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1. Introduction 

 
 This introduction sets the historical background of the discovery of microorganisms 

and extremophiles, followed by an up-to-date presentation of (poly)extremophiles. I will 

explain how their study allows us to better understand the origin and evolution of life on Earth 

and guide the search of life beyond Earth. The physicochemical conditions near the limits of 

life will be introduced, together with the microorganisms able to thrive near these limits. The 

uncertainties remaining about the habitability of some environments will be highlighted and, 

in the last part of the introduction, I will explain why the Dallol geothermal environments are 

ideal to investigate potentially new polyextremophiles and explore the unknown limits of life.  

 

1.1 The journey of discovery of microorganisms and invisible (poly)extremophiles 
 

Although microorganisms are the smallest forms of life, collectively they constitute the 

second most important biomass source on Earth behind plants (prokaryotes and protists 

count together as 15% of the total biomass while plants count as 83% of the total biomass) 

and their place is probably largely underestimated since endosymbionts and endoparasites 

are not taken into account in these percentages (Bar-On, Phillips, and Milo 2018). In the 

absence of microorganisms, multicellular organisms would not have emerged (P. López-

García, Eme, and Moreira 2017), and our world would be drastically different, as free oxygen 

in the atmosphere was first produced by microorganisms (Holland 2002; Guo et al. 2009). 

Moreover, plants and animals are intimately dependent on microbial activities for recycling 

key nutrients and degrading organic matter (Bosch and McFall-Ngai 2011; Hassani et al. 2019). 

Despite their vital role in ecosystems since their appearance on Earth 3.8 or 3.5 billion years 

ago (Brasier et al. 2002; Whitehouse, Myers, and Fedo 2009), their discovery was late and 

strewn with obstacles. 

The reason for this late discovery lays behind the fact that our understanding of the 

complexity of nature is limited by what we can perceive with our own senses or the help of 

technology. It also depends on the accumulated knowledge we possess to interpret findings. 

Microorganisms being, as their name calls, creatures of microscopic size, our visual acuity is 

barely sufficient to perceive them (under ideal conditions, the human eye has a spatial 

resolution of 70 µm at 25 cm distance (Verhoeven 2018)). Although microorganisms have 

shaped (and still shape) the world as it is today, without the proper tools to observe them they 

remain invisible to us. This explains why their existence could not be ascertained for a long 

time. 
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1.1.1 From the antique times to the first microscope 

 

Before we acknowledged the existence of microorganisms, the presence of creatures 

too small to be seen with the naked eye had been suspected for centuries. The Jain cosmology 

(which was born in ~Vth century BC in what is now India which still has worshippers) recognized 

four main forms of existence: gods, humans, hellish beings, and plants and animals together. 

The category of animals and plants were subdivided into smaller categories based on their 

sense-faculties. The lowest of these were the nigodas, infinitesimally small organisms, so tiny 

and undifferentiated they even lacked individual bodies. They were thought to live in clusters, 

have very short lives and only possess the sense of touch. The nigodas were supposed to be 

all over the place and to inhabit the bodies of plants, animals and people. Jains are willing not 

to injure living beings and for this purpose, sweet and fermented substances are supposedly 

forbidden because it is believed that nigodas were especially found in them (Singh 2008). Jains 

would also not kill an animal to eat it. Even if an animal had died a natural death, the dead 

flesh was considered as breeding for the nigodas and was not supposed to be eaten (Jaini 

1998). Others ancient cultures developed practices based around microbes long before 

microbial cells were visualized using a microscope. Circa 400 B.C., the Greek physician 

Hippocrates wrote about diseases caused by “unwholesome” (e.g. stagnant) waters in 

comparison with “wholesome” (e.g. streaming) waters (Hippocrates n.d.). Centuries later, the 

Roman scholar Marcus Terentius Varro (116–27 BC) was among the first people to explicitly 

write about microscopic creatures in the air. In his books on agriculture, he wrote, talking 

about where estates shall be built:  

 

“Note also if there be any swampy ground […] certain minute animals, invisible to the eye, 

breed there and, borne by the air, reach inside of the body by the way of the mouth and nose, 

and cause diseases which are difficult to be rid of.” (Varro n.d.) 

 

The hypothesis of minute infectious creatures has not been recorded much afterwards. 

However, the fear of dangerous disease-causing air (“miasma”) and water continued for 

centuries, especially during pandemics such as the Bubonic plague (XIVth century) which 

caused the end of public baths and later made people avoiding water-based body cleaning for 

centuries in many countries (Aberth 2016). 

It’s only in the XVIIth century that the hypothesis of the existence of tiny animals, first 

introduced during Antiquity, appeared again in Western Europe, thanks to the invention and 

use of a new tool: the optical microscope. Antonie van Leeuwenhoek and one of his 

contemporaries, Robert Hooke, were the first to record the observation of microorganisms 

with the use of an optical microscope. They work confirmed the existence of creatures too 

small to be seen with the naked eye. Like some of his antique predecessors, Antonie van 

Leuuwenhoek called them “little animals” or “Animalcula” in his letters (Leeuwenhoek 1705; 
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Lane 2015) and Robert Hooke introduced the word “cell” (Hooke 1665) (Figure 1). 

 

1.1.2 Classifying microorganisms: the first attempts 

 

As soon as they were discovered, microorganisms were more and more recorded. The 

question of both their role and nature arose. Unlike their multicellular equivalents, microbial 

morphologies and behaviours are too simple or too difficult to interpret to serve as the basis 

for a phylogenetically valid taxonomy. The basic organization of life was still largely steeped 

in the ancient notion that all livings entities are either plants or animals. 

