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Abstract 17	 

Lakes in the craters of active volcanoes and related waters are often characterised by conditions 18	 

considered extreme for life, such as high temperatures, low pH and very high concentrations of 19	 

dissolved metals and minerals. Such lakes tend to be transient features whose geochemistry can 20	 

change markedly over short time scales. They might also vanish completely during eruption 21	 

episodes or by drainage through the crater wall or floor. These lakes and their effluent streams 22	 

and springs host taxonomically and metabolically diverse microorganisms belonging in the 23	 

Archaea, Bacteria, and Eucarya. In volcanic ecosystems the relation between geosphere and 24	 

biosphere is particularly tight; microbial community diversity is shaped by the geochemical 25	 

parameters of the lake, and by the activities of microbes interacting with the water and 26	 

sediments. Sampling these lakes is often challenging, and few have even been sampled once, 27	 

especially in a microbiological context. Developments in high-throughput cultivation procedures, 28	 

single-cell selection techniques, and massive increases in DNA sequencing throughput, should 29	 

encourage efforts to define which microbes inhabit these features and how they interact with 30	 

each other and the volcano. The study of microbial communities in volcanic lake systems sheds 31	 

light on possible origins of life on early Earth. Other potential outcomes include the development 32	 

of microbial inocula to promote plant growth in altered or degraded soils, bioremediation of 33	 

contaminated waste or land, and the discovery of enzymes or other proteins with industrial or 34	 

medical applications. 35	 
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 37	 
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1. Introduction 39	 

If asked to define a lake, most people would probably describe a body of fresh water surrounded 40	 

by land. Some might attempt to distinguish a lake from a pond. Few, however, would consider 41	 

the origin or nature of the lake basin, or of the water therein. In all likelihood, most people view 42	 

lakes as permanent features that only affect them in terms of recreation, commerce, and 43	 

biological productivity. In such terms, lakes in the craters of extinct or dormant volcanoes 44	 

probably differ little from most lakes on Earth, in that their hydrological conditions may largely 45	 

reflect only the surrounding air temperature, amount and nature of meteoric water, inflowing 46	 

streams or rivers, and host rock chemistry (Donachie et al. 2004). In short, volcanic or 47	 

geothermal forces no longer drive their circulation and chemistry, or affect their floral and faunal 48	 

composition; these are the neutral dilute volcanic lakes defined by Pasternack and Varekamp 49	 

(1997). Lakes in the craters of active volcanoes present very different physical and chemical 50	 

characteristics, with conditions spanning broad ranges defined largely by the proximity of 51	 

magma, and origin and nature of the adjacent rock and water (Pasternack and Varekamp 1997; 52	 

Takano et al. 1997; Martinez et al. 2000, 2002; Jóhannesson et al. 2007). Visitors to such lakes 53	 

may be surprised to find life in what are, to humans, extreme conditions, where those defined by 54	 

heat and chemistry, e.g., low pH and the presence of heavy metals or other toxic compounds, are 55	 

especially severe. In this respect, organisms that thrive in conditions markedly different from 56	 

what we might consider ‘normal’ are defined by the generic term ‘extremophile’, and their 57	 

presence in such environments should be expected (MacElroy 1974). Evidence for active 58	 

microbial communities in volcanic systems emerged from geochemical studies, resulting in 59	 

hypotheses describing microbial roles in the oxidation/reduction of particular chemical species. 60	 

Studies of elemental and isotopic profiles along with direct measurements of microbial activity 61	 
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provided evidence for microbial participation in the stoichiometry of crater lake waters and 62	 

sediments, and their importance in these systems (Takano et al. 1997; Wendt-Potthoff and 63	 

Koschorreck 2002; Koschorreck et al. 2008; Parker et al. 2004). 64	 

Microbiologists until recently rarely visited such lakes (Takano et al. 1997; Donachie et al. 2002; 65	 

Gaidos et al. 2004, 2008; Löhr et al. 2006a, b; Urbieta et al. 2012). Sampling strategies cannot 66	 

always include boats, for obvious reasons, while remote sample-return vehicles have not been 67	 

deployed, nor have automatic devices to collect samples at regular intervals as at hydrothermal 68	 

vents (Reysenbach et al. 2000). As with other hydrothermal systems, however, the chemical 69	 

composition of water in a crater lake depends on its interactions with the host rock and gas 70	 

emissions. This chemistry, plus heat, generally shapes microbial community structure, so it is 71	 

difficult to predict a universal microbiology for such features. One common trait of crater lakes 72	 

and volcanic hot spring water is low pH, such that strong acids interact with the rock and 73	 

mobilize potentially toxic metals. Here we focus on microbial diversity in volcanic acidic lakes, 74	 

which represent one of the most common naturally acidic aquatic habitats on Earth (Löhr et al. 75	 

2006a). Little is known about the evolution and diversity of microbial communities in volcanic 76	 

lakes, however, a fact that might be attributed to the lakes often being remote and difficult to 77	 

access. To simply establish that life is present in a lake in the crater of an active volcano requires 78	 

overcoming significant logistic and safety challenges (Woelfl and Whitton, 2000; Gaidos et al. 79	 

2004, 2008; Thorsteinsson et al. 2008). Hypotheses to be tested may require determination of the 80	 

nature and rate of bacterial activities, or taxonomic diversity, and thus different sample collection 81	 

and processing methods. However, one should bear in mind that any sample collected from such 82	 

a lake may be the last before the lake vanishes during subsequent volcanic activity. 83	 

2. Methods to study environmental microbes 84	 
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Defining which microorganisms are in a habitat has long challenged microbiologists. Indeed, we 85	 

may yet be unable to say with certainty what is the absolute taxonomic diversity in a microbial 86	 

community, regardless of the methods employed (Curtis et al. 2002). With the benefit of 87	 

hindsight, supported by advances in technology, we can see how naïve we might have been when 88	 

describing taxonomic diversity decades ago. For example, from the nineteenth and well into the 89	 

twentieth centuries we were able only to determine which bacteria were in a sample by 90	 

inoculating sub-samples to nutrient media. Tweaking the concentrations of a medium’s 91	 

components, the gas atmosphere, adjusting the pH, or modifying the light regime, encouraged 92	 

the growth of metabolically and taxonomically different bacteria. In essence, we ‘knew’ which 93	 

microbes were in a sample by growing them on or in such media. However, after more than a 94	 

century of offering what might seem ‘infinite’ media and incubation conditions, it became clear 95	 

to microbiologists that they could not cultivate representatives of all species from most samples. 96	 

This was underscored in the 1980s by a then new technique, the analysis of nucleotide sequences 97	 

of specific genes in DNA extracted from the environment and amplified in polymerase chain 98	 

reactions (PCR); this approach detected bacteria (Archaea and Bacteria) for which no cultivated 99	 

representatives then existed (Stahl et al. 1984; Ward et al. 1990). Extracting DNA from volcanic 100	 

environments is technically challenging, and several protocols have been established (Herrera 101	 

and Cockell 2007). Decades ago, advances in microscopy also showed the number of bacteria we 102	 

might cultivate on growth media ranges from far less than 1% to ~50% of those counted in the 103	 

same sample by microscopy, depending on the sample type (Staley and Konopka 1985; Donachie 104	 

1996; Wilson et al. 1997; Handelsman 2004). It should be noted here that these statistics refer 105	 

only to the number of cells present, and not the number of ‘species’ or any other taxonomic unit 106	 

we might define (Donachie et al. 2007). Such observations, however, encouraged use of terms 107	 
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such as ‘nonculturable’ or ‘unculturable’ to describe those cells that did not grow (Xu et al. 1982; 108	 

Colwell and Grimes 2000; Akob and Küsel 2011). These terms have taken on almost meme-like 109	 

status. However, Amann et al. (1995) observed, perhaps wryly, “With the availability of 110	 

innovative techniques, many more microorganisms will become culturable. […] After all, nature 111	 

can cultivate all extant microorganisms.” 112	 

That analysis of ribosomal gene sequences in environmental samples detected bacteria that had 113	 

never been cultivated led many microbiologists to justify using only those techniques, now 114	 

termed ‘molecular approaches’, in studies of taxonomic diversity (Schmidt et al. 1991; Barton et 115	 

al. 2004; Valenzuela-Encinas et al. 2008). Such a single-method approach has been shown not to 116	 

describe microbial diversity in toto; cultivation and molecular approaches detect very different 117	 

bacteria in the same sample (Suzuki et al. 1997; Bowman et al. 1999; Kaiser et al. 2001; 118	 

Donachie et al. 2002; Munson et al. 2002; Donachie et al. 2004; Shawkey et al. 2005; Donachie 119	 

et al. 2007). Whatever might be the merits of one approach over another, the utility of both 120	 

cultivation-based and molecular techniques in microbial diversity studies has been significantly 121	 

enhanced with the development of high-throughput culturing methods and high-throughput DNA 122	 

sequencing (Connon and Giovannoni 2002; Zengler et al. 2002; Donachie et al. 2007; 123	 

Kalyuzhnaya et al. 2008; Kircher and Kelso 2010). The apparent ‘unculturable’ nature of some 124	 

microorganisms is surely in part attributable to the medium composition or growth conditions 125	 

provided not suiting the organism in question. Conditions in extreme environments such as 126	 

volcanic features render it difficult to exactly reproduce the correct concentrations of nutrients 127	 

and growth factors in the laboratory (Rodríguez-Valera 2002). Characterizing geochemical and 128	 

physical parameters is thus essential if one is to reproduce in situ conditions in artificial systems, 129	 

and highlights the importance of a multidisciplinary approach in microbiological studies of these 130	 
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environments (Fig. 1). In addition to extrinsic factors, microbes might also require intrinsic 131	 

factors such as syntrophic interactions, a mutual relationship based on nutrient exchange, or 132	 

quorum-sensing, intercellular communication mediated by small molecules only when a certain 133	 

population density is attained. 134	 

2.1. Cultivation approaches 135	 

Cultivating bacteria from environmental samples as a scientific objective dates back to the 136	 

nineteenth century (e.g., Certes 1884). Detailed reviews of the myriad requirements and often 137	 

creative techniques used in the pursuit of a ‘pure culture’ can be found throughout the literature. 138	 

