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Recent studies have uncovered a vast number of thermophilic species in icy environments, permanently cold ocean sediments, cold sea waters, and cool soils. The survival of thermophiles in psychrobiotic habitats requires thorough investigation of the physiological and molecular mechanisms behind their natural cryopreservation. Such investigations are mainly impeded due to a restricted cultivation of thermophiles at low temperatures under the laboratory conditions. Artificial culture media used under the laboratory conditions usually fail to support cultivation of thermophiles at low-temperature range. In this study we cultivated the extreme thermoacidophilic archaeon Metallosphaera sedula with the preliminary powdered and sterilized multimetallic extraterrestrial mineral material (the meteorite NWA 1172) under a low temperature regime in laboratory conditions. Our data indicate that M. sedula withstands cold stress and can be maintained at low temperatures, when supplemented with the meteorite NWA 1172 as the sole energy source. Cultivation with the meteorite NWA 1172 opens up new, previously unknown psychrotolerant characteristics of M. sedula, emphasizing that culture conditions (i.e., the “nutritional environment”) may affect the microbial survival potential in stress related situations. These observations facilitate further investigation of strategies and underlying molecular mechanisms of the survival of thermophilic species in permanently cold habitats.
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INTRODUCTION

Diverse extremophilic microorganisms have been discovered in habitats characterized by parameters that go beyond the range of their physiological activity. For example, a variety of heat-loving microbial species have been isolated from low temperature environments across the globe. Recent independent investigations have uncovered a vast number of thermophilic species in icy habitats (Bulat et al., 2004; Lavire et al., 2006; Bulat, 2016; Papale et al., 2019; Gura and Rogers, 2020); permafrost environments (Gilichinsky et al., 2007; Demidov and Gilichinsky, 2009; Mironov et al., 2010; Shcherbakova et al., 2011); cool soils with temperatures constantly below 25°C (Marchant et al., 2002, 2008, 2011; Rahman et al., 2004; Zeigler, 2014); “arctic thermophiles” in permanently cold (−2° to 4°C) ocean sediments (Hubert et al., 2009, 2010; de Rezende et al., 2013; Müller et al., 2014; Robador et al., 2016; Bell et al., 2018, 2020; Chakraborty et al., 2018); and non-spore-forming hyperthermophiles in cold (2–4°C) seawater (Huber et al., 1990; Wirth, 2017). How these thermophilic species, abundantly represented in permanently cold habitats, can tolerate low temperatures significantly below their minimum requirement for growth is an intriguing subject of current investigations. Thermophilic spore-forming bacteria in the marine sediments of Svalbard have been constantly reported (Vandieken et al., 2006; Hubert et al., 2009, 2010; Cramm et al., 2019). Their endospores with specialized cellular features that protect cells from extreme harsh environmental factors contribute to the survival of these thermophilic bacteria in Arctic sediments. Black smoker-associated hyperthermophiles utilize both adherence to suitable surfaces and fast motility as the driving forces for survivability in cold seawater for prolonged periods of time (Mora et al., 2014; Wirth, 2017). Wiegel (2002) proposed the hypothesis of temporary nanoniches in the mesobiotic environments. Such temporary nanoniches provide short-termed limited conditions for alkaliphilic thermophilic bacteria and therefore dictate fastened growth rate in order to cope with this limitation (Wiegel, 2002). Icelandic basaltic and rhyolitic glass and minerals in a sub-Arctic environment with the temperature range below required for thermophile activity were proposed to support transient growth of thermophiles in summer months (Cockell et al., 2015). The low albedo of these rocks has been suggested to facilitate their thermal conductivity and support the function of these igneous materials as microclimatic environments to harbor thermophilic microbial communities (Kelly et al., 2010, 2011; Cockell et al., 2015). Apparently, these nanoniches inside the rock pores provide a certain potential for their temporary “re-awakening” of such communities during the warm periods. On the molecular level, it has been suggested that microorganisms capable of growth in temperature range of both thermobiotic and mesobiotic environments may contain two different sets of key enzymes whose synthesis are regulated by temperature (Wiegel, 1990).

