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SHORT ABSTRACT: 
The isolation of heavy metal-resistant microbes from geothermal springs is a hot topic for the development of bioremediation and environmental monitoring biosystems. This study provides a methodological approach for isolating and identifying heavy metal tolerant bacteria from hot springs.

LONG ABSTRACT: 
Geothermal springs are rich in various metal ions due to the interaction between rock and water that takes place in the deep aquifer. Moreover, due to seasonality variation in pH and temperature, fluctuation in element composition is periodically observed within these extreme environments, influencing the environmental microbial communities. Extremophilic microorganisms that thrive in volcanic thermal vents have developed resistance mechanisms to handle several metal ions present in the environment, thus taking part to complex metal biogeochemical cycles. Moreover, extremophiles and their products have found an extensive foothold in the market, and this holds true especially for their enzymes. In this context, their characterization is functional to the development of biosystems and bioprocesses for environmental monitoring and bioremediation. To date, the isolation and cultivation under laboratory conditions of extremophilic microorganisms still represent a bottleneck for fully exploiting their biotechnological potential. This work describes a streamlined protocol for the isolation of thermophilic microorganisms from hot springs as well as their genotypical and phenotypical identification through the following steps: (1) Sampling of microorganisms from geothermal sites (“Pisciarelli”, a volcanic area of Campi Flegrei in Naples, Italy); (2) Isolation of heavy metal resistant microorganisms; (3) Identification of microbial isolates; (4) Phenotypical characterization of the isolates. The methodologies described in this work might be generally applied also for the isolation of microorganisms from other extreme environments.

INTRODUCTION: 
The extreme environments on our planet are excellent sources of microorganisms capable of tolerating harsh conditions (i.e., temperature, pH, salinity, pressure, and heavy metals), being Iceland, Italy, USA, New Zealand, Japan, Central Africa and India, the best-recognized and studied volcanic areas.  Thermophiles have evolved in harsh environments in a range of temperatures from 45 &#176;C to 80 &#176;C. Thermophilic microorganisms, either belonging to the archaeal or bacterial kingdoms, are a reservoir for the study of biodiversity, phylogenesis, and the production of exclusive biomolecules for industrial applications . Indeed, in the last decades, the continuous industrial demand in the global market has encouraged the exploitation of extremophiles and thermozymes for their diversified applications in several biotechnological fields .	

Hot springs, where organisms live in consortia, are rich sources of biodiversity, thus representing an attractive habitat to study microbial ecology. Moreover, these hydrothermal, volcanic metal-rich areas are commonly colonized by microorganisms that have evolved tolerance systems to survive and adapt to the presence of heavy metals and are therefore actively involved in their biogeochemical cycles. Nowadays, heavy metals are considered priority pollutants for humans and the environment. The heavy-metal-resistant microorganisms are able to solubilize and precipitate metals by transforming and remodeling their ecosystems. The comprehension of the molecular mechanisms of heavy-metal resistance is a hot topic for the urgency to develop novel green approaches. In this context, the discovery of new tolerant bacteria represents the starting point for developing new strategies for environmental bioremediation. In accompanying the efforts to explore hydrothermal environments through microbiological procedures and increase knowledge on the role of the gene(s) underpinning heavy metal tolerance, a microbial screening was conducted in the hot-spring area of Campi Flegrei in Italy. This heavy metal-rich environment shows a powerful hydrothermal activity, fumarole, and boiling pools, variable in pH and temperature depending on seasonality, rainfall, and underground geological movements. In this perspective, we describe an easy-to-apply and efficacious way to isolate bacteria resistant to heavy metals, for example, Geobacillus stearothermophilus GF16 (named as isolate 1) and Alicyclobacillus mali FL18 (named as isolate 2) from Pisciarelli area of Campi Flegrei.

PROTOCOL:

1.	Sampling of microorganisms from geothermal sites

1.1.	Choose the site for sampling using as criterion places with desired temperature and pH. Measure the physical parameters through a digital thermocouple probe, inserting it into the selected pools or muds. 