Today, data from molecular methods can be of use in developing media and incubation 139	 

conditions to isolate new taxa (Palleroni 1997; Giovannoni and Stengl 2007). It remains 140	 

statistically prohibitive to cater to all species that may occupy a particular habitat, but given 141	 

sufficient information about the habitat and with supporting molecular data we can target specific 142	 

genera or metabolic groups (Huber et al. 1995; Teske et al. 1996; Tyson et al. 2005; Bomar et al. 143	 

2011; Saw 2012).  144	 

Although the exact concentration of every component in a volcanic habitat may be difficult to 145	 

faithfully reproduce from scratch in the laboratory, anyone collecting samples from such sites 146	 

should be able to collect enough material to provide the base of many culture media (sensu 147	 

Rodríguez-Valera 2002). We can thus address in part the need for specific components or 148	 

combinations thereof found only in the native sample. 149	 

New cell selection and cultivation strategies have attempted to overcome the limitations of 150	 

diluting samples to extinction, a procedure that statistically provides a suspension of the most 151	 

abundant species, while diluting out those which are less abundant but perhaps more competitive 152	 
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(Fröhlich and König 2000). A drawback is that the least abundant taxa are unlikely to be present 153	 

in the most dilute samples; they might also be outcompeted when inoculated to media with other 154	 

species. Recent ‘high-throughput’ and ‘gel micro-droplet’ techniques operate on the same 155	 

principle of dilution to provide single to a few cells that are inoculated to media in microplates. 156	 

These have enabled significant expansion of the number of samples that can be processed in a 157	 

given time (Connon and Giovannoni 2002; Zengler et al. 2002). However, they do not allow 158	 

direct selection of any particular cell type, and given there are perhaps billion of cells in a liter of 159	 

most naturally occurring waters they would still require an unfeasibly high number of 160	 

microplates to sample all cells per liter. And that is before one provides different media, 161	 

temperatures, or variations of any other such parameter. All is not lost, though. Cell sorting by 162	 

flow cytometry targets specific cell types based upon how they scatter light, or their fluorescent 163	 

signature when illuminated with particular wavelengths of light, but does not allow the direct 164	 

observation and isolation of a single microbial cell. To collect single cells that one can see, and 165	 

pass those cells from a sample to downstream analyses, or to media wherein they may grow free 166	 

of competition from other taxa, microfluidic and laser microdissection and catapulting systems 167	 

offer various capabilities (Krüger et al. 2002; Ho et al. 2005; Baret et al. 2009; Chen et al. 2009; 168	 

Kang et al. 2011). Cells historically termed ‘unculturable’ will numerically dominate hundreds or 169	 

even thousands of randomly selected cells, but today’s laser systems are combined with imaging 170	 

capabilities that enable us to move beyond random selection. By establishing a library of cell 171	 

images we might attempt subsequently to isolate visually distinctive cells that we have 172	 

previously related to specific taxa through 16S rRNA gene sequencing after whole genome 173	 

amplification (sensu Morris et al. 2004; cf. Fig. 1); their phylogeny and physiology can thus be 174	 

predicted and in subsequent selections they can be transferred to tailored growth media in 175	 
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microplates within which they can grow free of competition from more rapidly growing or 176	 

antagonistic taxa (sensu Kovac and Voldman 2007). Laser-mediated cell selection methods have 177	 

already proven themselves in isolating novel microbes and single cells for transcriptome analysis 178	 

(Huber et al. 1995; Kang et al. 2011). 179	 

2.2. Cultivation-independent approaches 180	 

Molecular approaches first used in microbial ecology almost thirty years ago were based on the 181	 

study of the nucleotide sequences of specific genes, those termed “molecular chronometers”. 182	 

These are ribosomal, or rRNA genes, e.g., 16S rRNA genes in Archaea and Bacteria, and 18S 183	 

rRNA genes in the Eucarya, that encode for the production of ribosomes (Kimura 1968, 1983; 184	 

Stackebrandt et al. 1985). The slow rate at which these genes’ nucleotide sequences have 185	 

mutated over evolutionary time renders them valuable in classification. Such sequences also 186	 

form the basis of the reclassification of all life into the three currently recognized domains, 187	 

Archaea, Bacteria and Eucarya (Woese 1987). Moreover, functional genes encoding proteins 188	 

involved in specific metabolisms such as nitrogen fixation or sulphate reduction can be used as 189	 

proxies for particular bacterial groups (Moisander et al. 2006; Wagner et al. 1998). DNA-based 190	 

methods developed since the 1990s have provided much data on taxonomic diversity in 191	 

microbial communities. Such diversity in volcanic environments has to date been largely 192	 

investigated by denaturing gradient gel electrophoresis (DGGE) of ribosomal (rRNA) gene 193	 

fragments (Muyzer et al. 1993, Löhr et al. 2006, Wendt-Potthoff and Koschorreck 2002). In this 194	 

approach, gene fragments composed of different sequences of nucleotide in different species are 195	 

visualized as different ‘bands’ (Fig. 2). The DGGE profile, or ‘community fingerprint,’ of 196	 

samples can be statistically analysed for comparative purposes. Determining the nucleotide 197	 

sequence of the rRNA gene fragment in each band permits tentative assignment of the microbe 198	 
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represented by that band to a taxonomic group. More recently, ‘chip-based’ techniques have been 199	 

developed, such that specific RNA probes on a microarray can detect their complementary genes, 200	 

allowing detection of potentially thousands of species in a single experiment (De Santis et al. 201	 

2003). In this respect, an acidophilic bacterial microarray was developed and tested in habitats 202	 

such as Spain’s Rio Tinto, where the extremely acidic conditions are similar to those in some 203	 

volcanic lakes (Garrido et al. 2008). Furthermore, “-omics” approaches including 204	 

metaproteomics and metatranscriptomics allow one to determine which proteins are expressed by 205	 

microbial communities in the environment, and provide information on the functional diversity 206	 

and/or potential of the active members of the community (Dill et al. 2010; Shi, 2011; Marchettia 207	 

et al. 2012; Saw, 2012). Further advances now see these techniques being used at the single cell 208	 

level, permitting evaluation of the role and spatial topology of each community member (Kang et 209	 

al. 2011). Information about the presence and spatial distribution of specific populations can also 210	 

be obtained through microscopic analyses that target specific phylogenetic groups. Among these, 211	 

fluorescence in situ hybridization (FISH) has been instrumental in both significant discoveries 212	 

and routine counting of specific microbial groups (Amann et al. 1990; Karner et al. 2000). 213	 

Enhanced FISH-based techniques including substrate-tracking autoradiography (STAR-FISH) 214	 

and catalyzed reporter deposition (CARD-FISH) have been applied to the study of microbial 215	 

communities in water, e.g., warm monomictic crater lake Alchichica (Mexico), and a subglacial 216	 

volcanic lake beneath Iceland’s Vatnajökull ice cap (Ouverney and Fuhrman 1999, 2000; Gaidos 217	 

et al. 2008). 218	 

Molecular- or PCR-based approaches do have limiting factors, including the amount and quality 219	 

of DNA that can be extracted from the sample, and the amount of that DNA which can be 220	 

sequenced in a given time at an acceptable cost. The latter is now a minor issue given that 221	 
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today’s DNA sequencers can process, relatively cheaply, billions of nucleotides in a few hours. 222	 

Molecular approaches today offer the possibility of quickly detecting all genes, and thus all 223	 

microbes in a sample, as long as one can guarantee extracting all DNA from all cells. Just over a 224	 

decade ago a multi-capillary Sanger-type sequencer was considered ‘high-throughput.’ Now, 225	 

such a machine’s performance pales into insignificance compared to that offered by a 226	 

pyrosequencer, which generates hundreds of thousands of sequences in an afternoon. Such 227	 

performance has revealed “unexpected” taxonomic diversity in the deep-sea (Sogin et al. 2006; 228	 

Brown et al. 2009), while metagenomic analyses also showed an equally remarkable functional 229	 

diversity (DeLong et al. 2006). These techniques have not yet been widely used in volcanic 230	 

habitats, although Gaidos et al. (2008) showed the metagenome in anoxic water of a sub-glacial 231	 

volcanic lake (Iceland) comprised an oligarchic microbial consortium suited to the lake’s 232	 

geochemical context. Further advances in sequencing technology, along with miniaturization and 233	 

reduced cost per nucleotide sequenced, promise greater insights, with some caveats, of course 234	 

(Kunin et al. 2010; Niedringhaus et al. 2011). 235	 

3. Microbial diversity in volcanic lakes 236	 

3.1 Cultivated microbes 237	 

Reports of microbes cultivated from crater lakes in active volcanoes are few and far between. 238	 

Indeed, most efforts to determine which microbes are in these lakes have been based on 239	 

molecular approaches. It also seems we might know more of the diversity, physiology and 240	 

abundance of microbes, both cultivated and uncultivated, at submarine volcanic features than we 241	 

do in their analogous terrestrial features (Karl et al. 1989; Donachie et al. 2003, 2004; Nakagawa 242	 

and Takai 2008). In this respect, myriad reports of microbes in features related to volcanoes such 243	 
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as geothermal springs and effluent streams appear throughout the literature (Sonne-Hansen and 244	 