Understanding freezing tolerance and survival limits of thermophiles in low temperature habitats is also crucial for studies of microbial transfer through space and between celestial bodies, e.g., in the context of lithopanspermia. One of the scientific concepts for the origin and distribution of life is a long-distance shielded interplanetary viable transfer of the most ancient microbial forms of life entombed in lithic habitats (Mileikowsky et al., 2000; Fajardo-Cavazos et al., 2007; Horneck et al., 2008; Nicholson, 2009; Onofri et al., 2012; Kawaguchi et al., 2016). Extreme temperature fluctuations affect microbial “space travelers” during their interstellar transfer. Knowledge of the thermal limits of microbial life embedded into extraterrestrial mineral materials is crucial for envisaging the microbial survival during all lithopanspermia's stages (microbial launching due to the impact ejection from the planet of origin, long-term interplanetary traveling of microbes inside of rocks, and the capture of new life by the recipient planet). Furthermore, microbial cold stress experiments are helpful in terms of interpreting possible spatial and temporal environmental micro(nano)niches suitable for microbial life on Mars. Such near-surface microenvironments of Mars can provide potential habitable niches protected not only from UV, but also from extreme temperature fluctuations. Chin et al. (2010) indicated that chaotropic metabolites and chaotropic environments can increase tolerance to subzero temperatures, extending growth windows in cold ecosystems. Chaotropic ions in the Mars regolith might form microenvironments that support potential Martian biosphere, favoring the growth and preservation of a microbiota at low temperature. Comprehensive laboratory investigations on the survival limits of thermophiles in low temperature habitats can help to address the question if there are habitable niches on Mars today and if they harbor life.

However, our understanding of the physiology of how non-spore-forming thermophiles adapt to the cold is far from being explicit. The major limitation in the field comes from a restricted cultivation of thermophiles at low temperature regiment under laboratory conditions. Artificial culture media used under laboratory conditions usually fail to support cultivation of thermophiles at low-temperature range. One of the rare exceptions is Geobacillus thermoleovorans strain T80 which was cultivated at 4°C during a long-term period (9 month) and supported in soil microcosms at low temperatures during short-term experiments (1 week; Marchant et al., 2008). Wiegel (1990) described that extreme thermophile Methanobacterium thermoautotrophicum can grow between 22 and 78°C and the addition of sterile anaerobic sediments permitted its incubation at lower temperatures. The studies obtained under laboratory conditions show that hyperthermophiles can survive at least 9 months in cold surroundings when stored in low-temperature seawater (Mora et al., 2014). In this data report, we show that the extreme thermoacidophile Metallosphaera sedula is among a very few thermophiles supported at cold temperatures under laboratory conditions. Supplementation with the stony meteorite NWA 1172 permits the preservation of the thermoacidophile M. sedula under low temperature regime and provides further possibilities to study the molecular machinery and mechanisms implicated in survivability of non-spore-forming thermophiles at deep subfreezing temperatures.