 

 
In the XIXth Charles Darwin (and, independently, Alfred Russel Wallace (Wallace 1858)) 

theorized the evolution of organisms by natural selection, which is set out in detail in his book 

(Darwin 1859). Ernst Haeckel, who promoted and popularised Darwin’s work in Germany, 

published his phylogeny-based evolutionary tree, "Monophyletischer Stammbaum der 

Organismen" in his book “Generelle Morphologie der Organismen” (Haeckel 1866) (Figure 2-

a). In this tree, he proposed three major branches being Plantae, Protista (unicellular 

organisms) and Animalia, challenging the original plant/animal division of the living world.

Figure 1 | Cork and mushroom “cells” by Robert Hooke (left) (Hooke 1665) and Leeuwenhoek’s 

‘’animalcula’’ (right) (Lane 2015) that seem to be bacteria.  
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Figure 2 | Evolution of the tree of life view before and after the Woesian revolution. Note that all 

trees are simplified with the focus on the number, denomination and position of kingdoms or domains. 

a, Haeckel’s three branchs (Plantae, Protista, Animalia) evolutionary tree (Haeckel 1866). b, The five 

kingdoms model (Plantae, Fungi, Animalia, Protista, Monera) (Whittaker 1969). c, The three domains 

tree (Bacteria, Archaea, Eucarya) (Woese et al. 1990). d, The last view of the three domain tree in 

which Eucarya emerge from within the Archaea, sometimes called the ‘’two domains tree’’ (Eme et al. 

2017) e, Another view of the three domains tree which highlight the endosymbiotic origin of 

eukaryotes, figure modified from López-García and Moreira 1999, see López-García et al (2018) for a 

detailed tree. 
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He recognized that the single-celled forms, the protists, did not fit into either category and 

probably had arisen separately from both animals and plants. 

Later in 1938, Copeland split out a fourth main branch, a new kingdom Monera 

(accommodating bacteria) separated from the Protista (unicellular eukaryotes) (Copeland 

1938). The name of “Monera” for unicellular organisms without a nucleus had already been 

suggested by Haeckel but were attached in his tree within the Protista and did not constitute 

a kingdom on their own. Whittaker suggested a fifth main branch, for the fungi (Whittaker 

1969) (Figure 2-b). The view of the living world was hence divided into Animalia, Plantae, 

Fungi, Protista and Monera (prokaryotes), and was known as the “five-kingdoms” formulation. 

While Haeckel’s original proposition and its two more recent refinements did get away 

with the idea that animal/plant is the primary distinction, it left unchallenged the notion that 

it was a primary distinction by representing it at the highest available taxonomic level. By 

giving the kingdom Monera (prokaryotes) the same taxonomic rank as the Animalia, Plantae, 

Fungi and Protista, the five-kingdom formulation ignores the fact that the cell structure of 

Monera (e.g. no nucleus, no organelles) is far different from each of the four other kingdoms, 

while the four other kingdoms do share similarities (e.g. presence of a nucleus, of organelles 

such as mitochondria and chloroplasts for Plants). Chatton had codified this distinction with 

his famous eukaryote-prokaryote proposal, dividing life into these two primary categories. 

This view of life has coexisted for some time with the five-kingdom scheme, despite their basic 

incompatibility. The main issue of the eukaryote-prokaryote concept is that it is only based on 

cytology (Figure 3). The presumption that the eukaryotic organisms form a meaningful 

phylogenetic unit is a reasonable one, as organisms with this cytology are united by the 

possession of a set of complex properties that are likely to have been inherited from a 

common ancestor. The same is not true for prokaryotes, which are united by their lack of the 

characteristics that define the eukaryotic cell. The definition is consequently a negative one 

that lacks meaningful phylogenetic information. As the molecular and cytological 

understandings of cells deepened at a very rapid pace, it became feasible in the 1950s to 

separate the prokaryotes in different phyla based on their molecular characteristics. 

 

1.1.3 Classifying the microorganisms: the birth of molecular biology and the discovery of 

Archaea 

 

Quickly after their discovery in the XIXth-XXth century, it was rapidly understood that 

proteins and nucleic acids were universal in living organisms, including microorganisms, 

though the role of nucleic acids, their structure and their relationship with proteins were not 

solved yet as the biologist Francis Crick related: 

 

“Watson [his colleague] said to me, a few years ago, ‘The most significant thing about the 

nucleic acids is that we don’t know what they do.’ By contrast most significant thing about 

proteins is that they can do almost anything” (Crick 1958) 
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In 1941, Beadle had stated the controversial ‘‘one gene – one enzyme’’ concept, which 

brought the idea that each gene encodes a single enzyme (Beadle and Tatum 1941). The gene 

is at this time the Mendelian one (unidentified discrete units of inheritance) and not yet our 

current understanding of it (a DNA sequence whose series of nucleotide triplets ultimately 

codes for a series of amino acids forming a polypeptide chain, an enzyme or a nonenzyme 

protein with an intermediate translation step of DNA to RNA). At this time, many still thought 

that proteins were produced by other proteins ad infinitum.   

Light is shed on the synthesis of protein and the role of nucleic acids after one of the 

major discoveries of the XXth century: the identification of the double-helical structure of  

DNA in 1953 by Watson and Crick courtesy of the X-ray crystallography work done by Rosalind 

Franklin and Maurice Wilkins . 

 

Figure 3 | Schematic view of an eukaryotic (top) and prokaryotic (bottom) cell and their main 

characteristics © BUYU’S. 
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 In 1958, Francis Crick published his Sequence Hypothesis or Central Dogma.  It states that: 

 

“[…] the specificity of a nucleic acid is expressed solely by the sequence of its bases, and that 

this sequence is a (simple) code for the amino-acid sequence of a particular protein.” and 

“[…] the transfer of information from nucleic acid to nucleic acid, or from nucleic acid to 

protein may be possible, but transfer from protein to protein, or from protein to nucleic acid 

is impossible.” (Crick 1958) 

 

Further work by Crick and co-workers showed that the genetic code was based on non-

overlapping triplets of bases, called codons (Crick et al. 1961), allowing Marshall Warren 

Nirenberg and his co-workers to decipher the genetic code (Matthaei et al. 1962). These 

events represent the birth of molecular biology. 