Ahring 1997; Hugenholtz et al. 1998; D’Imperio et al. 2008). Through just a handful of papers, 245	 

however, one can appreciate what challenging environments acidic crater lakes are for 246	 

microorganisms. 247	 

Takano et al. (1997) elegantly describe how sulfur-oxidizing bacteria affect the sulfate budget of 248	 

the Yugama crater lake (pH 1-1.5), part of the andesitic Kusatsu-Shirane strato-volcano, Japan, 249	 

noting also how pH controls distributions within the crater of two Thiobacillus species, T. 250	 

thiooxidans and T. ferrooxydans. Due to the heat input from the bottom of the Yugama crater 251	 

lake, the water temperature is generally higher than the atmospheric temperature, that can reach -252	 

15°C during winter. Members of the Thiobacillus, subsequently reclassified as Acidithiobacillus, 253	 

are known to colonize extremely acidic environments characterized by high levels of reduced 254	 

sulfur, which they oxidize (Kelly and Wood 2000). In the Yugama crater lake a molten sulfur 255	 

pool at a then active subaqueous fumarolic vent was discharged into the water column, while 256	 

sulfur particles dispersed throughout the lake as aqueous sulfur dioxide and hydrogen sulfide 257	 

reacted (Takano et al. 1994b); hydrogen sulfide, polythionates, and elemental sulfur were 258	 

consumed by bacteria, while reduced sulfur compounds were converted by these bacteria to 259	 

sulfuric acid. An acidophilic diatom, Pinnularia braunii var. amphicephala, on the floor of a 260	 

stream in the crater was identified by microscopy, showing that eukaryotes also colonize crater 261	 

lake environments. 262	 

The first report of microbial communities in acidic waters of the White Island andesitic 263	 

stratovolcano (New Zealand, 37°31’26” S; 177°11’5.6”E) applied both cultivation and molecular 264	 

methods (Donachie et al. 2002). The water here is a dilute mix of sulfuric and hydrochloric acids 265	 

containing dissolved andesite rock and other components. Sub-samples of water emanating from 266	 
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a hot spring in the crater floor were inoculated to a range of media (pH 1.29 to ~8) to cater to 267	 

expected metabolic groups, and incubated at one of five temperatures between 30 and 60ºC for 268	 

up to one year. Four pure cultures affiliated with the heterotrophic and acidophilic mesophile, 269	 

Acidiphilium sp. (Alphaproteobacteria), which requires only low concentrations of organics and 270	 

cannot use sulfur or Fe2+ (Harrison 1981); with Nocardia sp., and Nocardioides sp. 271	 

(Actinobacteria), and Cyanidium caldarium (eukaryote, Rhodophyte), a photoautroph (Doemel 272	 

and Brock 1971). The success of the Eucarya in volcanic crater lakes is likely controlled by 273	 

temperature, even if they can tolerate the extremely low pH (Tansey and Brock 1972). For 274	 

example, Cyanidium caldarium was absent from the lake in the White Island volcano, where pH 275	 

was ~0 but temperature was 58ºC, yet it was isolated from slightly cooler ‘soil’ just meters from 276	 

the lake (Fig. 3) (Donachie et al. unpubl., and 2002). This photosynthetic eukaryote does not 277	 

grow above 56ºC (Kleinschmidt and McMahon 1970). 278	 

A crater lake whose microbiology was investigated in austral summer 2007 by both cultivation 279	 

and molecular approaches is the summit lake on Simba volcano (Demergasso et al. 2010), also 280	 

referred to as Lake (cf. Laguna) Aguas Calientes (Escudero et al. 2007; Cabriol et al. 2009). This 281	 

is an unusual lake because of its high altitude (5870 m) and concomitantly high UV radiation 282	 

exposure, yet rather moderate pH for a crater lake. Although water and sediment samples were 283	 

inoculated to enrichment media, no growth was detected by the end of the incubation period, 284	 

while several bacteria from just two phyla were cultivated from nearby Salar Aguas Calientes 285	 

and Laguna Lejía. In November of 2006, Bacteria were cultivated from the same lake, but they 286	 

belonged only to the Gammaproteobacteria (Pseudomonas spp.) and Firmicutes (Staphylococcus 287	 

epidermidis). S. epidermidis is unlikely to be part of the lake’s autochthonous microbiota since it 288	 

is generally found on the human skin and membranes, and is a frequent contaminant in 289	 
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laboratory tests (Queck and Otto 2008). Molecular methods showed a higher phylogenetic 290	 

diversity, revealing the presence of taxa reported from other high altitude lakes rather than acidic 291	 

lakes per se, and belonging in the Bacteria and Archaea (Demergasso et al. 2010). This work 292	 

demonstrates the value of coupling cultivation-dependent and molecular methods. 293	 

Wendt-Potthoff and Koschorrek (2001) determined the abundances of various physiological 294	 

groups of bacteria along the Rio Agrio on the Copahue volcano (37°51’S; 71°10.2’W; 2965 m 295	 

a.s.l., Argentina) an andesitic stratovolcano, and its recipient lake, Caviahue. Iron- and sulfur-296	 

oxidizers, and sulphate-reducers were enumerated in enrichment media used in other acidic 297	 

environments. The presence of fermentative bacteria was determined by gas production at pH 298	 

2.0. All metabolic groups were detected, although abundance was low, and the authors posited 299	 

that distribution varies with rate of water flow, sediment texture, and light availability rather than 300	 

solely with pH. Lavalle et al. (2005) worked along the same river, but also sampled from the 301	 

crater lake (Laguna del Volcán) itself. In a targeted approach with specific media, acidophilic, 302	 

chemolithotrophic and ferrous-oxidizing bacteria were cultivated only from the river, where the 303	 

pH ranged from 2 to 4. These bacteria were assigned to the iron-sulphur oxidizer 304	 

Acidithiobacillus ferroxidans. A broader microbiological survey of the same system reported that 305	 

the lake’s pH ranged from 0.2 to 1.1 (Chiacchiarini et al. 2010); these authors used diverse media 306	 

and incubation conditions and cultivated bacteria that use inorganic reduced sulphur compounds 307	 

as energy sources, and CO2 (chemolithoautotrophs) or organic compounds 308	 

(chemolithoheterotrophs) as carbon sources. Among these were Bacteria (Leptospirillum 309	 

ferrooxidans, Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans) and Archaea 310	 

(Acidianus, Sulfolobus), plus yeasts and filamentous fungi from sites that extended from a 70ºC, 311	 

pH ~1.0 hot spring (el Vertedero) emerging from the mountain, just below the lake, and along the 312	 
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Upper and Lower Rio Agrio, and from Caviahue Lake. Temperature along this watercourse drops 313	 

to ~8ºC and pH increases to 4.2. An unidentified extremely acid tolerant (pH<2) filamentous 314	 

fungus was cultivated, as were over a dozen yeasts from at least three genera (Cryptococcus, 315	 

Rhodotorula, Sporidiobolus). That no microbes were cultivated from the Laguna del Volcán by 316	 

both Lavalle et al. (2005) and Chiacchiarini et al. (2010), although water samples were 317	 

inoculated to media, is consistent with observations elsewhere of there being no bacterial growth 318	 

in crater lakes if the pH is <1 (Satake and Saijo 1974; Takano et al. 1994a). 319	 

A discussion of microbes in the environment should not overlook the potential for viral 320	 

infections. Just as the role of viruses in marine biogeochemical cycling has been reassessed in the 321	 

last two decades, so too might we find that viruses are instrumental in controlling populations of 322	 

thermophiles and acidophiles in volcanic settings (Short and Suttle, 2002, Rice et al. 2001, 323	 

Snyder et al. 2003). Almost thirty years ago, Janekovic et al. (1983) described a family of viruses 324	 

that infect Thermoproteus tenax, a thermophilic Archaea found in hot springs. Multiple viruses 325	 

in Sulfolobus, which inhabit high temperature hydrothermal environments, are now known 326	 

(Zillig et al. 1994; Arnold et al. 2000). Geslin et al. (2003) reported the first virus in an 327	 

hyperthermophilic archaeon, Pyrococcus abyssi from marine hydrothermal vents. An attempt 328	 

about ten years ago to isolate phage from water in Ruapehu crater (pH~2, 45 - 55ºC), however, 329	 

found neither phage nor DNA that could be amplified (Hugh Morgan, pers. comm.). 330	 

3.2. Microbial diversity in volcanic systems by molecular methods 331	 

In addition to the cultivation-based data described above for White Island, cloned 16S rRNA 332	 

gene fragments from the acid stream affiliated with Pandoraea and Ralstonia (Burkholderiaceae, 333	 

Betaproteobacteria), Rhodovulum (Rhodobacteraceae, Alphaproteobacteria), Acidosphaera 334	 



16 

(Acetobacteraceae, Alphaproteobacteria), and the photoautotrophic Chlorobium vibrioforme 335	 

(Chlorobi) (Donachie et al. 2002). No DNA was extracted from water collected from the pH ~0, 336	 

58ºC lake (Donachie et al., unpubl.). 337	 

The largest known acidic crater lake is Kawah Ijen, Indonesia, whose pH 0.3 water is clearly 338	 

extreme compared to that of more typical lakes and rivers (Geller and Schultze 2009). As the 339	 

river Banyupahit-Banyuputih flows from Kawah Ijen, its pH increases from 0.39 to 7.62. 340	 

Microbial diversity in the lake and river investigated by DGGE detected no Bacteria or Eucarya 341	 

in the lake, although they were detected along the effluent rivers (Löhr et al. 2006a). No attempts 342	 

were made to cultivate microbes, nor were other sequencing strategies with larger sample sizes 343	 

conducted. Bacteria sequences detected by DGGE in the highest pH river water affiliated with 344	 