RESULTS AND DISCUSSION

The heat-, acid-, and heavy metal-resistant M. sedula represents a robust microbiological subject for stress related investigations, with a number of studies published (Peeples and Kelly, 1995; Beblo et al., 2009, 2011; Maezato et al., 2012; Mukherjee et al., 2012; McCarthy et al., 2014; Milojevic et al., 2019a). At the same time, there is an evident gap of knowledge regarding cold stress reactions of this extreme thermophilic archaeon. M. sedula has been described as a well-defined, obligate thermophile which requires a temperature range from 50 to 80°C for growth, with an optimum of 73°C (Huber et al., 1989; Auernik et al., 2008). However, the sediments from Pisciarelli solfatara, a volcanic field near Naples, Italy, where M. sedula was first isolated, are much cooler, between 25 and 52°C (Huber et al., 1989). Employing standard culture techniques and evaluating microbial growth, it is obvious that none of the validated terrestrial energy sources (chalcopyrite, pyrite, and other inorganic electron donors) support the cultivation of M. sedula in this lower temperature range (Huber et al., 1989; Auernik et al., 2008). However, chemolithoautotrophic cultures of M. sedula in presence of preliminary sterilized meteorite material (the stony chondrite H5 type NWA 1172 Russell et al., 2002; Milojevic et al., 2019b) as the sole energy source permitted the maintenance of M. sedula during 2 months at the average temperature of 12°C (Table S1). Ramping down the cultivation temperature of M. sedula to this cold temperature regime was achieved by providing a regularly exchanged ice-supplemented environment for the glass bioreactors (Figure 1). Similar incubation on sulfide ores did not yield in detectable cells after 2 months (Figure S1). Examination by multi-labeled fluorescence in situ hybridization (MiL-FISH) with a M. sedula-specific 16S rRNA-targeted probe, confirmed the identification of cells from the cultures supplemented with the meteorite at cold regime as M. sedula cells (Figure 2 and Figure S2). Furthermore, sequencing of the functional and phylogenetic M. sedula marker gene msed0966 (putative rusticyanin gene; Auernik and Kelly, 2008, 2010a,b) as well as its 16S rRNA gene confirmed M. sedula presence in low temperature cultures (Figure S3). Additionally, the content of the cultures was analyzed by scanning electron microscopy (SEM) (Figures 3A–C and Figure S4). Interestingly, our SEM observations of cold-maintained M. sedula indicated a presence of an extracellular matrix evenly spread over the cell surface, appearing as a layer of cellular appendages wrapping around the colonies of M. sedula similar to a biofilm layer (Figure 3 and Figure S4). In conjunction with these observations, when analyzing the cold-maintained cultures by fluorescence microscopy, slightly autofluorescing, dense, and opaque formations were observed (Figures 2A–C), which can be inferred to be the same aforementioned extracellular matrix. A branched extracellular matrix has not been detected in M. sedula cultures grown at 73°C on terrestrial minerals (Blazevic et al., 2019; Milojevic et al., 2019a) and NWA 1172 (Milojevic et al., 2019b), and might represent an adaptive feature of this thermophilic archaeon for withstanding stressful cold conditions. Another property of cold-maintained cells of M. sedula is their tendency to clump and condense into cellular aggregates (Figure 3 and Figure S4), which is an additional possible strategy for coping with low temperatures.
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FIGURE 1. Cultures of M. sedula at cold temperature regime. Fermentation set up for cultivation of M. sedula in 1L glassblower modified Schott-bottle bioreactors at 73°C (right) and at cold temperature regime in ice-supplemented environment with a tap water heat exchange system (left).
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FIGURE 2. MiL-FISH (multi-labeled fluorescence in situ hybridization) of M. sedula cells supplemented with the stony meteorite NWA 1172 as the sole energy source at cold temperature regime. (A) MiL-FISH image of cells (green) after hybridization with the specific oligonucleotide probe targeting M. sedula. (B) DAPI staining of the same field (blue). (C) Corresponding overlaid epifluorescence image, showing 100% overlap of specific probe with DAPI signals. Cultures of M. sedula were examined with MiL-FISH conducted as described in Kölbl et al. (2017) and Milojevic et al. (2019a) after 2 months of cultivation at the average temperature of 12°C.
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FIGURE 3. Scanning electron microscopy images of M. sedula supplemented with the stony meteorite NWA 1172 as the sole energy source at cold temperature regime. (A) Scanning electron image, showing an angular mineral fragment of NWA 1172 clustered by M. sedula aggregated cells at the cold temperature regime. (B,C) Higher magnification scanning electron images displaying single cells of M. sedula covered with extracellular matrix. Cells of M. sedula are indicated with white arrows. Cultures of M. sedula were examined with SEM after 2 months of cultivation at the average temperature of 12°C.


Our study indicates that the utilization of a specific mineral source and/or nutrients can influence the resistance to cold stress, contributing to the preservation of microbial cells in the cold. The characteristic inability of thermophilic M. sedula to be preserved in common laboratory media at temperatures below 50°C can be attributed to deficiencies in these media, e.g., in certain essential metabolites/metals which are indispensable for the cultivation of this organism at low temperatures, but that are not required at 73°C. Our previous studies depicted the beneficial contribution of NWA 1172 as the sole electron donor with a superior growth rate of M. sedula over chalcopyrite, suggesting preferential nature of this multimetalic material as energy source for M. sedula (Milojevic et al., 2019b). The NWA1172 stony meteorite is a non-carbonaceous H type ordinary chondrite, with high iron abundance (largely present in metallic form; Russell et al., 2002) and a wide range of other metal elements (Milojevic et al., 2019b). These metals might be alternatively used by M. sedula as specific metabolic cofactors offering more optimal structural and/or constitutive elements for enzyme activities, e.g., altering protein structural flexibility and shaping protein biophysical and biochemical properties.