As stated in the previous section, before the advent of molecular biology, prokaryotes 

were regarded as a single group and great emphasis was placed on metabolic and cytological 

features to characterize them. Instead, in 1965, Emile Zuckerkandl and Linus Pauling proposed 

to use biomolecules carrying genetic information to work out how prokaryotes were related 

to each other. As they wrote: 

 

“[…]the most rational, universal, and informative molecular phylogeny will be built on 

semantophoretic [DNA, RNA, proteins] molecules alone.” (Zuckerkandl and Pauling 1965) 

 

Which is still the main phylogenetic approach used today. Molecular sequences can 

reveal evolutionary relationships in a way and to an extent that the classical phenotypic 

criteria, and even molecular functions, cannot.  

In 1977, for the first time, Carl Woese and George E. Fox classify some methanogen 

prokaryotes separately from bacteria based on 1. lack of peptidoglycan in their cell walls, 2. 

two unusual coenzymes, 3. results of 16S ribosomal RNA gene sequencing. They explain the 

choice of the 16S ribosomal gene as a reference by this paragraph: 

 

“To determine relationships covering the entire spectrum of extant living systems, one 

optimally needs a molecule of appropriately broad distribution. None of the readily 

characterized proteins fits this requirement. However, ribosomal RNA does. It is a component 

of all self-replicating systems; it is readily isolated; and its sequence changes but slowly with 

time–permitting the detection of relatedness among very distant species”  

(Woese and Fox 1977) 

 

They called this group the “urkingdom” or the “primary kingdom” of Archaebacteria 

from the Ancient Greek ἀρχαῖα, meaning "ancient things" as they were thought to be more 

primitive than the Eubacteria (meaning “true Bacteria”). On the cytological level, 

archaebacteria are prokaryotes (they show none of the defining eukaryotic characteristics), 
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but on the molecular level they resemble other prokaryotes, the eubacteria, no more than the 

eukaryotes. To emphasize this difference, Woese, Kandler and Wheelis later proposed 

reclassifying organisms into three natural domains known as the three-domains system: the 

Eucarya, the Bacteria and the Archaea (Figure 2-c).  

 

“For the eubacteria the formal name Bacteria, based upon a traditional common name for 

the group, is suggested. The term Eucarya derives from that group’s common name and 

captures its defining cytological characteristic […]. The archaebacteria are called Archaea to 

denote their apparent primitive nature (vis a vis the eukaryotes in particular).” 

(Woese, Kandler, and Wheelis 1990) 

 

Procaryotae (and its synonym Monera) cannot be a phylogenetically valid taxon 

anymore. This change of view of the tree of life is known as "The Woesian Revolution" and is 

still supported today, even though it is much more detailed now by the discovery of many 

other taxa and phyla within the three domains. Also, the root of the Eucarya domain has been 

moved inside the Archaea (which is sometimes called the two-domains system) (Figure 2-d) 

(Spang, Caceres, and Ettema 2017; Eme et al. 2017), as eukaryotes are thought to be the result 

of (multiple) symbioses between a host related to the Asgard archaea and different bacteria 

(Figure 2-e) (López-Garcıá and Moreira 1999; P. López-García, Eme, and Moreira 2017).  

 

1.1.4 Screening microbial diversity today 

 

The discovery of microorganisms not only changed our perception of the evolution of 

life (as seen in the previous sections) but also of ecosystems, in which they play an important 

role and are sometimes present when multicellular forms of life are absent, like it is the case 

in some extreme environments. The first investigations of microorganisms in ecosystems were 

focused on isolation and characterization of strains using culture-dependent techniques 

(Bergey, Breed, and Smith 1957). However, it is estimated that less than 1% of the prokaryotes 

in most environments can be cultured in isolation, although culture methods were improved 

to try to overcome the issues of strains with stringent growth conditions (Vartoukian, Palmer, 

and Wade 2010). The advent of molecular methodology (such as the 16S rRNA-based studies) 

allowed screening microbial diversity without having to isolate and cultivate individuals, which 

revealed that microbial diversity was much broader than suggested by culture-dependent 

techniques in all environments. Today, the development of next-generation sequencing 

technologies allows metagenomic libraries to be rapidly constructed and sequenced. 

Therefore, the sequences of the 16S rRNA genes or other relevant genes can easily be 

analysed, providing a more comprehensive view of microbial diversity. Whole genomes can 

also be reconstructed (from metagenomes or single cells), and (meta)transcriptomics and 

(meta)proteomics are also used to study the activity and gene expression of microbial 

communities (Segata et al. 2013). Nevertheless, a thorough knowledge of the physiology (e.g. 
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physico-chemical boundaries of survival) of organisms in culture is essential to complement 

genomic or proteomic studies and cannot be replaced by any other approach. Consequently, 

the combination of improved traditional methods of isolation/cultivation and modern culture-

independent techniques may be considered the best approach towards a better 

understanding of ecosystems. 

 

1.2 Life in extreme environments: implications and limits 
 

1.2.1 The extremophiles’ diversity 

  

The so-called extreme environments evocated in the previous section are 

characterized by physicochemical parameters values that are unbearable or lethal to most 

organisms (temperature, salinity, pressure and pH range on Earth can be found in Figure 4). 

The more extreme an environment is, the more it is expected to be dominated by 

microorganisms with low levels of diversity until stressors eventually reach levels where no 

life can thrive (Sharp et al. 2014). New culture-independent technologies such as 

metagenomics indicate that in fact some of these extreme environments contain a high 

diversity of microbial species even at maximum levels of stressors (for instance saturated with 

NaCl salt) (Oren 2015; Ventosa et al. 2015). Extremophiles may be divided into two broad 

categories: extremophilic organisms which require extreme conditions in order to grow, and 

extremotolerant organisms which can tolerate extreme conditions that are not optimal for 

their growth. Extremophiles are classified according to the conditions to which they are 

adapted. For example: 

 

• Halophiles: 

Halophiles are organisms requiring salt (usually NaCl) for growth. Some halophiles (e.g. 