Betaproteobacteria, Gammaproteobacteria and Flavobacteria; in the most acidic sample, only a 345	 

sequence affiliating with the Pseudomonadaceae family was detected. None of the Bacteria 346	 

detected were known acidophiles. Eucarya were absent from low pH waters in both the Kawah 347	 

Ijen lake and the upper reaches of the river Banyupahit-Banyuputih. However, Eucarya diversity 348	 

was high in water at pH ≥2.66, and included both algae and diatoms (Löhr et al. 2006b). Archaea 349	 

sequences were detected, but taxonomic diversity was low; none typical of acidic environments 350	 

were detected, but one Archaea sequence from the lake and the most acidic stretch of the river 351	 

affiliated closely with uncultured marine non-thermophilic Crenarchaeota. A second Archaea 352	 

sequence retrieved from the lake was only distantly related to sequences from marine 353	 

hydrothermal vents. One more sequence from the most acidic stretch of the river affiliated with 354	 

obligate anaerobic acetoclastic methanogens in the order Methanosarcinales (Löhr et al. 2006a). 355	 

Microbial community diversity and abundance in the Copahue-Caviahue system of Argentina 356	 

have also been studied (Chiacchiarini et al. 2010, Urbieta et al. 2012). Here, extremely acidic 357	 
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water (pH 0.2 - 1.1) flows from L. Copahue in the Copahue volcano into the Río Agrio. The river 358	 

can be divided into the Upper Río Agrio (pH 0.5 – 2.5) that flows into L. Caviahue (pH 2.1-3.7), 359	 

and its effluent Lower Río Agrio (pH 2.1 – 6.0). Bacterial abundance in water from the Upper 360	 

Río Agrio and in L. Caviahue determined by microscopy was ~2 x 105 cells ml-1, of the order of 361	 

that reported in acid mine lakes, the anthropogenic homologue of volcanic lakes (Wendt-Potthoff 362	 

and Koschorreck 2002). Measurements of microbial activity such as oxygen consumption, and 363	 

iron oxidation and reduction at three points along the Upper Río Agrio, one of which was 364	 

immediately before the inflow to L. Caviahue, showed a gradient of microbial abundance and 365	 

activity. Iron- and sulphur-oxidizing bacteria and iron-reducing bacteria were present, as one 366	 

might expect given the abundances of iron and sulphur in this type of ecosystem (Wendt-Potthoff 367	 

and Koschorreck 2002, Urbieta et al. 2012). FISH detected acidophilic bacteria with a potential 368	 

for iron and sulphur metabolism, such as Sulfobacillus, Leptospirillum, Acidithiobacillus and 369	 

Acidimicrobium, in the hot spring of Copahue village (Giaveno et al. 2009). Acidithiobacillus 370	 

ferroxidans, Acidithiobacillus thiooxidans and members of the genus Leptospirillum and the 371	 

Archaea genus Sulfolobus were cultivated from different parts of the Copahue-Caviahue system 372	 

in a study to isolate microbes that may bioleach ores and recover precious metals (Chiacchiarini 373	 

et al. 2010). Bacterial diversity in four water samples from the Upper Río Agrio was recently 374	 

described on the basis of 16S rRNA gene clone libraries and CARD-FISH (Urbieta et al. 2012). 375	 

Sampling sites were characterized by increasing pH (1 - 2) and temperature (6.7 to 59°C). 376	 

CARD-FISH revealed Archaea were the most abundant members of the community, albeit not a 377	 

phylogenetically diverse component since 93-97% of sequences affiliated with just one species, 378	 

the chemolithoautotrophic, iron-oxidizing, Ferroplasma acidiphilum (Urbieta et al. 2012). 379	 

Ferroplasma species are key players in the sulphur cycle through their oxidation of sulphides 380	 
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and regeneration of Fe3+, the primary oxidant of pyrite at low pH (Urbieta et al. 2012). In 381	 

contrast to what one might expect in an ‘ecological dogma’ context, that more extreme 382	 

conditions exert a stronger selective pressure and thus a less complex community, a Bacteria 16S 383	 

rRNA gene clone library from the sample with the lowest pH (1) and highest temperature (59°C) 384	 

contained the most phylogenetically diverse community. Moreover, a ‘less extreme’ habitat, 385	 

characterized by pH 2 and 15.9°C, showed the lowest diversity indices. Bacteria clones in the 386	 

Upper Río Agrio water samples so analysed affiliated with Alpha-, Beta- and 387	 

Gammaproteobacteria, and the phyla Actinobacteria, Firmicutes and Nitrospirae, the latter 388	 

represented only by the genus Leptospirillum, typically found in acid environments with high 389	 

concentrations of reduced iron and sulphur. The distribution of the known iron-sulphur oxidizing 390	 

bacterium Acidithiobacillus ferrooxidans along the Upper Río Agrio correlated with the water’s 391	 

iron content and pH value, and confirmed previous cultivation-dependent experiments of the site 392	 

(Chiacchiarini et al. 2010). Clone libraries also contained an Acidiphilium sp., an important 393	 

observation given they may scavenge organic molecules that would otherwise be toxic to 394	 

chemolithoautotrophs such as Acidithiobacillus ferrooxidans (Johnson, 1995; Urbieta et al. 395	 

2012). Sulphur-oxidizing species affiliating with Acidithiobacillus thiooxidans and 396	 

Acidithiobacillus albertensis were also detected in the URA; these species, along with 397	 

Sulfobacillus spp., are typically found in natural or man-made acidic habitats, e.g., the Rio Tinto 398	 

in the Iberian Pyritic Belt, or in acid mine drainage. 399	 

As with studies of the Upper Río Agrio, a DGGE survey of the El Chichón crater lake 400	 

(17°21’36’’N; 93°13’40’’W¸ 1100 m a.s.l., Mexico) revealed the presence of 401	 

chemolithoautotrophic bacteria able to synthesize organic carbon from carbon dioxide (Fig. 2). 402	 

Alpha-, Beta- and Gammaproteobacteria along with Aquificae, Firmicutes and Acidobacteria 403	 
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were detected in acidic, sulphate-rich waters of the lake (Peiffer et al. 2011; Mapelli, pers. 404	 

comm.). The presence of Sulfurihydrogenibium, Acidithiobacillus, Thiomonas and 405	 

Hydrogenophilus, members of which are involved in sulphur and iron cycling, and hydrogen 406	 

oxidation, reflects the chemical composition of El Chichón’s lake and thermal springs. 407	 

Volcanic lakes present unique challenges for both microbes and microbiologists. After a few 408	 

decades of cultivation- and microscopy-based studies, plus a decade or so of molecular methods, 409	 

it seems we might conclude that microbial communities in the few lakes studied comprise a 410	 

handful of microbial eukaryotes, and several Archaea and Bacteria (Schleper et al. 1995; 411	 

Donachie et al. 2002). On the other hand, these lakes have been so rarely investigated in 412	 

microbiological terms we should rather reserve judgment until more extensive data are available. 413	 

4. Potential applications of microbiological studies of volcanic lakes 414	 

Interest in microbial diversity in crater lakes is both scientific and economic in nature. For 415	 

example, knowledge of ecological processes in natural and artificial acidic systems provides 416	 

leads for established and novel biotechnological applications (Antranikian et al. 2005; Liu and 417	 

Zhang 2008). Such studies may allow improvement of or development of new applications, such 418	 

as in biomining, and the development of strategies to restore waters and ecosystems affected by 419	 

acidification. Applications based on biological resources from volcanic systems include 420	 

reclaiming or scavenging metals from contaminated substrates or toxic mixtures. Chiacchiarini et 421	 

al. (2010) showed a putative Acidothiobacillus ferrooxidans from the Upper Rio Agrio could 422	 

reduce chromium and zinc concentrations in municipal sludge to below permitted levels; 423	 

consortia of bacteria from Copahue–Caviahue could also extract more gold from a sulphide 424	 

concentrate than could pure cultures of Acidothiobacillus ferrooxidans DSM 11477 and 425	 
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Leptospirillum ferrooxidans ATCC 29047T (Giaveno et al. 2009b). These strains and related 426	 

species have long been the focus of bioleaching studies (Porro et al. 1989; Donati et al. 1996). 427	 

Molecules derived from microorganisms originating in extreme volcanic habitats have 428	 

significant potential through unique applications in biotechnology. For example, the activities of 429	 

‘extremozymes’ (enzymes synthesized by extremophiles) can be enhanced by extreme 430	 

temperature, pH and heavy metal content, and are stable under several environmental extremes 431	 

(reviewed in Morozkina et al. 2010). Such enzymes may enable industrial processes in 432	 

conditions under which conventional proteins are denatured or inefficient. 433	 

An innovative application of microbiological research in volcanic systems is that of Plant 434	 

Growth Promoting (PGP) bacteria, those that help sustain plant growth in extreme geochemical 435	 

settings. Only certain pioneer plants, mainly those in the Poaceae family (Baldantoni et al. 436	 

2009), can tolerate the severe environmental conditions that typify soils affected by volcanic 437	 

activity, e.g., high temperature, anomalous gas fluxes through soils and sediments, low pH, and 438	 

presence of potentially toxic elements in aerosols and water. A PGP bacterial activity that may be 439	 

widespread and important to plants colonizing volcanic systems is the detoxification of 440	 

phytotoxic compounds, such as heavy metals. PGP bacteria isolated from pioneer plants in 441	 

volcanic areas also have the potential to be incorporated into ‘biofertilizers’ to sustain plant 442	 

growth in altered and degraded soils during phytoremediation and land restoration practices, e.g., 443	 

in acid mine waste remediation. Bacteria associated with the roots of a pioneer plant growing in 444	 

a hot, acidic stream emanating from the crater lake of El Chichón volcano (Mexico) have been 445	 

isolated and characterized in vitro for known PGP activities, resistance to abiotic stressors, and 446	 

root colonisation (Fig. 4). To develop an effective ‘biofertilizer’ it is essential to determine if the 447	 

bacteria are rhizocompetent, i.e., able to colonize the plant root. Rhizocompetence can be 448	 
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evaluated by engineering cells to express ‘green fluorescent protein’ (GFP), and by observing 449	 

them in root sections by epifluorescence microscopy (Fig. 4) (Marasco et al. 2012). The utility of 450	 