A plausible explanation of the observed resistance of NWA 1172-grown M. sedula to cold stress can be inferred from heavy metals chaotropicity that extends the life window at low temperatures (Chin et al., 2010). Heavy metals may chaotropically enhance macromolecular flexibility (Chin et al., 2010; Cray et al., 2012) and so enable cell function/help maintain cellular structure at low temperatures. By exerting chaotropic activity heavy metals can cause specific toxic effects, inhibiting growth already at low concentrations in susceptible microorganisms. However, the studied archaeon M. sedula is an extreme metallophilic microorganism that tolerates elevated heavy metal concentrations (Maezato et al., 2012; Mukherjee et al., 2012; Blazevic et al., 2019; Milojevic et al., 2019a). Cultivation on multimetalic NWA 1172 meteorite (see Milojevic et al., 2019b for heavy metal composition of NWA 1172) exposes M. sedula to higher heavy metal concentrations under physiological conditions, thus helping to increase psychrotolerance. It is important to note that the effect of chaotropes that enhance microbial activity and growth at low temperatures appears to be initiated at around 10–12°C (Chin et al., 2010), which is the temperature range in our study. Thus, heavy metal chaotropicity may provide a mechanistic understanding of the increased psychrotolerance of M. sedula grown on NWA 1172.



CONCLUSION

In this study we report that when cultivated with meteorite, but not with chalcopyrite, cells of M. sedula can be preserved at cold temperature regime, denoting that the optimized nutrient fitness favor microbial preservation in extreme stressful conditions. Cultures of M. sedula supported at low temperature may serve as a laboratory model to explore metabolic potential of non-spore-forming thermophiles in psychrobiotic environments and the molecular mechanisms behind natural cryopreservation. It is important to note that future follow-up investigations should deliver a systematic study to determine which constituents of the meteorite are the crucial ingredients to ensure M. sedula culture preservation at low temperatures. In this regard, the survivability of M. sedula at low temperatures is a topic that deserves more attention and thorough analysis in the future. Moreover, the fact that an ancient inhabitant of terrestrial thermal springs and extreme thermophilic chemolithotroph M. sedula can be maintained at cold temperatures may complement the on-going scientific debates concerning psychrophilicity or thermophilicity of a last universal common ancestor (Wächtershäuser, 1992; Bada et al., 1994; Bada and Lazcano, 2002; Stetter, 2006; Akanuma et al., 2013), adding new circumstances in terms of survivability of ancestral thermophiles in cool primordial environments.



MATERIALS AND METHODS


Strain and Media Composition

Metallosphaera sedula (DSMZ 5348) cultures were grown aerobically as described previously (Kölbl et al., 2017; Blazevic et al., 2019; Milojevic et al., 2019a,b) in DSMZ88 Sulfolobus medium containing 1.3 g (NH4)2SO4, 0.28 g KH2PO4, 0.25 g MgSO4·7 H2O, 0.07 g CaCl2·2 H2O, and 0.02 g FeCl3·6 H2O dissolved in 1 L of water. After autoclaving, Allen's trace elements solution was added to 1 L media resulting in 1.80 mg MnCl2·4 H2O, 4.50 mg Na2B4O7·10 H2O, 0.22 mg ZnSO4·7 H2O, 0.05 mg CuCl2·2 H2O, 0.03 mg Na2MoO4·2 H2O, 0.03 mg VSO4·2 H2O, and 0.01 mg CoSO4 final concentration. The pH was adjusted to 2.0 with 10 N H2SO4. Chemicals of high purity grade were used for media preparation.



Cultivation Setup

Chemolithoautotrophic cultivation of M. sedula was performed as described before (Blazevic et al., 2019; Milojevic et al., 2019a,b) in DSMZ88 Sulfolobus medium defined above in 1L glassblower modified Schott-bottle bioreactors (Duran DWK Life Sciences GmbH, Wertheim/Main, Germany), operated with a thermocouple linked to a heating and magnetic stirring plate (IKA RCT Standard/IKA C-MAG HS10, Lab Logistics Group GmbH, Meckenheim, Germany) for agitation and temperature control. The cultivation of M. sedula under cold temperature regime was achieved by providing a regularly exchanged ice-supplemented environment of fermentation glass bioreactors (Figure 1). For this the bioreactors were placed in plastic vessels filled with crushed ice and additionally supplemented with a tap water heat exchange system, consisting of 10 mm inner diameter silicon tubes, which were connected to a tap water supply. Melting of ice due to the room temperature fluctuations resulted in an established dynamic temperature profile of M. sedula cultures with the average temperature of 12°C, which was monitored with an electronic thermocouple inside the bioreactor and with a thermometer outside the bioreactor. For fermentation at cold temperature regime, the media was maintained at room temperature for 2 h prior inoculation. Directly after inoculation the glass bioreactors were provided with ice-supplemented environment and water heat exchange system in order to maintain cold temperature regime. Inocula used were exponentially growing H2-oxidizing autotrophic cultures of M. sedula. For chemolithoautotrophic growth cultures were supplemented with 10 g/liter either chalcopyrite (provided by E. Libowitzky from the mineral collection of the Department of Mineralogy and Crystallography, University of Vienna) or NWA 1172 (provided by the NHM, Vienna). The minerals were ground and temperature sterilized at 180°C in a heating oven for a minimum of 24 h prior to autoclaving (121°C, 20 min). Cells were monitored by phase contrast/epifluorescence microscopy. For the visualization of cells wiggling on solid particles they were stained by a modified “DAPI” (4′-6′- Diamidino-2-phenylindole) procedure (Huber et al., 1985), observed and recorded with ProgRes® MF cool camera (Jenoptik) attached to Nikon eclipse 50i microscope, operated with F36-500 Bandpass Filterset (ex, 377/50 nm; em, 447/60 nm).