Haloquadratum walsbyi) can thrive at NaCl-salt saturation, like it is the case in saltern 

crystallizer ponds (Oh et al. 2010) or the Dead Sea (Bodaker et al. 2010). Halophiles are 

represented by organisms from all three domains of life: Bacteria, Archaea and Eucarya. 

Prokaryotes are dominant in hypersaline environments, especially Archaea (mainly 

Halobacteria and Nanohaloarchaeota) whose proportion seems to increase with salinity 

(Ventosa et al. 2015). Salt composition and concentration have different properties, so 

organisms adapted to NaCl-rich environments may not thrive if the dominant salt is of 

different nature (Hallsworth et al. 2007). 

 

• (Hyper)thermophiles:  

Thermophiles and hyperthermophiles are organisms growing optimally at high (60°C-80°C) or 

very high (80°C and more) temperatures, respectively. No hyperthermophile microeukaryotes 

are known, their upper limit of occurrence being around 60°C (Tansey and Brock 1972; Brock 

2001). The highest recorded growth temperature is held by the archaea Methanopyrus 
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kandleri strain 116 which seems to be able to grow at 122 °C under specific cultivation 

conditions (Takai et al. 2008).  High-temperature environments are generally associated with 

volcanic activity, but some can be met in man-made industrial complexes. Natural geothermal 

areas are widely distributed around the globe, most of them being associated with tectonically 

active zones at which the movements of the Earth's crust occur. 

 

• Acidophiles:  

Organisms growing optimally, or exclusively, in low (acidic) pH environments, and have been 

sub-divided into moderate (pH optima 3–5) and extreme (pH optima < 3) acidophiles. The 

majority of acidophiles are prokaryotes, and these comprise a large variety of phylogenetically 

diverse Bacteria and Archaea, though some single-celled and multicellular eukaryotes are 

known to grow in highly acidic ponds and streams (Johnson 2009). Archaea from the genus 

Picrophilus include the most acidophilic organisms currently known, with the ability to grow 

at pH 0.06 (Schleper et al. 1996). Acidic ecosystems are usually located in geothermal areas or 

associated with ancient mines (Johnson 2009).  

 

• Metallophiles: 

Organisms resistant to high metal concentration, usually referring to heavy metals (such as 

copper, arsenic, iron…). Heavy metals promote highly oxidative environments which can 

damage biomolecules. Prokaryotes are dominant in heavy metal-rich environments, but 

microorganisms exhibiting the highest tolerance mainly belong to archaea (Maezato and Blum 

2012). 

 

The list goes on. As seen in the above examples, most extremophiles are 

microorganisms including members of the three domains of life (Bacteria, Archaea, and 

Eucarya) and a high proportion of them are archaea. Interestingly, extremophiles adapted to 

the same extreme condition may be broadly dispersed in the phylogenetic tree of life. 

Considering the high variety of biotopes on Earth, the physiological responses to the 

environmental extremes can be observed on a gradual scale from tolerance to absolute 

requirement. In addition, extremophiles are usually polyextremophiles, being adapted to live 

in habitats where various physicochemical parameters reach extreme values. For example, 

hot geothermal systems often display a wide range of pH, from acid to alkaline, depending on 

temperature, water availability, gases and ion concentrations. Low pH facilitates metal 

solubility in water and therefore acidic water tends to have high concentrations of heavy 

metals. The two conditions of salinity and alkalinity are also often seen in tandem (Harrison et 

al. 2013; Merino et al. 2019). 
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1.2.2 Benefits and perspectives of studying extremophiles 
 

With their ability to thrive in conditions that were long thought to be inhospitable for 

life, extremophiles have never ceased to fascinate researchers and the general public since 

their discovery. Research on extremophiles has many implications from the point of view of 

both industrial and basic sciences: 

 

• The origins of life: 

The Archaean geological era where the first forms of life have emerged is thought to have 

been more extreme than today’s era such as: anoxic atmosphere, a greater geothermal 

activity, oceans two to three times saltier than nowadays with a higher concentration of some 

metals such as arsenic (Knauth 2005; Oremland et al. 2009). Although primitive oceans were 

long suspected of being alkaline, a recent study suggests that they might have been more 

acidic and also richer in iron than today’s oceans (Albarede et al. 2020). Some modern extreme 

environments can represent, to some extent, precious analogues of the primitive Earth and 

can help to better understand what could have been the first life forms and how they adapted 

to such conditions. In recent and ancient geological records, extremophiles activity has left 

traces which are called biosignatures. For example, the oldest fossils of microbes are believed 

to be stromatolites 3.5 billion years old located in modern Australia, even though there 

biogenicity still needs to be tested (Walter, Buick, and Dunlop 1980; Schopf and Packer 1987; 

Brasier et al. 2002). Studying modern biosignatures (e.g. biomineralization) and their origin is 

also essential to interpret the fossil record (Knoll, Canfield, and Konhauser 2012). Since life 

probably originated in warmer oceans due to the intense hydrothermal activity of the 

Archaean, it has been long suspected that the primitive forms of life were thermophiles or 

hyperthermophiles. This theory has been supported by the observation that 

hyperthermophiles group close to the “universal ancestor” of all organisms on Earth  (Di Giulio 

2003; P. López-García et al. 2015). For a contrasting point of view, see Catchpole and Forterre 

(2019). Even though there is no consensus yet about the thermophilic or mesophilic nature of 

the last common universal ancestor, the study of extremophiles and their ecosystems remains 

critical for evolutionary studies related to the origins of life. As related in the section 1.1.1.3, 

the third domain of life, the archaea, was discovered partly due to the first studies of 

methanogens which are extremophiles (Woese and Fox 1977), with profound consequences 

for evolutionary biology.  