GFP-tagged rhizobacteria does depend on the transformation efficiency and use of strain-specific 451	 

genetic systems. However, microbial inocula with such detoxification or growth stimulation 452	 

activities can enhance stress tolerance in plants in polluted ecosystems, and promote 453	 

rhizoremediation, phytoremediation and phytostabilization techniques (Regvar et al. 2006; Ma et 454	 

al. 2011). The cultivation of microbes from volcanic systems, or the application of genetic 455	 

information from these and uncultivated taxa, may yet contribute to socially acceptable, 456	 

environmentally friendly practices in land restoration. 457	 

Volcanic activity has always been a part of Earth’s history, so investigating microbial life in 458	 

volcanic crater lakes and their effluent rivers may provide clues to the origin of Life on Earth, 459	 

and how it has adapted over time to extreme conditions. In this respect, the multidisciplinary 460	 

field of astrobiology focuses on the origin, evolution and pattern of Life on Earth and 461	 

extraterrestrial bodies. The only life we know of in the universe is that on Earth. We thus define 462	 

conditions required for life’s development and persistence according to observations of life here. 463	 

Clearly, the extremes of pH, temperature and chemistry we see in terrestrial volcanic systems 464	 

that harbor life provide clues about the conditions in which life could occur in extraterrestrial 465	 

habitats. 466	 

Geochemical features in volcanic crater lakes such as pH, and sulphur and iron species, appear to 467	 

be the principal forces shaping the composition of autochthonous microbial communities. Iron in 468	 

particular plays a fundamental role in the biogeochemistry of many volcanic ecosystems, and 469	 

was probably also important on the early Earth (Huber et al. 1997; Cody et al. 2000; Weber et al. 470	 

2006). Signatures of acidic aqueous systems with iron- and sulfur-based redox cycles, e.g., the 471	 
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iron oxide mineral jarosite, were detected on the Martian surface by the rover ‘Opportunity’ 472	 

(Bibring et al. 2007); jarosite’s presence on Mars only implies that aqueous processes were once 473	 

at work there (Klingelhofer et al. 2004), while that found in leaching waters of the Kawah Ijen 474	 

volcano on Earth may be biogenic, such as that generated from pyrite by Acidithiobacillus 475	 

ferrivorans cultivated from iron bioweathered soil, and El Chichón crater lake (Borin et al. 2009; 476	 

van Hinsberg et al. 2010; Mapelli, pers. obs.). One can see why Acidithiobacillus spp. and other 477	 

extremophiles have been proposed as biomarkers for life detection strategies on planetary bodies 478	 

(Gómez and Parro 2012). Extreme crater lakes such as those in the Chilean Altiplano are 479	 

eminently suited to investigations of microbial physiology and community dynamics in extreme 480	 

and rapidly changing environments (Demergasso et al. 2010). Considerable technical challenges 481	 

await those who choose to work on the microbiology of volcanic crater lakes, but the field will 482	 

surely yield both exciting methodological developments and scientific discoveries. 483	 

ACKNOWLEDGMENTS 484	 

F. Mapelli and E. Rolli were supported by Università degli Studi di Milano, European Social 485	 

Fund (FSE) and Regione Lombardia (contract "Dote Ricerca”). S. Donachie’s work on White 486	 

Island was supported by the ERC program of the National Science Foundation under award 487	 

number EEC 9731725. 488	 

 489	 

REFERENCES 490	 
Akob DM, Küsel K (2011) Where microorganisms meet rocks in the Earth’s critical zone. 491	 
Biogeosciences 8:3531–3543 492	 

Amann RI, Krumholz L, Stahl DA (1990) Fluorescent oligonucleotide probing of whole cells for 493	 
determinative, phylogenetic and environmental studies in microbiology. J Bacteriol 172:762-494	 
770 495	 

Arnold HP, Zillig W, Ziese U, Holz I, Crosby M, Utterback T, Weidmann JF, Kristjanson JK, 496	 
Klenk HP, Nelson KE, Fraser CM (2000) A novel lipothrixvirus, SIFV, of the extremely 497	 
thermophilic crenarchaeon Sulfolobus. Virology 267:252–266 498	 



23 

Antranikian G, Vorgias CE, Bertoldo C (2005) Extreme environments as a resource for 499	 
microorganisms and novel biocatalysts. Adv Biochem Eng Biotechnol 96:219-62 500	 

Baldantoni D, Ligrone R, Alfani A (2009) Macro- and trace-element concentrations in leaves and 501	 
roots of Phragmites australis in a volcanic lake in Southern Italy. J Geochem Explor 101:166–502	 
174 503	 

Baret J-C, Miller OJ, Taly V, Ryckelynck M, El-Harrak A, Frenz L, Rick C, Samuels ML, 504	 
Hutchison JB, Agresti JJ, Link DR, Weitz DA, Griffiths AD (2009) Fluorescence-activated 505	 
droplet sorting (FADS): efficient microfluidic cell sorting based on enzymatic activity. Lab 506	 
Chip 9:1850-1858 507	 

Barton HA, Taylor MR, Pace NR (2004) Molecular phylogenetic analysis of a bacterial 508	 
community in an oligotrophic cave environment. Geomicrobiol J 21:11–20 509	 

Bibring J-P, Arvidson RE, Gendrin A, Gondet B, Langevin Y, Le Mouelic S, Mangold N, Morris 510	 
RV, Mustard JF, Poulet F, Quantin C, Sotin C (2007) Coupled ferric oxides and sulfates on the 511	 
martian surface. Science 317:1206–1210 512	 

Bomar L, Maltz M, Colston S, Graf J (2011) Directed culturing of microorganisms using 513	 
metatranscriptomics. mBio 2(2): e00012-11, doi:10.1128/mBio.00012-11 514	 

Borin S, Ventura S, Tambone F, Mapelli F, Schubotz F, Brusetti L, Scaglia B, D’Acqui LP, 515	 
Solheim, B, Turicchia S, Marasco R, Hinrichs KU, Baldi F, Adani F, Daffonchio D (2009) Rock 516	 
weathering creates oasis of life in a high Arctic desert. Environ Microbiol 12:293-303 517	 

Bowman JP, Rea SM, Brown MV, McCammon SA, Smith MC, McMeekin TA (1999) 518	 
Community structure and psychrophily in Antarctic microbial ecosystems. Microbial 519	 
Biosystems: New Frontiers. In: Bell CR, Brylinsky M, Johnson-Green P (eds) Proc. 8th Int. 520	 
Symp. Microb. Ecol. Atlantic Canada Society for Microbial Ecology, Halifax, Canada, 1999 521	 

Brown MV, Philip GK, Bunge JA, Smith MC, Bissett A, Lauro FM, Fuhrman JA, Donachie SP 522	 
(2009) Microbial community structure in the North Pacific Ocean. The ISME J 3:1374-1386 523	 

Cabrol NA, Grin EA, Chong G, Minkley E, Hock AN, Yu Y, Bebout L, Fleming E, Häder DP, 524	 
Demergasso C, Gibson J, Escudero L, Dorador C, Lim D, Woosley C, Morris RL, Tambley C, 525	 
Gaete V, Galvez ME, Smith E, Ukstins Peate I, Salazar S, Dawidowicz G, Majerowicz J (2009) 526	 
The High-Lakes Project. J Geophys Res 114,G00D06, doi:10.1029/2008JG000818 527	 

Cavicchioli R (2006) Cold-adapted Archaea. Nat Rev Microbiol 4:331-343 528	 
Certes A (1884) Sur la culture, a l’abri des germes atmospheriques, des eaux et des sediments 529	 

rapportes par les expeditions der Travailleur et du Talisman. Compt Rend Acad Sci 98:690-693	 530	 
Chen CH, Cho SH, Tsai F, Erten A, Lo YH (2009) Microfluidic cell sorter with integrated 531	 

piezoelectric actuator. Biomed Microdev 11:1223-1231 532	 
Chiacchiarini P, Lavalle L, Giaveno A, Donati E (2010) First assessment of acidophilic 533	 

microorganisms from geothermal Copahue–Caviahue system. Hydrometallurgy 104:334–341 534	 
Cody GD, Boctor NZ, Filley TR, Hazen RM, Scott JH, Sharma A, Yoder jr HS (2000) Primordial 535	 
carbonylated iron-sulfur compounds and the synthesis of pyruvate. Science 289: 1337-1340 536	 

Colwell RR, Grimes DJ (2000) Semantics and strategies. In: RR Colwell and DJ Grimes (eds.) 537	 
Nonculturable Microorganisms in the Environment. ASM Press, Washington, DC, pp. 1–6 538	 

Connon SA, Giovannoni SJ (2002) High-throughput methods for culturing microorganisms in 539	 
very-low-nutrient media yield diverse new marine isolates. Appl Environ Microbiol 68:3878-540	 
3885 541	 
Curtis TP, Sloan WT and Scannell JW. (2002) Estimating prokaryotic diversity and its limits. 542	 