PCR Assays for Marker Genes

DNA extracted by two different DNA isolation methods (Bead beating with Phenol-Chloroform extraction; MoBio PowerSoil DNA Isolation Kit) was used as template for PCR (Polymerase Chain Reaction) amplification. The PCR was targeting the 16S rRNA gene and the msed0966 gene (M. sedula putative rusticyanin) with the archaeal-specific 16S rRNA primers (109f 5′- ACKGCTCAGTAACACGT-3′; 1492r 5′-GGYTACCTTGTTACGACTT-3′), the universal bacterial primers (27f 5′-AGAGTTTGATYMTGGCTCAG-3′; 1492r 5′-GGTTACCTTGTTACGACTT-3′) and newly designed M. sedula msed0966 gene-specific primers msed0966f (5′-TACCTTCCCAATTACTACTCTCAGCAATCTGTCG-3′), and msed0966r (5′-CGTCACCACGATCTCCCC-3′), respectively. The obtained PCR products (Figure S3) were cloned and sequenced, retrieving M. sedula 16S rRNA and msed0966 gene sequences.



Scanning Electron Microscopy

Cells of M. sedula harvested at stationary phase were prepared for electron microscopy by fixing in a solution of 1% (v/v) glutaraldehyde in Na-Cacodylate buffer. Samples were dehydrated in a graded series of ethanol solutions and dried chemically using Hexamethyldisilazan (HMDS). Fixed samples were mounted on aluminum stubs, sputter-coated with Au, and examined with a Hitachi S-4100 SEM (Hitachi, Tokyo, Japan).



Multi-Labeled-Fluorescence in situ Hybridization (MiL-FISH)

Metallosphaera sedula cells were fixed in 2% (v/v) paraformaldehyde (PFA) at room temperature for 1 h, washed three times in distilled water, centrifuged at 10,000 rpm and stored in 50:50, ethanol:PBS (phosphate buffer saline). A 16 S rRNA phylotype specific probe for M. sedula was designed with the software package ARB31 and labeled with 4x Atto488 via Click chemistry (biomers.net GmbH, Ulm, Germany; Table 1). Fixed cells were mounted on 10 well Diagnostica glass slides (Thermo Fisher Scientific Inc. Waltham, USA) and MiL-FISH conducted directly on them as described previously (Schimak et al., 2015; Kölbl et al., 2017; Milojevic et al., 2019b). Briefly, cells were hybridized with 30% (v/v) formamide for 16 h. For experimental positive controls Gramella forsetii strain KT0803 was hybridized with a 4x labeled general bacterial probe EUB338. Positive control for the specificity of the phylotype specific probe M.sedula_174 was given by including M. sedula DSM5348 in all experiments. After hybridization slides were washed for 15 min at 48°C [14–900 mM NaCl, 20 mM Tris-HCl (pH 8), 5 mM EDTA (pH 8), and 0.01% SDS (v/v)] at a stringency adjusted to the formamide concentration used. Cells were counterstained by incubation for 10 min with 10 mg ml−1 DAPI followed by rinsing in distilled water 3 times before CitiFluor (CitiFluor Ltd., London, England) mounting medium was applied to slides with a coverslip. Fluorescence images were taken with an AxioCam Mrm camera mounted on an Axioscope2 epifluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with F36-525 Alexa 488 (ex, 472/30 nm; em, 520/35 nm) filter cube. Images were recorded with the PC-based AxioVision (release 4.6.3 SP1) imaging software.


Table 1. Oligonucleotide probe used in this study.
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