 

• Limits of life and astrobiology: 

The study of extreme environments has become a key area of research for astrobiology. 

Understanding the biology of extremophiles and their ecosystems permits developing 

hypotheses regarding the conditions required for the origin and evolution of life elsewhere in 

the universe. Consequently, extremophiles may be considered as model organisms when 
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exploring the existence of extra-terrestrial life in other planets and moons of the Solar System 

and beyond. For example, the microorganisms discovered in ice cores recovered from the 

depth of the Lake Vostok and other perennially subglacial lakes from Antarctica may serve as 

models for the search of life on Europa, an ice-covered moon orbiting Jupiter (Karl et al. 1999; 

Bulat et al. 2011). Microbial ecosystems found in extreme environments like the Atacama 

Desert, the Antarctic Dry Valleys and the Rio Tinto may be analogous to potential life forms 

adapted to Martian conditions (Martins et al. 2017) (see Figure 4 for the physicochemical 

boundaries on Europa and Mars compared to the Earth). 

 

 
 

 

Figure 4 | The temperature, pressure, pH, and salinity boundaries observed for life on Earth 

compared to other planetary bodies. Modified from Merino et al. (2019). Percentage of salt 

percentage of the sea water and the Dead Sea from Bodaker et al. (2010), pH of drinking 

water from World Health Organisation (1993). 
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• Bioremediation: 

Bioremediation is a process used to treat contaminated media (e.g. with high heavy metal 

concentration) including water, soil and subsurface material, by to stimulating the growth of 

microorganisms that will degrade or transform the target pollutants in their environment. 

Development of bioremediation strategies has motivated detailed studies of archaeal metal 

resistance to treat heavy metal contamination from mining or industrial waste (Kang et al. 

2015; Sara Parwin Banu et al. 2003). Some hyperthermophilic archaea have the capacity to 

immobilize metals, such as uranium suggesting potential uses for bioremediation of uranium-

contaminated groundwater (Finneran, Housewright, and Lovley 2002). 

 

• Biotechnologies and industry: 

One of the interests of the study of extremophiles is the potential application of their 

metabolites and enzymes in biotechnologies. To be able to live in their natural ecosystems, 

these organisms possess adapted biomolecules and peculiar biochemical pathways which are 

of great interest for biotechnological purposes. The stability and activity at extreme conditions 

of such biomolecules make them useful alternatives to more labile molecules. For example, 

thermostable enzymes from thermophilic microorganisms are important biocatalysts for 

industrial and biotechnological purposes, given that they can work at temperatures at which 

mesophilic enzymes would be denatured. The typical case study is the Taq DNA polymerase 

from Thermus aquaticus, purified and isolated from hot springs, which made the development 

of the PCR amplification technique possible (Saiki et al. 1988).  

The extreme acidophiles are a group largely investigated for their ability to withstand high 

concentrations of heavy metals as this has considerable industrial applications. For example, 

some microorganisms like Acidithiobacillus ferrooxidans or Ferroplasma acidarmanus are 

used in biomining projects (as they accelerate the dissolution of metals) aiming the 

exploitation of metals such as copper, gold or even uranium (Johnson 2010). 

Polyextremophiles are of great interest too in the industry for the potential versatility of their 

biomolecules. 

Extremophiles also have the attention of the food industry, for some of them or their 

biomolecules are relevant to some food transformation processes or, in contrast, are 

considered a pest as they may overcome the harsh storage conditions (dryness, low water 

activity associated with high salinity or sugar content, heat shocks or freezing) and spoil the 

food (Irwin 2020).  

 
The list of fields of interest and applications above is far from exhaustive and continues 

to expand as our knowledge on extremophiles grows. An understanding of the versatility of 

life on Earth, as well as the mechanisms that allow some organisms to survive or develop in 

extreme conditions, will help to gain more insights into those fields. 
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1.2.3 The unknown limits of (poly)extremophiles 

 

Despite the latest advances, we may be still at the beginning of exploring and 

characterizing the world of extremophiles and their environments. While the microbial 

communities in saline or acidic environments have been separately characterized many times, 

little is known about microbial life in environments that are hypersaline and hyperacidic at the 

same time. These environments would be of particular interest as a source of novel genetic 

diversity and to improve our understanding of some past ecosystems, such as an ancient (275 

– 265 million years old) and widespread saline and acid (pH 0-1) lake and groundwater system 

in North America (Benison et al. 1998; Benison and Goldstein 2001). In spite of that, 

microorganisms that can grow simultaneously at low pH (<4) and high salt concentration 

(30%), and eventually also high temperatures (>40°C), are not known among cultured 

prokaryotic species (Harrison et al. 2013). One of the reasons may be that hypersaline and 

hyperacidic environments are rare, making difficult the study of their potential microbial 

diversity. To the best of our knowledge, only four environmental studies have investigated 

microbial communities of such ecosystems (Table 1). 

Table 1 | Acid salt lakes and sediments and associated microbial communities 

 Andean Lakes (Chili) Series of lakes in 

western Australia 

Acid salt lake of 

western Australia 

Lake Magic 

Australia 

Physicochemical 

parameters 

pH 1.5 – 4 

Salt concentration 

probably at 

saturation (salt flats) 

Temperature not 

referenced 

pH 3.1 – 4.9 

Salinity 4 – 16% 

Temperature not 

referenced 

pH 3 

Salinity 32% 

Temperature not 

referenced 

Water column: 

pH 2.3, salinity 

30%, 25 °C 

Groundwater:  

pH 3.5, salinity 4%, 

28 °C 

Wet sediments: 

pH 1.7, salinity 

26%, 42°C 

Main microbial 

groups detected 

Sediments: 

Actinobacteria, 

Proteobacteria (β, γ), 

Firmicutes 

Water: 

Proteobacteria (α, γ), 

Cyanobacteria, 

Halobacteria, 

Thermoplasmata 

Water: 

Only 50 sequences 

(Sanger sequences) 

including 

Proteobacteria (α, ε, 

γ), Actinobacteria, 

Bacteroidetes. 