Proc Natl Acad Sci USA 99:10494–10499 543	 



24 

DeLong EF, Preston CM, Mincer T, Rich V, Hallam SJ, Frigaard NU, Martinez A, Sullivan MB, 544	 
Edwards R, Brito BR, Chisholm SW, Karl DM (2006) Community genomics among stratified 545	 
microbial assemblages in the ocean’s interior. Science 311:496–503 546	 

Demergasso C, Dorador C, Meneses D, Blamey J, Cabrol N, Escudero L, Chong G (2010) 547	 
Prokaryotic diversity pattern in high-altitude ecosystems of the Chilean Altiplano, J Geophys 548	 
Res 115, G00D09 DOI:10.1029/2008JG000836 549	 

DeSantis TZ, Dubosarskiy I, Murray SR, Andersen GL (2003) Comprehensive aligned sequence 550	 
construction for automated design of effective probes (CASCADE-P) using 16S rDNA. 551	 
Bioinformatics 19:1461-1468 552	 

Dill BD, Young JC, Carey PA, VerBerkmoes NC (2010) Metaproteomics: techniques and 553	 
applications. In: Liu WT & Jansson JK (eds) Environmental Molecular Microbiology. Caister 554	 
Academic Press pp. 37-62 555	 

D’Imperio S, Lehr CR, Oduro H, Druschel G, Kuhl M, McDermott TR (2008) The relative 556	 
importance of H2 and H2S as energy sources for primary production in geothermal springs. 557	 
Appl Environ Microbiol 74:5802–5808 558	 

Doemel WN, Brock TD (1971) The physiological ecology of Cyanidium caldarium. 559	 
Microbiology 67:17-32 560	 

Donachie SP (1996) A seasonal study of marine bacteria in Admiralty Bay (Antarctica). Proc 561	 
NIPR Symp Polar Biol 9:111-124 562	 

Donachie SP, Christenson B, Kunkel DD, Malahoff A, Alam M (2002) Microbial community in 563	 
acidic hydrothermal waters of volcanically active White Island, New Zealand. Extremophiles 564	 
6:419-425 565	 

Donachie SP, Hou S, Gregory TS, Malahoff A, Alam M (2003) Idiomarina loihiensis, sp. nov., a 566	 
new halophilic γ-Proteobacterium isolated from the Lō‘ihi submarine volcano, Hawai‘i. Int J 567	 
Syst Evol Microbiol 53:1873-1879 568	 

Donachie SP, Hou S, Lee K-S, Riley CW, Pikina A, Belisle C, Kempe S, Gregory TS, Bossuyt A, 569	 
Boerema J, Liu J, Freitas TA, Malahoff A, Alam M (2004) The Hawaiian Archipelago: A 570	 
microbial diversity hotspot. Microb Ecol 48:509-520 571	 

Donachie SP, Foster JS, Brown MV (2007) Culture clash: Challenging the dogma of microbial 572	 
diversity. The ISME J 1:97-102 573	 

Donati E, Curutchet G, Pogliani C, Tedesco P (1996) Bioleaching of covellite using pure and 574	 
mixed cultures of Thiobacillus ferrooxidans and Thiobacillus thiooxidans. Process Biochem 575	 
31:129-134 576	 

D’Onofrio A, Crawford JM, Stewart EJ, Witt K, Gavrish E, Epstein S, Clardy J, Lewis K (2010) 577	 
Siderophores from neighboring organisms promote the growth of uncultured bacteria. Chem 578	 
Biol 17:254-264 579	 
Escudero L, Chong G, Demergasso C, Farías ME, Cabrol NA, Grin E, Minkley Jr E, Yu Y (2007) 580	 

Investigating microbial diversity and UV radiation impact at the high-altitude Lake Aguas 581	 
Calientes, Chile. Proc SPIE 6694:66940Z 582	 

Gaidos E, Lanoil B, Thorsteinsson T, Graham A, Skidmore M, Han S-k, Rust T, Popp B (2004) A 583	 
viable microbial community in a subglacial volcanic crater lake, Iceland. Astrobiology 4:327–584	 
344 585	 

Gaidos E, Marteinsson V, Thorsteinsson T, Johannesson T, Rafnsson AR, Stefansson A, Glazer 586	 
B, Lanoil B, Skidmore M, Han S, Miller M, Rusch A, Foo W (2008) An oligarchic microbial 587	 
assemblage in the anoxic bottom waters of a volcanic subglacial lake. The ISME J 3:486-497 588	 



25 

Garrido P, González-Toril E, García-Moyano A, Moreno-PazM, Amils R, Parro V (2008) An 589	 
oligonucleotide prokaryotic acidophile microarray: its validation and its use to monitor 590	 
seasonal variations in extreme acidic environments with total environmental RNA. Environ 591	 
Microbiol 10:836–850 592	 

Geller W, Schultze M (2009) Acidification. In: Likens GE (ed) Encyclopedia of Inland Waters. 593	 
Elsevier, Oxford, pp. 1-12 594	 

Geslin C, Le Romancer M, Erauso G, Gaillard M, Perrot G, Prieur D (2003) PAV1, the first 595	 
virus-like particle isolated from a hyperthermophilic euryarchaeote, “Pyrococcus abyssi.” J 596	 
Bacteriol 185:3888–3894 597	 

Giaveno, A, Huergo J, Lavalle L, Sand W, Donati E (2009a) Molecular and morphological 598	 
characterization of cultures from the extreme environmental area of Copahue Volcano-599	 
Argentina. Adv Mat Res 71-73:93-96 600	 
Giaveno A, Chiacchiarini P, Cordero C, Lavalle L, Huergo J, Donati E (2009b) Oxidative 601	 

capacity of native strains from Copahue geothermal system in the pretreatment of a gold sulfide 602	 
ore. Adv Mat Res 71-73:473-476 603	 

Giovannoni S, Stingl U (2007) Opinion: The importance of culturing bacterioplankton in the 604	 
'omics' age. Nature Rev Microbiol 5:820-826	 605	 

Gómez F, Parro V (2012) Applications of extremophiles in astrobiology: Habitability and life 606	 
detection strategies. In: Stan-Lotter H, Fendrihan S (eds) Adaption of Microbial Life to 607	 
Environmental Extremes. Springer Vienna pp. 199-229 DOI: 10.1007/978-3-211-99691-1_9 608	 

Handelsman J (2004) Metagenomics: Application of genomics to uncultured microorganisms. 609	 
Microbiol Mol Biol Rev 68:669-685 610	 

Harrison AP (1981) Acidiphilium cryptum, gen. nov., sp. nov., heterotrophic bacterium from 611	 
acidic mineral environments. Int J Syst Bact 31:327-332 612	 

Herrera A, Cockell CS (2007) Exploring microbial diversity in volcanic environments: a review 613	 
of methods in DNA extraction. J Microbiol Meth 70:1-12 614	 

Ho CT, Lin RZ, Chang HY, Liu CH (2005) Micromachined electrochemical T-switches for cell 615	 
sorting applications. Lab Chip 5:1248-1258 616	 

Huber R, Burggraf S, Mayer T, Barns SM, Rossnagel P, Stetter KO (1995) Isolation of a 617	 
hyperthermophilic archaeum predicted by in situ RNA analysis. Nature 376:57-58 618	 

Huber C, Wächtershäuser G (1997) Activated acetic acid by carbon fixation on (Fe,Ni)S under 619	 
primordial conditions. Science 276:245-247 620	 

Hugenholtz P, Pitulle C, Hershberger KL, Pace NR (1998) Novel division level bacterial 621	 
diversity in a Yellowstone hot spring. J Bacteriol 180:366-376 622	 

Janekovic D, Wunderl S, Holz I, Zillig W, Gierl A, Neumann H (1983) TTV1, TTV2 and TTV3, 623	 
a family of viruses of the extremely thermophilic, anaerobic, sulfur-reducing archaebacterium 624	 
Thermoproteus tenax. Mol Gen Genet 192:39–45 625	 

Jóhannesson T, Thorsteinsson T, Stefánsson A, Gaidos EJ, Einarsson B (2007) Circulation and 626	 
thermodynamics in a subglacial geothermal lake under the Western Skaftá cauldron of the 627	 
Vatnajökull ice cap, Iceland. Geophys Res Lett 34:L19502 628	 

Johnson D (1995) Selective solid media for isolating and enumerating acidophilic bacteria. J 629	 
Microbiol Meth 23:205–218 630	 

Kaiser O, Pühler A, Selbitschka W (2001) Phylogenetic analysis of microbial diversity in the 631	 
rhizoplane of Oilseed Rape (Brassica napus cv. Westar) employing cultivation-dependent and 632	 
cultivation-independent approaches. Microb Ecol 42:136–149 633	 



26 

Kalyuzhnaya MG, Lapidus A, Ivanova N, Copeland AC, McHardy AC, Szeto E, Salamov A, 634	 
Grigoriev IV, Suciu D, Levine SR, Markowitz VM, Rigoutsos I, Tringe SG, Bruce DC, 635	 
Richardson PM, Lidstrom ME, Chistoserdova L (2008) High-resolution metagenomics targets 636	 
specific functional types in complex microbial communities. Nature Biotech 26:1029-1034 637	 

Kang Y, Norris MH, Zarzycki-Siek J, Nierman WC, Donachie SP, Hoang TT (2011) Transcript 638	 
amplification from single bacterium for transcriptome analysis. Genome Res 21:925-935	 639	 

Karl DM, Brittain AM, Tilbrook BD (1989) Hydrothermal and microbial processes at Loihi 640	 
Seamount, a mid-plate hot-spot volcano. Deep-Sea Res 36:1655-1673	 641	 

Karner M, DeLong EF, Karl DM (2001) Archaeal dominance in the mesopelagic zone of the 642	 
Pacific Ocean. Nature 409:507–510 643	 

