

CLSM images were obtained with excitation at 405 and 488 nm and fluorescence detection 

in the ranges of 425-475 and 500-530 nm using an Olympus FluoView FV1000 microscope 

(Tokyo, Japan) located at IPGP (Paris, France). The F10-ASW FluoView software 

(Olympus) was used to process the CLSM images.  

Scanning Electron Microscopy (SEM) 

Six drill core samples were selected for SEM, two samples for each of the three different 

sections of the drill core: 5059-1B-3Z-2, 20-29 and 5059-1B-9Z-2, 22-28 represent the 

glassy lapilli tuff section above the sea level, 5059-1B-21Z-2, 24-30 and 5059-1B-49Z-4, 

22-30 for the more altered submarine lapilli tuff section at the hydrothermal temperature 

maxima, and 5059-1C-55Z-3, 22-30 and 5059-1C-65Z-2, 0-9, which correspond to the less 

altered lapilli tuff section at the base of the borehole.  

Non-fixed samples stored at 4°C were delicately crushed in sterile mortar to obtain small 

grains of rocks (< 0.5 mm diameter) and dehydrated before SEM observations. To do so, 

four washes of 10 min in increasing concentrations of EtOH (30, 50, 80, and 100%) were 

performed. After air drying, samples were placed on carbon conductive tabs (PELCO 

Tabs™, 9mm) and were gold-coated. SEM was carried out using a Zeiss AURIGA 40 field-

emission scanning electron microscope (Oberkochen, Germany), which is coupled with an 

Energy Dispersive X-ray analyzer (EDX) located at IPG. Images were acquired using 

secondary electron detectors (In-Lens for low current and SESI detector for high and low 

current) or with a backscattered electron detector detector (EsB) with accelerating voltage 

(EHT) ranging from 5 to 15 kV. Elemental analysis was carried out using an energy 

dispersive X-ray spectrometer Quantax 200 (125 eV resolution) from Bruker (Billerica, MA, 

USA). 

Results and discussion 

Estimation of the number of cells using microscopy 

One of the main objectives of the study was to estimate the number of cells present in the 

drill core samples at each depth. However, the distinction between cells and minerals was 

difficult under the epifluorescence microscope and too few putative cells were detected in 

each sample for the cell estimation results to be meaningful. Indeed, counting cells from 

mineralized samples that host low biomass is challenging. The low cell abundance increases 

the probability that the cell count falls below the minimum detection limit (MDL), as they 



must be statistically meaningful. If the cell count falls below the MDL, the data cannot be 

used for the global estimate, even though cells are present in the sample (Adhikari et al., 

2016). In addition, our method attempted to directly count cells from the rock powder. The 

separation of cells from the mineral matrix could have been helpful however for manual 

microscopic cell counting without interference with the minerals. The good recognition of 

cells using fluorescent dye surely depends on the absence of non-biological background 

signals and noise, which was present in the samples due to the unspecific binding of the dye 

to some minerals. Consequently, all these issues made the counting unreliable and it was not 

possible to estimate the number of cells present in the Surtsey drill core samples using this 

method. Some techniques were established such as crushing rocks into powder followed by 

gentle centrifugation (Lunau et al., 2005), or cell extraction by layer density separation 

followed by filtration (Kallmeyer et al., 2008). However, the cell separation could be 

incomplete, as cells can be strongly attached to the minerals (e.g. stuck between two layers 

of clay mineral), and this would greatly bias the results. 

Cell numbers estimation based on DNA concentration  

Another approach based on the DNA concentration results obtained for each sampling depth 

was applied to estimate the number of cells in the samples. The Surtsey subsurface drill core 

samples displayed recovery with low yields of quantifiable DNA in the range of 0.2–1.36 

ng/g rocks (0.48 ng/g rocks on average), indicating extremely low standing biomass (Table 

2) (Bergsten et al., 2021). Based on these results, we estimated the number of cells per 

sample. All sampling depths showed an estimated cell number comprised of between 5×104 

and 1.36×106 cells per gram of rock (Table 2). The sample 5059-1C-22Z-3, 0-10 showed a 

higher cell number estimated between 3.40×105 and 1.36×106.  Overall, these results 

revealed that the Surtsey subsurface biosphere is an ecosystem that can be considered a low 

biomass habitat. Those results correlate with previous studies from analogous but far older 

basaltic environments, ranging from a few thousand years to 64 Ma (Fisk et al., 2003; Mason 

et al., 2010; Jungbluth et al., 2013; Salas et al., 2015; Jørgensen and Zhao, 2016; Meyer et 

al., 2016; Zhang et al., 2016).  