Archaea are not 

investigated. 

Sediments: 

Proteobacteria (α, 

β, γ, δ), 

Actinobacteria, 

Firmicutes, 

Planctomycetes. 

Some 

Halobacteria are 

present 

Water column: 

Majority of 

eucaryotes, almost 

no archaea 

Groundwater and 

wet sediments: 

Majority of 

bacteria, little or no 

archaea 

Reference Escudero et al. 2013 Mormile, Hong and 

Benison 2009 

Johnson et al. 

2015 

Zaikova et al. 2018 

 

The problem of those scarce studies is that some of them only focus on the sediments 

of surrounding the lakes (Escudero et al. 2013; Johnson et al. 2015) or mostly focus on the 

bacterial fraction of the diversity (Mormile, Hong, and Benison 2009; Escudero et al. 2013). 
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The most complete investigation on the Lake Magic in Australia gives surprising results, 

showing a dominant fraction of eucaryotes over prokaryotes in the water column and almost 

no archaea (Zaikova et al. 2018). This is quite at odd with the expected microbial diversity of 

(hyper)saline or (hyper)acidic environments where archaea are usually dominant, as discussed 

in section 1.2.1. It also contradicts the little information given on the microbial diversity of the 

water column of the acid salt lakes of the Central Andean high plateau of Chile. This may be 

linked to the high seasonal variability stages of Western Australian lakes (flooding, 

evapoconcentration, desiccation), as the Lake Magic was sampled during evapoconcentration 

stage and may be much less acidic and salty during the flooding stage. It would also be 

interesting to know to which extent local contamination (e.g. airborne microbes) may have 

influenced the dataset.  

As we can see, the microbial diversity of hypersaline and acidic environments is still 

poorly known and no study have yet investigated the ecology of salt-saturated brines with pH 

below 1.5, leaving us to wonder if such conditions could be limiting for microbial life or not. 

 

 

1.3 The Dallol hydrothermal system and its surroundings: a panel of unique 

physicochemical gradients on Earth 
 
 This section will present the environments I studied during my thesis: a series of 

ecosystems located in the North of Ethiopia showing a wide array of unique saline-acidity-hot 

gradients that raised scientific interest due to their life-challenging polyextreme conditions. 

They represent a natural laboratory to reply to the uncertainties highlighted in the previous 

section.  

 

1.3.1 Geographical and geological context 
 

The Danakil Depression is a N-S basin of ~72,000 km2 down to 120 m below sea level, 

lying at the triple junction between the Nubian, Somalian and the Arabian plates and the 

Danakil microplate. The triple junction and the rifts (under the Red Sea, the Gulf of Aden and 

the Main Ethiopian Rifts) are zones associated with a high magmatic and volcanic activity. As 

a result, several volcanic chains are forming, mainly represented by basaltic shield volcanoes, 

among them the NNW-SSE Erta Ale range (Hutchinson and Engels 1972; Collet et al. 2000; 

Chorowicz 2005; Ring 2014; Corti et al. 2015)  (Figure 5-a,b).  

Categorized as BWh (hot desert climate) according to the Köppen classification, the 

annual precipitation of the area is very low, usually below 50 mm and up to 144 mm.  With 

the official world record of highest annual mean temperature (34.5°C, Krause and Flood 1997), 

the Danakil Depression is also one of the hottest places on Earth. In addition, it is characterized 

by strong hot winds which the local Afar population calls “hahaita-harrur” or “fire-wind” (Aerts 

and November 2017). Two noticeable escarpments limit the depression: to the west, the 
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Northern Ethioplan Plateau, of Precambrian and Mesozoic origin, culminates at more than 

2000 m of altitude; to the east, the less prominent Danakil Alps sit on a tectonic microplate, 

the Danakil Block, uprising 500-1000 m above sea level (Collet et al. 2000) (Figure 5-b). The 

salt plain formed when the northern extremity of an ancient Red Sea arm was closed at the 

Gulf of Zula (Eritrea) due to the uplift preceding the Alid volcano Quaternary magma flows 

(Bonatti et al. 1971; Mitchell et al. 1992; Corti et al. 2015). This closure possibly happened 

during the Pleistocene and left marine reefs at different altitudes (-30 to +90 m), marking 

ancient shorelines (Bonatti et al. 1971; Hutchinson and Engels 1972; Mitchell et al. 1992) 

(Figure 5-c). The seawater evaporation in the enclosed depression led to the deposition of a 

~2 km thick salt sequence over several thousand years (Bonatti et al. 1971). This thick halite 

formation is vertically divided into two main sequences: the lower rock salt formation (LRS, 

Pleistocene to Miocene) and the upper rock salt formation (URS, Pleistocene to Holocene) 

separated by a potash unit, the Houston Formation, which has been the target of mining 

exploration since the beginning of the last century (Holmes 1919; Holwerda and Hutchinson 

1968; López-García et al. 2020) (Figure 6-a). During the Holocene, the main reliefs 

continuously eroded and formed alluvial fans fringing the base of the escarpments limiting the 

depression (Figure 5-c and 6-a). At the same time, a lacustrine system set up in the Danakil 

Depression in the form of a massive “Lake Afrera” that probably encompassed the present 

Assale/Karum, Bakili and modern Lake Afrera until it evaporated to its current stage (López-

García et al. 2020). 