1.2.	Collect 20 g of soils samples (in this case, from mud in the hydrothermal site of Pisciarelli Solfatara), picking them up with a sterilized spoon. Take at least two samples for each site chosen. 

1.3.	Put the samples in 50 mL sterile polypropylene tubes and immediately close. 

1.4.	Measure pH and temperature with a digital thermocouple probe by directly inserting it into the sampling site. After use, rinse the probe carefully with deionized water. 

2.	Isolation of heavy metal resistant microorganisms

NOTE: Perform steps 2.1–2.7 under a sterile biological hood.

2.1.	 Inoculate 2 g of each collected sample into 50 mL of freshly prepared Luria-Bertani medium (LB), in which the pH has been adjusted to 4 or 7 through the addition of HCl or NaOH. 

2.2.	Incubate the samples at the same temperature of the sampling site and at &plusmn;5 &#176;C (55 &#176;C and 60 &#176;C for Pisciarelli samples) in a temperature-controlled orbital shaker for 24 h with a shaking rate of 180 rpm.

2.3.	Plate 200 &#181;L of the grown samples on LB agar (pH 4 or pH 7) and incubate in static condition for 48 h at 55 &#176;C or 60 &#176;C. 

2.4.	Isolate single colonies and repeat streak-plating cycles (steps 2.3 and 2.4) at least three times.

2.5.	To prepare -80 &#176;C frozen cell stocks, grow the cultures overnight (ON) and add to the grown cells 20% glycerol (in a final volume of 1 mL); use a mixture of acetone and dry ice for fast freezing.

2.6.	To prepare an inoculum from a glycerol stock, inoculate 50 &#956;L in 50 mL of LB (pH 4 or pH 6) and incubate at 55 &#176;C or 60 &#176;C in the orbital shaker at 180 rpm ON. 

2.7.	To obtain a growth profile, dilute a preculture (obtained from step 2.6) to 0.1 OD600 nm in 10 mL of LB (pH 4 or pH 6), grow the cells at 55 &#176;C or 60 &#176;C for 16 h in the orbital shaker, and measure the OD600 nm at 30 min intervals.

2.8.	Construct a growth curve from the data obtained in step 2.7 with time (min) on X-axis and OD600 nm on Y-axis. 

2.9.	Realize the same growth curve described in steps 2.7 and 2.8 but varying the pH (&plusmn; 1 unit) of the culture medium (e.g., pH 3 and 5 for samples grown at pH 4.) to determine the optimal pH for laboratory conditions. 

3.	Identification of microbial isolates

3.1.	Preparation of genomic DNA

3.1.1.	 Inoculate the isolate streaked from the glycerol stock in 50 mL of LB medium (pH 4 or pH 6) and grow in an orbital shaker at 55 &#176;C or 60 &#176;C at 180 rpm ON. 

3.1.2.	Harvest the ON culture by centrifugation for 10 min at 5000 x g. Discard the supernatant.

3.1.3.	Prepare 10 mL of bacteria lysis buffer composed by: 20 mM Tris-HCl pH 8.0, 2 mM EDTA, 1.2% Triton X-100, and lysozyme (20 mg/mL) immediately before use.

3.1.4.	Resuspend the pellet in 180 &#181;L of bacteria lysis buffer. Incubate for 30 min at 37 &#176;C.

3.1.5.	Follow the guidelines indicated by a Genomic DNA Purification kit (Table of Materials) to extract genomic DNA. 

3.1.6.	Quantify the extracted genomic DNA and its purity by UV-Vis measurement. For purity determine ratios—OD 260/280 nm and OD  260/230 nm.

3.1.7.	Assess the integrity of the genomic DNA by loading 200 ng of each sample on a 0.8% agarose gel and comparing the size distribution to a high-weight molecular marker.

3.1.8 Commission to an external service the 16S rRNA fragment preparation, sequencing, and comparative analysis of the sequence obtained (1000 bp) with those present in the nucleotide database of the US National Center for Biotechnology Information (NCBI).

3.2.	To corroborate data of 16S rRNA sequencing, also perform automated ribotyping on the digested chromosomal DNA (external service, Table of Materials). 