Table 2. Estimation of the number of cells per gram of rock based on DNA yield. 

ICDP labelling system 

DNA 

concentration 

- Qubit (ds 

DNA HS) 

µg/ml 

ng of DNA 

Ng of 

DNAgram 

of rock 

cells/gram if 

4 fg of DNA 

in one cell  

cells/gram if 

1 fg of DNA 

in one cell  

5059-1C-4Z-4, 0-10 0.172 8.6 0.573 1.43×105 5.73×105 

5059-1C-9Z-3, 0-11 0.143 7.15 0.477 1.19×105 4.77×105 

5059-1C-13Z-3, 0-9 0.16 8 0.533 1.33×105 5.33×105 

5059-1C-17Z-3, 0-10 0.105 5.25 0.350 8.75×104 3.50×105 

5059-1C-22Z-3, 0-10 0.408 20.4 1.360 3.40×105 1.36×106 

5059-1C-27Z-3, 0-10 0.11 5.5 0.367 9.17×104 3.67×105 

5059-1C-33Z-3, 0-13 0.089 4.45 0.297 7.42×104 2.97×105 

5059-1C-36Z-3, 0-10 0.157 7.85 0.523 1.31×105 5.23×105 

5059-1C-39Z-3, 10-20 0.149 7.45 0.497 1.24×105 4.97×105 



   

5059-1C-42Z-3, 10-21 0.17 8.5 0.567 1.42×105 5.67×105 

5059-1C-45Z-1, 81-91 0.15 7.5 0.500 1.25×105 5.00×105 

5059-1C-49Z-4, 9-19 0.109 5.45 0.363 9.08×104 3.63×105 

5059-1C-52Z-3, 10-20 0.104 5.2 0.347 8.67×104 3.47×105 

5059-1C-55Z-3, 10-20 0.06 3 0.200 5.00×104 2.00×105 

5059-1C-59Z-3, 22-33 0.095 4.75 0.317 7.92×104 3.17×105 

5059-1C-62Z-3, 19-28 0.129 6.45 0.430 1.08×105 4.30×105 

5059-1C-65Z-2,9-14 0.13 6.5 0.433 1.08×105 4.33×105 

Control water Too low  N.A. N.A. N.A. N.A. 

Control rock Too low  N.A. N.A. N.A. N.A. 

N.A., Not Applicable.  

Nonetheless, the DNA concentration obtained after extraction from 15 g of drill core does 

not represent the cell number of the environment. DNA from dead cells can be transported 

by fluid inflows (e.g., rain water, seawater, drilling fluid) within the subsurface, which could 

bias the estimation, as well as the uncertainty that all cells present in the samples were 

properly lysed during the extraction method (e.g. mineralized cells, cells difficult to access 

in the minerals, etc.). This method is used only to give an estimation of the cell number and 

compare it between the samples. Other methods such as qPCR could have provided a better 

estimation of the cell numbers.  

Confocal laser scanning microscopy (CLSM) 

In the study, we applied CLSM to investigate the cell distribution and the possible presence 

of biofilms in the drill core samples. Unfortunately, the presence of minerals complicates the 

use of fluorescence techniques. As with any other substrate, dyes can bind to minerals in 

non-specific ways. The binding to the inorganic surface results in false-positive signals, 

making the detection of the cells difficult. Moreover, the fluorescence of the minerals can 

also prevent the detection of true signals (Escudero et al., 2018). Thus, the interpretation of 

the CLSM images should be carefully examined and evaluated. 