The karstified Jurassic limestones and sandstones that underlay the evaporitic 

sequence behave as aquifers enabling the infiltration of meteoritic water from the Danakil 

Alps to the east and the North Ethiopian plateau to the west, via the normal faulting and 

transverse fractures of the rift zone . The presumed depth of this aquifer is around 2 km and 

at a similar depth may be located a shallow magmatic chamber (Nobile et al. 2012). The 

magma could have intruded in the potash level. The unique geochemistry of thermal waters 

in the Dallol dome area, at the Nord of the Danakil Depression, certainly results from the 

influence of this magma intrusion in the salt unit and its interaction with meteoric 

groundwater (Figure 6-a).  
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Figure 5 | Maps of the Danakil depression around the Dallol dome area (Lopez-Garcia et al. 2020). 

a, The Afar Triangle and the location of the Dallol area. b, Elevation of the Danakil depression 

compared in reference to the sea level. Volcanoes are represented with a triangle shape. The grey 

line in the border with Eritrea, the dashed lines are tectonic plates limits. c, Geological map. 
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Figure 6 | The Dallol dome area (Lopez-Garcia et al. 2020). a, Detailed geological map of the Dallol 

dome and its surroundings. b, Idealized cross section through the Dallol dome. 
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1.3.2 The pH-salinity-temperature gradients of the Dallol dome area 
 

1.3.2.1 The Dallol dome 

 

The Dallol dome is a complex geothermal structure rising 40 meters on the Danakil 

Depression, only 13 km south-east of the Eritrea border (Figure 4-b). Although the area is 

rather dangerous due to the armed conflict between Eritrea and Ethiopia (1998-2018), Dallol 

has become a tourist destination that attracts thousands of tourists every year (Vereb et al. 

2020) under strict security conditions (military surveillance was mandatory until 2018).  

 

 
 
At the origin of this attractiveness is certainly the beautiful colour palette of Dallol’s 

hydrothermal ponds and salt formations (Figure 7, Figure 8-a-c). The springs are discharging 

boiling (+100°C) oxygen-free, hyperacidic (~0), Fe-rich (up to 150g/L of iron) hydrothermal 

brines, which are supersaturated with respect to halite as soon as they are in contact with the 

atmosphere, creating white-coloured small salt cones, big chimneys or pillars up to few meters 

in height (Kotopoulou et al. 2019; J. M. López-García et al. 2020a). As the water flows 

Figure 7 | Fe(II)/Fe(III) ratio, pH, O2 concentration, and temperature of four successive pools of a 

typical spring-terrace system (Kotopoulou et al. 2019). Pool 1: Brine pond closest to the source 

hydrothermal chimney. Pool 4: Brine pond furthest away from the source hydrothermal chimney. 
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downstream from the springs, a series of self-organized halite terraces retain the brines, 

turning the turbulent flow into a laminar one. The prevalence of laminar flow in these terraced 

ponds and the dominance of diffusion over convection enables the discrete display of Dallol’s 

world-renowned stunning colours. The gradual colour variation of the brine, ranging from pale 

green to dark brown, portrays the oxidation state of iron and the increasing solutes 

concentration in the hydrothermal fluids as evaporation occurs. The more oxidation and 

evaporation occur, the more the pH drops and the temperature of the ponds, without being 

heated by the geothermal activity, increases by a few degrees (Figure 7, Figure 8-a) 

(Kotopoulou et al. 2019). The amount of organic matter in the dome is practically zero except 

maybe for some grey spring systems, whose colour may be due to amorphous silica and 

degraded, partially graphitized, organic matter, both considered as remnants of fossil diatoms 

trapped in the evaporitic sequence (Figure 8-b,c) (Kotopoulou et al. 2019). The amount of 

organic matter in the dome water is practically zero. The colour of the solids is white around 

the springs due to the rapid halite crystallization and further turns to yellowish and then 

orange and brown as the precipitation of iron oxides takes place (jarosite, akaganeite, 

hematite). Few nanoparticles of native sulphur and Fe-sulphides are also found dispersed in 

halite crystals. Life, if present under such conditions, does not play a dominant role in the 

colour display or the mineral precipitation at Dallol (Kotopoulou et al. 2019).  

Although a connection of the surface with the Jurassic aquifers is possible, López-

García and his co-workers suggest that most of the brine from the dome likely comes from the 

infiltration of: (i) direct rainfall over the dome; and/or (ii) rainfall in the Ethiopian plateau and 

the Danakil alps and periodical flooding on the Danakil Depression (López-García et al. 2020). 

The evolution of the spring activity may be related to the water table fluctuation in semi-

independent underground reservoirs (Carniel, Jolis, and Jones 2010; López-García et al. 2020) 

(Figure 6-a). The Dallol dome landscape is highly dynamic and can change in a matter of days 

or weeks (Figure 8-b,c). When the surface of some Dallol area dries out, the geothermal 

activity can start again as new water supplies feed the depleted reservoirs, and fresh deposits 

can thus overlay the ancient ones (Kotopoulou et al. 2019; López-García et al. 2020) 

 
A central depression of 1 km in diameter gives the Dallol dome a volcanic crater-like 

appearance (Holwerda and Hutchinson 1968; López-García et al. 2020) (Figure 6). This 

volcano-like morphology, coupled with the geothermal activity and location of the dome (on 

the axis between the Era Ale volcanic ridge in the south and the Maraho, Alid and Jalua 

volcanoes in the north) has led many authors to refer to this structure as the “Dallol volcano” 

(e.g. Darrah et al. 2013; Keir et al. 2013; Corti et al. 2015). However, volcanic materials have 

never been found on the dome or its intermediate surroundings. It has been proposed that 

the geothermal activity of Dallol probably represents a protovolcanic manifestation related to 

extensional faulting and magma intrusion in this rift segment, and that Dallol could be referred 

as a salt-volcano (López-García et al. 2020a), in a wide sense of volcano definition (Borgia et 

al. 2010). A 100 m structure showing halokinetic and magmatic processes, located 3 km 
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southwest of the Gada Ale volcano crater, 33 km south of Dallol and close to Lake Karum’s 

south coastline, might be a good analogue of the future Dallol evolution (J. M. López-García 

et al. 2020a).  