3.3.	In the case in which the specie identification cannot be determined only with ribotyping data, commission a MALDI-TOF MS analysis for fatty acid identification.

3.4.	To perform a phylogenetic analysis of the genus identified, analyze the 16S rRNA sequence of the isolate with BLASTn. Sequences with identities from 99% to 97% must be used to build a multiple sequence alignment using CLUSTAL Omega. Construct a neighbor-joining tree using the default option of ClustalW2 (Simple Phylogeny).

4.	Heavy-metals and antibiotics susceptibility

4.1.	Inoculate the isolate from a glycerol stock (see step 2.5) and grow it in 200 mL of LB under the optimal pH and temperature conditions previously determined.

4.2.	Dilute each preculture at 0.1 OD600 nm in 5 mL of LB medium (at the appropriate pH) containing increasing concentrations of heavy metals. The concentrations vary from 0.01–120 mM for heavy metals [As(V), As(III), Cd(II), Co(III), Cr(VI), Cu(II), Hg(II), Ni(II), V(V)] or 0.5–1 mg/mL for the antibiotics [Ampicillin, Bacitracin, Chloramphenicol, Ciprofloxacin, Erythromycin, Kanamycin, Streptomycin, Tetracycline, and Vancomycin]. 

4.3.	 Perform heavy metal and antibiotic treatments separately. Use a 50 mL polypropylene tube and grow the cells in a temperature-controlled orbital shaker with a shaking rate of 180 rpm at 55 &#176;C or 60&#176;C for 16 h for each condition/treatment. 

4.4.	Calculate Minimum Inhibitory Concentration (MIC) either for antibiotics or heavy metals by identifying the concentration values in the tubes where microbial growth does not occur, i.e., determining the values that completely inhibit cell growth after 16 h.

4.5.	Check that the concentration is inhibitory and not lethal for the cells by plating 200 &#956;L of the culture grown at the value that is considered as MIC on LB-agar plates (at the appropriate pH and temperature) and verifying the presence of colonies after ON incubation. 

NOTE: Since the culture on LB agar plate is viable at 4 &#176;C only for a few weeks, in order to preserve the isolates for a longer time, glycerol stocks were prepared and stored at -80 &#176;C. At least three independent replicates using independent cultures were carried out. The standard deviation was calculated among triplicate experiments. 

REPRESENTATIVE RESULTS: 
Sampling site
This protocol illustrates a method for the isolation of heavy metal-resistant bacteria from a hot spring. In this study, the Pisciarelli area, an acid-sulfidic geothermal environment, was used as a sampling site (Figure 1). This ecosystem is characterized by the flow of aggressive sulfurous fluids derived from volcanic activities. It has been demonstrated that the microbial communities in acid-sulfidic geothermal systems are subjected to extreme selective pressure made by the presence of high concentrations of heavy metals. The samples were collected in two different periods of the year (April and September) from2,21 a mud pool marginal with respect to a bubbling mud pool. In the mud pool, fluctuations in the pH values (~pH 6 in April and ~pH 5 in September) were registered, while the temperature was ~55 &#176;C in both cases. However, higher temperatures were also recorded in the mud pool (~70 &#176;C) in other years . 

Isolation and identification
The collected samples were inoculated in LB medium and incubated for 24 h at 55 &#176;C and 60 &#176;C as reported previously, hence setting the lab conditions for the growth of the cell samples to mimic the environmental chemical-physical conditions. To favor cell growth, single colonies were streaked on the plate and isolated after several dilutions (at least 3) in a rich-liquid medium; the isolated strains showed their optimal growth temperature at 55 &#176;C and 60 &#176;C (Figure 2). To identify the new isolates, a genomic DNA preparation was carried out and 16S rRNA sequencing and fatty acids mass spectrometry analysis was accomplished as an external service. As reported, the analysis of the fatty acids is a powerful bioanalytical method that helps in the precise identification of bacteria when combined with other approaches. Multiple alignments of 16S rRNA were used to build the phylogenetic tree to identify the closest relatives. 