Kelly DP, Wood AP (2000) Reclassification of some species of Thiobacillus to the newly 644	 
designated genera Acidithiobacillus gen. nov., Halothiobacillus gen. nov. and 645	 
Thermithiobacillus gen. nov. Int J Syst Evol Microbiol 50:511–516	 646	 

Kircher M, Kelso J (2010) High-throughput DNA sequencing - concepts and limitations. 647	 
Bioessays 32:524-536 648	 

Kleinschmidt MG, McMahon VA (1970) Effect of growth temperature on the lipid composition 649	 
of Cyanidium caldarium. Plant Physiol 46:286-289 650	 

Klingelhofer G, Morris RV, Bernhardt B, Schroder C, Rodionov CS, de Souza PA Jr, Yen A, 651	 
Gellert R, Evlanov EN, Zubkov B, Foh J, Bonnes U, Kankeleit E, Gütlich P, Ming DW, Renz 652	 
F, Wdowiak T, Squyres SW, Arvidson RE (2004) Jarosite and hematite at Meridiani Planum 653	 
from Opportunity’s Mössbauer spectrometer. Science 306:1740-1745 654	 

Koschorreck M, Wendt-Potthoff K, Scharf B, Richnow HH (2008) Methanogenesis in the 655	 
sediment of the acidic Lake Caviahue in Argentina. J Volcanol Geotherm Res 178:197-204 656	 

Kovac JR, Voldman J (2007) Intuitive, image-based cell sorting using opto-fluidic cell sorting. 657	 
Anal Chem 79:9321-9330 658	 
Krüger J, Singh K, O’Neill A, Jackson C, Morrison A, O’Brien P (2002) Development of a 659	 

microfluidic device for fluorescence activated cell sorting. J Micromech Microeng 12:486-494 660	 
Kunin V, Engelbrektson A, Ochman H, Hugenholtz P (2010) Wrinkles in the rare biosphere: 661	 

Pyrosequencing errors can lead to artificial inflation of diversity estimates. Appl Environ 662	 
Microbiol 12:118-123 663	 

Lavalle L, Chiacchiarini P, Pogliani C, Donati E (2005) Isolation and characterization of 664	 
acidophilic bacteria from Patagonia, Argentina. Process Biochem 40:1095-1099 665	 

Liu B, Zhang X (2008) Deep-sea thermophilic Geobacillus bacteriophage GVE2 transcriptional 666	 
profile and proteomic characterization of virions. Appl Microbiol Biotechnol 80:697-707 667	 

Liu B, Wu S, Xie L (2010) Complete genome sequence and proteomic analysis of a thermophilic 668	 
bacteriophage BV1. Acta Oceanolog Sin 29:84-89 669	 

Löhr AJ, Laverman AM, Braster M, van Straalen NM, Röling WFM (2006a) Microbial 670	 
communities in the world’s largest acidic volcanic lake, Kawah Ijen in Indonesia, and in the 671	 
Banyupahit river originating from it. Microb Ecol 52:609-618 672	 

Löhr AJ, Sluik R, Olaveson MM, Ivorra N, Van Gestel CAM, Van Straalen NM (2006b) 673	 
Macroinvertebrate and algal communities in an extremely acidic river and the Kawah Ijen 674	 
crater lake (pH <0.3), Indonesia. Arch Hydrobiol 165:1-21 675	 

Ma Y, Prasad MNV, Rajkumar M, Freitas K (2011) Plant growth promoting rhizobacteria and 676	 
endophytes accelerate phytoremediation of metalliferous soils. Biotechnol Adv 29:248-258 677	 

Macelroy RD (1974) Some comments on the evolution of extremophiles. Biosystems 6:74-75 678	 



27 

Marasco R, Rolli E, Ettoumi B, Vigni G, Mapelli F, Borin S, Abou-Hadid AF, El-Behairy UA, 679	 
Sorlini C, Cherif A, Zocchi G, Daffonchio D (2012) A drought resistance-promoting 680	 
microbiome is selected by root system under desert farming. PloS ONE 681	 
10.1371/journal.pone.0048479 682	 

Marchettia A, Schrutha DM, Durkina CA, Parkera MS, Kodnera RB, Berthiaumea CT, Moralesa 683	 
R, Allen AE, Armbrusta EV (2012) Comparative metatranscriptomics identifies molecular 684	 
bases for the physiological responses of phytoplankton to varying iron availability. Proc Natl 685	 
Acad Sci USA 109:E317-E325 686	 
Martinez M, Fernández E, Valdés J, Barboza V, van der Laat R, Malavassi E, Sandoval L, 687	 

Barquero J, Marino T (2000) Chemical evolution and volcanic activity of the active crater lake 688	 
of Poás volcano, Costa Rica, 1993 - 1997. J Volcanol Geotherm Res 97:127-141 689	 

Martinez M, Mason P, van Bergen M, Fernández E, Duarte E, Malavassi E, Barquero J and 690	 
Valdés J (2002) Chemistry of sulphur globules from the acid crater lake of Poás Volcano, Costa 691	 
Rica. Proc. Colima Volcano International Meeting, 2002, Colima, México 692	 

Moisander PH, Shiue L, Steward GF, Jenkins BD, Bebout BM (2006) Application of a nifH 693	 
oligonucleotide microarray for profiling diversity of N2-fixing microorganisms in marine 694	 
microbial mats. Environ Microbiol 8:1721-1735 695	 
Morozkina E, Slutskaya E, Fedorova T, Tugay T, Golubeva L, Koroleva O (2010) Extremophilic 696	 

microorganisms: Biochemical adaptation and biotechnological application. Appl Biochem 697	 
Microbiol 46:1-14 DOI: 10.1134/S0003683810010011 698	 

Munson MA, Pitt-Ford T, Chong B, Weightman A, Wade WG (2002) Molecular and cultural 699	 
analysis of the microflora associated with endodontic infections. J Dent Res 81:761–766 700	 

Muyzer G, De Waal EC, Uitterlinden AG (1993) Profiling of complex microbial populations by 701	 
denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes 702	 
coding for 16S rRNA. Appl Environ Microb 59:695-700 703	 

Nakagawa S, Takai K (2008) Deep-sea vent chemoautotrophs: diversity, biochemistry and 704	 
ecological significance. FEMS Microbiol Ecol 65:1-14 705	 

Niedringhaus TP, Milanova D, Kerby MB, Snyder MP, Barron AE (2011) Landscape of next-706	 
generation sequencing technologies. Anal Chem 83:4327-4341 707	 

Ouverney CC, Fuhrman JA (1999) Combined microautoradiography-16S rRNA probe technique 708	 
for the determination of radioisotope uptake by specific microbial cell types in situ. Appl 709	 
Environ Microbiol 65:1746-1752 710	 

Ouverney CC, Fuhrman JA (2000) Marine planktonic Archaea take up amino acids. Appl 711	 
Environ Microbiol 66:4829-4833 712	 

Palleroni NJ (1997) Prokaryotic diversity and the importance of culturing. Antonie von 713	 
Leeuwenhoek 72:3-19 714	 

Parker SR, Gammons CH, Pedrozo FL, Wood SA (2008) Diel changes in metal concentrations in 715	 
a geogenically acidic river: Rio Agrio, Argentina. J Vol Geotherm Res 178:213-223 716	 

Pasternack GB, Varekamp JC (1997) Volcanic lake systematics I. Physical constraints. Bull Volc 717	 
58:528-538 718	 

Peiffer L, Taran YA, Lounejeva E, Solís-Pichardo G, Rouwet D, Bernard-Romero RA (2011) 719	 
Tracing thermal aquifers of El Chichón volcano–hydrothermal system (México) with 87Sr/86Sr, 720	 
Ca/Sr and REE. J Volc Geotherm Res 205:55-66 721	 

Porro S, Boiardi JL, Tedesco PH (1989) Bioleaching improvement at pH 1.4 using selected 722	 
strains of Thiobacillus ferrooxidans. Biorecovery 1:145-154 723	 



28 

Prangishvili D, Garrett RA, Koonin EV (2006) Evolutionary genomics of archaeal viruses: 724	 
Unique viral genomes in the third domain of life. Virus Res 117:52-67 725	 

Queck SY, Otto M (2008) Staphylococcus epidermidis and other coagulase-negative 726	 
Staphylococci. In: Lindsay J (ed) Staphylococcus: Molecular Genetics. Caister Academic 727	 
Press, pp.	 728	 

Regvar M, Vogel-Mikuš K, Kugonič N. Turk B, Batič F (2006) Vegetational and mycorrhizal 729	 
successions at a metal polluted site: Indications for the direction of phytostabilisation? Environ 730	 
Poll 144:976-984 731	 

Reysenbach AL, Longnecker K, Kirshtein J (2000) Novel bacterial and archaeal lineages from an 732	 
in situ growth chamber deployed at a Mid-Atlantic Ridge hydrothermal vent. Appl Environ 733	 
Microbiol 66:3798-3806 734	 

Rice G, Stedman K, Snyder J, Wiedenheft B, Willits D, Brumfield S, McDermott T, Young MJ 735	 
(2001) Viruses from extreme thermal environments. Proc Natl Acad Sci USA 98:13341–13345 736	 
Rodríguez-Valera F (2002) Approaches to prokaryotic biodiversity: a population genetics 737	 

perspective. Environ Microbiol 4:628–633 738	 
Satake K, Saijo Y (1974) Carbon dioxide content and metabolic activity of microorganisms in 739	 

some acid lakes in Japan. Limnol Oceanogr 19:331–338 740	 
Saw JH-W (2012) Polyphasic characterization of an epilithic biofilm from a lava cave in Kīlauea 741	 