 

Figure 1. Confocal microscopy images from Surtsey drill cores. a) 5059-1B-9Z-2, 22-28, b) 

5059-1B-21Z-2, 24-30, c) 5059-1C-55Z-3, 22-30 and d) 5059-1C-65Z-2,0-9. Blue: natural 

fluorescence of the minerals, green: SYTO9 staining. White arrows: possible cells. Red 

arrow: unspecific binding of the dye to the inorganic surface.  



   

The first attempts to take CLSM images showed that the samples were not concentrated 

enough.  Adjustments were performed to visualize signals and possible cells (Figure 1). 

Some minerals auto-fluoresce in blue. The SYTO9 signal, in some places, was visible on the 

edge of the minerals, indicating a false signal due to unspecific binding (Figure 1b, red 

arrows). Moreover, some forms of clay minerals, such as zeolite minerals, are known to bind 

with fluorescent dyes (Bonilla et al., 2001). Furthermore, their shape and size can be 

confused with cells. The zeolite crystal has a spherical form and a size between 1 and 3 μm 

(Demirci et al., 2014). However, the signals that most resembled microbial cells were around 

1 µm in size and with a spherical shape (Figure 1, white arrows) and no biofilm was 

observed. The sample 5059-1B-21Z-2, 24-30 showed some fluorescent dots that appeared 

to be organized on the inside wall of the vesicles (Figure 1b, white arrows).  

Confocal fluorescence microscopy techniques make it possible to study subsurface 

ecosystems at the micro-niche level, allowing the detection of microorganisms and 

extracellular polymeric substances (EPS), as well as the distribution of existing biofilms 

(Lecoeuvre et al., 2021). Because of challenges such as unspecific binding and mineral 

fluorescence, it is essential to combine CLSM with other techniques such as SEM. 

Scanning Electron Microscopy (SEM) 

Fifty-five images of five drill core samples were taken using SEM. Unfortunately, no images 

were obtained from the sample 5059-1B-3Z-2,20-29. Only three images were obtained of 

the sample 5059-1B-49Z-4,22-30, which presented no signs of putative biotic structures. 

The following results are based on observations only and are not quantified by statistical 

methods. All lapilli tuff samples were porous with high water absorption (Jackson et al., 

2019b). All samples showed vesicles with spherical shapes, 10–80 μm in diameter, and platy 

clay mineral structures, with flower petal morphologies (Figure 2a). This indicates that the 

original volcanic glass has been altered (Jakobsson and Moore, 1986). The alteration of glass 

in clay minerals was previously observed in the drill cores (Weisenberger et al., 2019). The 

distribution of microstructures varied with sampling depth. Micro-cracks were observed at 

all depths, which could increase pore connectivity by connecting isolated vesicles. This 

could greatly help fluid movement in the tuff deposit that is needed for the establishment 

and dissemination of microorganisms, also improving the transport of nutrients (Kieft et al., 

1998; Zhang et al., 1998; Rebata-Landa and Santamarina, 2006).  



 

Figure 2. Scanning electron micrographs of the surface of small grains from the drill core 

sample 5059-1B-9Z-2, 22-28, corresponding to a depth of 32 meters in the subsurface of 

Surtsey volcano. a) and b) Vesicles in the volcanic glass are altered (presence of flaky clay 

minerals) and covered by a net of filaments, or EPS-like structures. c) and d) Fibrillar and 

fiber-like structures seem connected to mineralized spheroidal elements (EDX analyses: no 

carbon and no phosphate detected; data not show) (Bergsten et al., 2021). 