Heavy metal susceptibility test
The coexistence of toxic molecules characterizes solfataric environments. In particular, hot springs in Pisciarelli are characterized by high levels of CO2, H2S, NH4 in coexistence with As, Hg, Fe, Be, Ni, Co, Cu. For this reason, a phenotypical characterization of the isolated microorganisms was performed in the presence of an increasing concentration of heavy metals, as reported in Table 1. Interestingly, isolate 1 showed higher tolerance to As(V) and V(V). The high resistance to both arsenate and vanadate can be due to their chemical structures; in fact, both ions are similar to the phosphate ions, suggesting that V(V) and As(V) could be taken up by cells through phosphate transport systems. These isolates turned out to be also resistant to Cd(II), although the MIC value was relatively low. This result can be explained by the absence of Cd(II) in the pool. Although the two microorganisms were sampled in the same site, they showed different heavy metal resistance profiles. However, they were sampled in different periods, thus pointing to the season-dependent variation in the heavy metals concentration as the main driving force shaping the composition of the microbial communities and their differential resistance to heavy metals. From this comparative data, it has been shown that isolate 1 has a strong resistance to As(V), while isolate 2 for As(III). Further genetic investigations are required to unravel the molecular resistance mechanisms and better understand how the phenotypes are affected by the selective pressure of hot springs.

Antibiotics resistance tests
The microbial strains evolved in extreme environments usually exhibit resistance to different antibiotics. The correlation between the heavy metal’s resistance and antibiotics is well-known. For this reason, we tested the resistance to antibiotics for both isolates (Table 2). Isolate 1 showed high sensitivity to all the tested antibiotics, even when low concentrations were used. In contrast, isolate 2 is resistant to all the antibiotics tested, with the exception of chloramphenicol and tetracycline. Interestingly, the determined MIC values towards ampicillin, erythromycin, kanamycin, streptomycin, and vancomycin were comparable to those of other antibiotic-resistant bacteria and even higher for bacitracin and ciprofloxacin. These fascinating data deserve further investigations; probably, due to random mutations or horizontal gene transfer, the microorganism has acquired antibiotic resistance, which could represent a selective advantage in such extreme environmental conditions.

Figure 1. Sampling site: solfataric area of Pisciarelli, Campi Flegrei (Naples, Italy). The sampling site is located at 40&#176; 49’ 45.3” N – 14&#176; 08’ 49.9 E, in the geothermal area of Pisciarelli fumarole.

Figure 2. Schematic representation of the experimental procedure. Microorganisms are sampled in hot springs, cultivated in the laboratory, isolated through repeated streaking and plating, and genotypically identified upon 16S rRNA sequencing.

Table 1. MIC values towards heavy metal ions of the isolates. MICs are considered as the minimal concentration values that completely inhibit cell growth after 16 h; the values are reported as average of three experiments.

Table 2. MIC values towards antibiotics of the isolates. MICs are considered as the minimal concentrations that completely inhibit the cell growth after 16 h; the values are reported as average of three experiments.

DISCUSSION: 
Hot springs contain an untapped diversity of microbiomes with equally diverse metabolic capacities12. The development of strategies for the isolation of microorganisms that can efficiently convert heavy metals into less toxic compounds10 represents a research area of growing interest worldwide. This paper aims to describe a streamlined approach for the screening and isolation of microbes with the ability to resist toxic chemicals. The method described can be easily modified to isolate microbes from diverse environmental sources such as water, food, soil, or sediment. However, there are some limitations in this technique related to the reliance on microbial culturing. Therefore, this setup would not be suitable for isolating bacteria from an environment that is not easily culturable. One way to overcome this issue is to use different bacterial media (i.e., selective media or pre-adaptation strategies) and longer incubation times.

Nevertheless, the majority of species of interest for bioremediation are expected to grow under the conditions described herein. This protocol has some advantages over traditional plating techniques, considering that selective agar media for chemicals are unknown so far. The use of MIC to identify resistant microbes is a quick strategy to be exploited on individual isolates that opens the way to the characterization of new species or new strains. This study demonstrates the usefulness of such a method to select environmental microorganisms that can contribute to effective bioremediation by inactivating the pollutants and converting them into harmless products.
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