Caldera, Hawaii. PhD thesis, University of Hawai‘i at Mānoa, 239 pp. 742	 
Schleper C, Pühler G, Kühlmorgen B, Zillig W (1995) Life at extremely low pH. Nature 743	 
375:741-742 744	 

Schmidt TM, DeLong EF, Pace NR (1991) Analysis of a marine picoplankton community by 16S 745	 
rRNA gene cloning and sequencing. J Bacteriol 173:4371-4378 746	 

Shawkey MD, Mills KL, Dale C, Hill GE (2005) Microbial diversity of wild bird feathers 747	 
revealed through cultured-based and culture-independent techniques. Microb Ecol 50:40–47 748	 

Shi Y (2011) Microbial metatranscriptomics: towards understanding microbial gene expression 749	 
and regulation in natural habitats. PhD thesis, Massachusetts Institute of Technology, Dept. of 750	 
Civil and Environmental Engineering 308 p. http://hdl.handle.net/1721.1/64570 751	 

Short SM, Suttle CA (2002) Sequence analysis of marine virus communities reveals that groups 752	 
of related algal viruses are widely distributed in nature. Appl Environ Microbiol 68:1290–1296 753	 

Snyder JC, Stedman K, Rice G, Wiedenheft B, Spuhler J, Young MJ (2003) Viruses of 754	 
hyperthermophilic Archaea. Res Microbiol 154:474-482 755	 

Sogin ML, Morrison HG, Huber JA, Mark Welch D, Huse SM, Neal PR, Arrieta JM,  Herndl GJ 756	 
(2006) Microbial diversity in the deep sea and the underexplored ‘rare biosphere’. Proc Natl 757	 
Acad Sci USA 103:12115–12120 758	 

Stackebrandt E, Ludwig W, Fox GE (1985) 16S ribosomal RNA oligonucleotide cataloguing. In: 759	 
Gottschalk G (ed.) Methods in Microbiology. Academic Press, London, UK, pp. 75-107 760	 

Stahl DA, Lane DJ, Olsen GJ, Pace NR (1984) Analysis of hydrothermal vent-associated 761	 
symbionts by ribosomal RNA sequences. Science 224:409–411 762	 

Staley JT, Konopka A (1985) Measurement of in situ activities of non-photosynthetic 763	 
microorganisms in aquatic and terrestrial habitats. Annu Rev Microbiol 39:321–346 764	 

Suzuki MT, Rappé MS, Haimberger ZW, Winfield H, Adair N, Ströbel J, Giovannoni SJ (1997) 765	 
Bacterial diversity among SSU rRNA gene clones and cellular isolates from the same seawater 766	 
sample. Appl Environ Microbiol 63:983-989 767	 

Takano B, Ohsawa S, Glover RB (1994a) Surveillance of Ruapehu Crater Lake, New Zealand, 768	 
by aqueous polythionates. J Volcanol Geotherm Res 60:29–57 769	 



29 

Takano B, Saitoh H and Takano, E (1994b) Geochemical implications of subaqueous molten at 770	 
Yugama crater lake, Kusatsu-Shirane volcano, Japan. Geochem J 28:199–216 771	 

Takano B, Koshida M, Fujiwara Y, Sugimori K, Takayanagi S (1997) Influence of sulfur-772	 
oxidizing bacteria on the budget of sulfate in Yugama crater lake, Kusatsu-Shirane volcano, 773	 
Japan. Biogeochemistry 38:227–253 774	 

Tansey MR, Brock TD (1972) The upper temperature limit for eukaryotic organisms. Proc Natl 775	 
Acad Sci USA 69:2426-2428 776	 

Teske A, Sigalevich P, Cohen Y, Muyzer G (1996) Molecular identification of bacteria from a 777	 
coculture by denaturing gradient gel electrophoresis of 16S ribosomal DNA fragments as a tool 778	 
for isolation in pure cultures. Appl Environ Microbiol 62:4210-4215 779	 

Thorsteinsson T, Elefsen SO, Gaidos E, Lanoil B, Jóhannesson T, Kjartansson V, Marteinsson 780	 
VP, Stefánsson A, Thorsteinsson T (2008) A hot water drill with built-in sterilization: Design, 781	 
testing and performance. Jökull 57:71-82 782	 

Tyson GW, Lo I, Baker BJ, Allenn EE, Hugenholtz P, Banfield JF (2005) Genome-directed 783	 
isolation of the key nitrogen fixer Leptospirillum ferrodiazotrophum sp. nov. from an 784	 
acidophilic microbial community. Appl Environ Microbiol 71:6319-6324 785	 

Urbieta MS, González Toril E, Aguilera A, Giaveno MA, Donati E (2012) First prokaryotic 786	 
biodiversity assessment using molecular techniques of an acidic river in Neuquén, Argentina. 787	 
Microb Ecol 64:91-104 788	 
Valenzuela-Encinas C, Neria-González I, Alcántara-Hernández RJ, Enríquez-Aragón JA, 789	 
Estrada-Alvarado I, Hernández-Rodríguez C, Dendooven L, Marsch R (2008) Phylogenetic 790	 
analysis of the archaeal community in an alkaline-saline soil of the former lake Texcoco 791	 
(Mexico). Extremophiles 12:247–254 792	 

van Hinsberg V, Berlo K, van Bergen M, Williams-Jones A (2010) Extreme alteration by 793	 
hyperacidic brines at Kawah Ijen volcano, East Java, Indonesia: I. Textural and mineralogical 794	 
imprint. J Volcan Geot Res 198:253-263 795	 
Wagner M, Roger AJ, Flax JL, Brusseau GA, Stahl DA (1998) Phylogeny of dissimilatory sulfite 796	 

reductases supports an early origin of sulfate respiration. J Bacteriol 180: 2975–2982 797	 
Ward DM, Weller R, Bateson MM (1990) 16S rRNA sequences reveal numerous uncultured 798	 

microorganisms in a natural community. Nature 345:63–65 799	 
Weber KA, Achenbach LA, Coates JD (2006) Microorganisms pumping iron: anaerobic 800	 

microbial iron oxidation and reduction. Nat Rev Microbiol 4:752-764	 801	 
Wendt-Potthoff K, Koschorreck M (2002) Functional groups and activities of bacteria in a highly 802	 

acidic volcanic mountain stream and lake in Patagonia, Argentina. Microb Ecol 43:92-106	 803	 
Wilson MJ, Weightman AJ, Wade WG (1997) Applications of molecular ecology in the 804	 

characterisation of uncultured microorganisms associated with human disease. Rev Med 805	 
Microbiol 8:91-101	 806	 

Woelfl S, Whitton BA (2000) Sampling, preservation and quantification of biological samples 807	 
from highly acidic environments (pH≤3). Hydrobiologia 433:173-180 808	 

Woese CR (1987) Bacterial evolution. Microbiol Rev 51:221-271 809	 
Xu H-S, Roberts N, Singleton FL, Atwell RW, Grimes DJ, Colwell RR (1982) Survival and 810	 

viability of nonculturable Escherichia coli and Vibrio cholerae in the estuarine and marine 811	 
environment. Microb Ecol 8:313-323 812	 
Zengler K, Toledo G, Rappé M, Elkins J, Mathur EJ, Short JM, Keller M (2002) Cultivating the 813	 

uncultured. Proc Natl Acad Sci USA 99:15681-15686	 814	 



30 

Zillig W, Prangishvili D, Schleper C, Elferink M, Holz I, Albers S, Janekovic D, Goetz D (1996) 815	 
Viruses, plasmids and other genetic elements of thermophilic and hyperthermophilic Archaea. 816	 
FEMS Microbiol Rev 18:225-236 817	 

 818	 
  819	 



31 

Figure legends 820	 
 821	 

Fig. 1. Schematic representation of approaches used by microbiologists to investigate diversity, 822	 

function and potential applications of microbes in environmental samples. 823	 

Fig. 2. DGGE gel of amplified 16S rRNA gene fragments from El Chichón crater lake and 824	 

associated thermal springs. Bands in each lane represent a different bacterial species. Symbols 825	 

show which band corresponds to a particular Bacteria genus or family. 826	 

Fig. 3. Sampling at White Island, New Zealand. Acidic gases require use of respirators. The 827	 

water’s green coloration is due to elemental sulfur. (Photo, SPD) 828	 

Fig. 4. Extremophilic bacteria can be isolated from pioneer plants, studied under laboratory and 829	 

in vivo conditions, and may be used in environmental biotechnology, e.g., to clean and restore 830	 

land. 831	 

 832	 
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Table 1. Volcanic lakes and streams investigated by microbiological approaches. 

Volcanic lake system Country Methods Reference 

Yugama (L) Japan Activity measurement; cultivation; microscopy-based 
techniques Takano et al. 1997 

White Island (L, S) New Zealand Cultivation; clone libraries; microscopy-based techniques Donachie et al. 2002 
Simba summit lake (L) 
Salar de Aguas Calientes (L) 
Laguna Lejía (L) 

Chile Cultivation; DGGE; clone libraries Demergasso et al. 2010 

Laguna del Vólcan (L) 
Upper Rio Agrio (S) 
Caviahue Lake (L) 
Lower Rio Agrio (S) 
 
 

Copahue-Caviahue 
system, 
Argentina 

Cultivation 
 
Activity measurement; cultivation; microscopy-based 
techniques 
Cultivation; clone libraries 
Clone libraries; microscopy-based techniques 
 

Lavalle et al. 2005 
 
Wendt-Potthoff et al. 2002 
 
Chiacchiarini et al. 2010 
Urbieta et al. 2012 

Kawah Ijen (L) 
Banyupahit-Banyuputih (S) Indonesia DGGE 

 

 
Löhr et al. 2006a 
Löhr et al. 2006b 
 

L: Volcanic lake; S: Stream 
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