The drill core sample 5059-1B-9Z-2, 22-28 was collected from the borehole SE-02A at a 

depth of 32 meters, where the environmental temperature was around 30°C. The location of 

this sample was in the subaerial tuff deposit, above the coastal sea level. Some vesicles were 

covered on the inside by a net of filaments, or EPS-like structures, which were closely 

intertwined with each other (Figure 2b). Based on structural observation, these structures 

could be EPS representing a 'relic' of the past activity of a biofilm. Moreover, the 

morphology of the clay minerals inside and outside the vesicles covered by EPS-like 

structures seemed different, indicating differences in the altertation of the minerals. This 

could be the consequence of a past biofilm activity that would change the chemistry inside 

the vesicles, impacting the alteration of the minerals. However, no microbial cells were 

observed in the vesicles. Only small structures (around 300 nm in diameter) or debris were 

observed (figure 2b). In some other vesicles, spheroidal elements were detected, which could 

be putative microbial cells with a diameter of 2 µm (Figure 2c). Furthermore, these vesicles 

were covered by fibrillar-like structures (Figure 2d), which seem texturally different than the 

EPS-like structures observed in Figures 2a and b. These structures looked like a net of fibers 

with ramifications and specific directions. Indeed, some of the fiber-like structures seemed 

to be attached to the spheroidal structures. The cavity could be covered by a fibrillar-like 

extracellular matrix, which might facilitate the adhesion of microbial cells to the surface and 

lead to the formation of a biofilm. However, EDX analysis was realized on the spheroidal 

element and neither carbon nor phosphate was detected, but magnesium, aluminum and iron, 

suggesting inorganic matter. Yet, it has been shown that EPS could be the nucleation site for 



   

carbonate precipitation (Han et al., 2019), indicating that the spheroidal structures observed 

in Figure 2c, could represent mineralized microbial cells.  

The drill core sample 5059-1B-21Z-2, 24-30 was collected from the borehole SE-02A at a 

depth of 65 meters. This sample was located just in the submarine tuff deposit below the sea 

level where the environmental temperature was around 100°C. Amorphous volcanic glass 

present in this sample seemed less organized than in the sample 5059-1B-9Z-2, 22-28, which 

could indicates that the cooling process was slower at this depth than at higher depth (Figure 

3c). In some vesicles, the clay mineral layer covered the entire inside surface and in others, 

they were organized in patches (Figure 3a and b). This difference in the alteration degree of 

the clay minerals present in the vesicles could be explained by the different connections with 

the outside microenvironment. A vesicle isolated could grow clay minerals differently than 

a vesicle connected to the outside through cracks and fissures by fluid circulation. The 

differences of physico-chemical composition between vesicles could influence the 

microenvironments, the apparition of clay minerals and the establishment of microbial cells.  

 

Figure 3. Scanning electron micrographs of the surface of small grains from the drill core 

sample 5059-1B-21Z-2, 24-30, corresponding to a depth of 65 meters in the subsurface of 

Surtsey volcano. a) and b) Patches of flaky clay minerals, mineralized ellipsoidal elements 

and soft net of filaments, or EPS-like structures can be observed inside of some vesicles 

presents in the volcanic glass. c) and d) Inside some other vesicles wrinkled dome structures 

can be observed, which seem to be made of a net of filaments (Bergsten et al., 2021).  

Also, some vesicles that were “colonized by clay minerals” seemed to have lost their layer, 

making the inside nude. This might have occurred during the sample preparation. Ellipsoidal 

elements or cell-like structures were observed with a size of 2.5 to 3 µm long and 2 µm width 

(Figure 3a, white arrows). Since a few of these structures were present in the vesicle and 

showed the same size, it could represent microbial cells. However, the surface of the 



structures seemed mineralized (Figure 3b). A net of filaments was also observed with a long 

tear or cut (Figure 3a, black arrow), indicating a soft structure. The presence of both putative 

cells and EPS-like structures could suggest the presence of a biotic activity. Moreover, 

wrinkled dome structures were observed in many vesicles at this depth (Figure 3c, white 

arrows) with a diameter size between 10 and 20 µm. A soft wrinkled structure seemed to 

cover a dome. This could be due to the sample preparation for SEM images, which included 

the graduate steps of dehydration. With closer inspection of the structure, a net of 

crisscrossed filaments was observed that appeared to cover the dome. These types of 

structures might be EPS forming the matrix of a biofilm and the dome would be a consortium 

of cells or very small colonies, which we called EPS-microcolony complexes. 

An Energy Dispersive X-ray analysis was performed to confirm the biotic signature of the 

wrinkled domes (Figure 4). Energy Dispersive X-Ray Spectroscopy (EDS or EDX) analysis 

provided the elemental composition of the targeted structures, corresponding to the clay 

minerals and the wrinkled dome structure (Figure 4; blue and red areas). It revealed that the 

putative microcolonies were enriched in carbon, oxygen, sodium, phosphate and calcium 

compounds, which are cell‐biomass‐associated elements. 

 

Figure 4. SEM image (a) showing regions of wrinkled dome structure (in blue) and clay 

minerals (in red) subject to EDX analysis (b). cps/Ev: counts per second per electron‐volt, 



   

keV: kilo‐electron‐volt. The EDS spectrum of the wrinkled dome shows enrichment of C, 

O, Na, P and Ca compounds. 

The drill core sample 5059-1C-55Z-3, 22-30 was collected from the borehole SE-02B at a 

depth of 157 meters. This sample was located under the thermal barrier where the 

environmental temperature is around 64°C. In this sample, two types of filaments were 

observed: thin, flexible and tubular filaments (Figure 5a and b, white arrows) and thick, 

breakable and flat filaments (Figure 5c and d, white arrow). The flexible filaments seemed 

to be EPS unlike the breakable filament, which appeared similar to the structures identified 

as Al-tobermorite in the new drill core (Weisenberger et al., 2019).  

 

Figure 5. Scanning electron micrographs of the surface of small grains from the drill core 

sample 5059-1C-55Z-3, 22-30, corresponding to a depth of 157 meters in the subsurface of 

Surtsey volcano. a) and b) Thin, flexible and tubular filaments, or EPS-like structures. c) and 

d) Thick, breakable and flat filaments, which seems to be mineral structures.  

The drill core sample 5059-1C-65Z-2,0-9 was collected from the borehole SE-02B at a depth 

of 181 meters. This sample was located at the bottom of the drill core, above the seafloor, 

where the environmental temperature was around 37°C. Vesicles in a spherical shape and 

differing in size (10 to 50 µm) were observed very close to each other. Spheroidal elements 

were observed inside some of them (Figure 6a, white arrows), which were consistent with 

bacterial form and size. A vesicle showed the presence of a biofilm-like structure where thin 

and flexible filaments forming a net were detected (Figure 6b, white arrows). These 

structures, which were likely EPS, seemed to be projected in three-dimension from central 

amass, where some cell-like structures and debris were observed (Figure 6b, pink arrows). 

Coccoidal shape elements with a size of 2 µm in diameter were observed. A soft texture net 

of filaments seemed to project from a central biofilm-like structure and covered the inside 

of the vesicle. Inside other vesicles, larger spheroidal elements were observed (2 to 5 µm in 



diameter). These elements could be consistent with bacterial form (size and shape). As 

mentioned previously, the production of soluble EPS can initiate nucleation sites suitable for 

the growth of minerals. An article published in 2018, which studied the formation of some 

minerals mediated by a deep-sea bacterium (Li, Yao et al. 2019), showed a similar structure 

as the spheroidal elements present in Figure 6c. In the study, different bacterial components, 

such as native cells, soluble EPS, or small organic molecules, were used to influence the 

crystallization and growth of the minerals. They demonstrated through mineralization 

experiments that the bacteria did not only promote the mineralization but also influenced the 

shape. The spheroidal elements published in this study were very similar to the one observed 

in Figure 6c and were formed in the presence of components found in the supernatant of the 

bacterial culture. Thus, we suggest that the spheroidal structures observed in the vesicle in 

Figure 6c, could be abiotic but biologically mediated by small organic molecules.     

 

Figure 6. Scanning electron micrographs of the surface of small grains from the drill core 

sample 5059-1C-65Z-2,0-9, corresponding to a depth of 181 meters in the subsurface of the 

Surtsey volcano. a) Vesicles in the volcanic glass with inside spheroidal elements (white 

arrows). b) Magnification inside one of the vesicles where cell-like structures (pink arrows) 

and thin, flexible and tubular filaments, or EPS-like structures (white arrows), can be 

observed. c) Spheroidal elements inside vesicles and d) Magnification of another vesicle of 

the sample where a net of filaments (white arrows) covers the inside of the vesicle and 

spheroidal elements consistent with bacterial forms (pink arrows) can be observed. 

Based on these observations, the structural strategy adopted by microorganisms inhabiting 

the subsurface rocks of Surtsey volcano appeared to be organized in biofilms with the 

production of EPS, or EPS-microcolony complexes, which appeared to be only located 

inside the numerous interconnected vesicles present in the volcanic glass.  

 



   

Conclusion and Perspectives 

In this study, we showed that the application of fluorescence techniques on the drill core 

samples from the subsurface of Surtsey volcano was challenging to (i) estimate the cell 

numbers, (ii) detect cells and microbial structures, and (iii) investigate their organization 

towards microstructures of the rocks and the minerals. The glassy basaltic tuff from the 

subsurface of Surtsey is porous and highly mineralized (Jackson et al., 2019b; a; Prause et 

al., 2020), and thus, the presence of minerals leads to some issues. First, minerals, such as 

zeolites crystals, were consistent with microorganism form and size, making their distinction 

difficult with actual cells. Secondly, some minerals auto-fluoresced, preventing the detection 

of true signals. And thirdly, dyes bonded in a non-specific way to these minerals, resulting 

in false-positive signals. Moreover, we worked with samples presenting very low biomass. 

Consequently, the detection of cells was a tedious task. Our estimation of the cell numbers 

based on counting using epifluorescence microscopy fell below the minimum detection 

limit. The cell numbers were thus estimated based on the DNA concentration and showed 

values ranging from 5×104 and 1.36×106 cells per gram of rock. A drill core sample located 

in the submarine tuff deposit (65 m depth, in situ temperature of 101.5°C) showed the highest 

number of estimated cells in the range of 3.40×105 to 1.36×106 cells per gram of rock. The 

CLSM images located at the same depth suggested that putative cells were situated inside 

vesicles in the basaltic glass. Furthermore, the analyses of the SEM images revealed putative 

biotic structures, such as microbial cells connected by nets of EPS, forming biofilm 

structures. Indeed, many vesicles at 65 m depth with a diameter size of 10–20 μm were found 

with wrinkled dome structures. Some evidence suggested that the observed structures were 

of biotic origin, including their appearance, size and the EDX analysis results. This cell 

cluster organization in EPS-microcolonies could be an adaptation strategy for microbial 

survival and protection from the extreme environmental conditions occurring in the 

subsurface of the Surtsey volcano. However, the interpretation is only based on observations 

and numerous questions still remain, such as: Do the inhabiting vesicles correspond to 

specialized micro-niches with different optimal conditions (e.g. aerobic versus anaerobic), 

different metabolisms and different microbial communities? Or are these niches 

interconnected to interchange metabolic products, thus generating a network of specialized 

metabolisms? Other methods should be tested to develop an effective protocol to separate 

cells from the mineral matrix before the cell count. In addition, performing qPCR on DNA 

extracted from the drill cores may give a better estimation of cell count. Moreover, different 

DNA dyes or fluorophores of higher sensitivity (e.g., SYBR-Green I) and with different 

wavelengths should be tested for better distinction between cell-derived fluorescence signals 

and nonspecific background fluorescence signals from minerals (Morono et al., 2009). More 

efforts should be made to characterize the microbial communities attached to the submarine 

and subaerial basaltic tuff deposits of the Surtsey volcano using microscopic investigations, 

such as laser microdissection combined with whole-genome amplification (Gérard et al., 

2018). A subsurface observatory was deployed in September 2017 in the borehole SE-02B. 

It involved incubation chamber experiments that could lead to great discoveries such as the 

detection of biosignatures of microbe–mineral interactions on the glass and olivine samples 

retrieved from the observatory (Türke et al., 2019). 
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