 
 
Dallol has also been referred as a potential analogue of some Mars regions, as active 

volcanic environments associated with diffuse hydrothermalism and hydrothermal alteration 

are reminiscent of past hydrothermal activity on Mars. Salts are considered to be an important 

component of the regolith on Mars, with the presence of (Mg,Na)SO4, NaCl and other 

chlorides, and (Mg,Ca)CO3, similar to what can be found on the Dallol dome salt deposits 

Figure 8 | Pictures of the most polyextreme sites of the Dallol area. a, Drone view of a typical 

spring-terrace system. The arrow shows the direction of the flow, from the hydrothermal 

chimneys to the most evaporated/concentrated ponds ©Olivier Grunewald. b, Rare grey 

hydrothermal chimney on the 06/01/2017. c, The same hydrothermal chimney as in (b), the 

11/01/2017. Within few days, the chimney grew ~1m. d, Lake Gaet’ale in 2016. e, Dead birds 

found around the Lake Gaet’ale. f, The Black Lake in 2019, when its surface temperature was 

70°C g, The Black Lake in 2017, when its surface temperature was 60°C, with the setup used to 

sample ~1 m below the surface of the lake (the same setup was used to estimate the depth of 

the lake).  h, Bischophite flows next to the Black Lake and the Back Mountain. 
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(Cavalazzi et al. 2019; Clark and Van Hart 1981). The presence of jarosite and iron sulphates is 

also important on Mars surface as well as on Dallol dome and suggests the potential for locally 

acidic conditions on Mars (Cockell 2014). Dallol is a natural laboratory for the study of the 

precipitation of iron minerals and one of the very few present-day sites where we can witness 

the progressive oxidation of the iron formations, relevant for geochemical processes occurring 

at early Earth and Martian environments (Kotopoulou et al. 2019). 

 

1.3.2.2 Lake Gaet’ale or Yellow Lake 

 

Lake Gaet’ale, also referred as the Yellow Lake, is situated at 3.8 km southeast of the 

Dallol crater (Figure 6). Its springs feed a roughly crescent-shaped lake which is about ~60-70 

m of diameter. It is not known when the lake was originally formed, but Landsat satellite 

imagery taken on 6 February 2003 and distributed by Google Earth shows that the lake existed 

then in quite the same shape and size as at present. It is mentioned as “brine pool” as early as 

in 1968 in the scientific literature (Holwerda and Hutchinson 1968). 

The lake level is about 1-2 m below the level of the surrounding salt flat and between 

2016 and 2019 it has evaporated intensively. The hydrothermal springs bubble up powerfully 

in several small fountains and the water has a distinctive yellow-orange colour (Figure 8-d,e). 

According to Ahmedela residents (the nearest inhabited village), the spring activity started 

anew following an earthquake in January 2005 due to a major dyking even (Wright et al. 2006; 

Nobile et al. 2012; Ayele et al. 2007; Master 2016). After the earthquake, locals said that the 

geysers fountained up to 3 m high, and lasted this intense for 3 years (Master 2016). 

Associated with Lake Gaet’ale, a series of smaller ponds with similar features are aligned N-S 

following the rift East-segment inner fault.  

The water temperature is ~40°C with a pH around 1.5 (Belilla et al. 2019) and it releases 

a strong hydrocarbon smell (Belilla et al. 2019; Gebresilassie, Tsegab, and Kabeto 2011). The 

lake seems to be undergoing strong evaporation over time as suggested by its ancient shores’ 

lines visible all around its current perimeter. The water has a greasy or oily feel which is likely 

due to supersaturation in dissolved salts, which precipitate readily on cooling. Lake Gaet’ale 

was found to be the most saline water (433 g of salt per kg of water) body on earth recorded 

in front of the Don Juan Pond (403 g of salt per kg of water with 95% CaCl2 and 1-2% of MgCl2) 

in Antarctica  (Pérez and Chebude 2017). The composition of Lake Gaet’ale brine shows the 

predominance of two main salts: CaCl2 and MgCl2 accounting for ~98% of the total dissolved 

solids with a ratio of Ca:Mg=3.15 (w/w). Traces of K+ (Ca:K=45.6), Na+ (Ca:Na=86.7) and NO3
- 

are also detected, as well as Fe(III) complexes which give the water its characteristic yellow 

colour (Pérez and Chebude 2017). Halite with significant amount of carnallite (and other metal 

oxides) form most of the salt deposits around the pools (Kotopoulou et al. 2019). 

Animals such as birds, insects or arachnids can be found dead by dozens around Lake 

Gaet’ale. Locals says they witnessed the death of birds in mid-air due to gas release, which is 
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suspected to be due to CO2 gas release, potentially a hazard for both animals and visitors 

(Master 2016). 

 
1.3.2.3 The Black Mountain and the Black Lake 

 

The Black Lake, also known as the Black Pool or Black Water spring, is an active small 

(15 m diameter, ~10 m depth) geothermal lake located close to the north limit of the Black 

Mountain (Figure 6). Both are less than a kilometre south from the salt canyons that constitute 

the eastern flank of the Dallol Dome. The Black Mountain, named after its dark colour, is 

mainly composed of halite with high content in hematite. These flows frequently preserve an 

extrusive morphology, evoking those of lava flows. These high viscosity flows often exhibit 

hexagonal joints indicating retraction after cooling and internal folding (similar formation can 

be seen on the dome, (Figure 6)). The Black Mountain area exhibits frequent massive 

bischofite flows (Figure 8-h) coming from several emission centres located close to the 

southeast Black Mountain limit. This activity and the resulting deposits are the most changing 

features of the Dallol complex. The Black Mountain and its surroundings display signs of recent 

explosive activity, as shown by the occurrence of big salt boulders ejected from geothermally 

active open fissures (for more information about the geology of the Black Mountain, see the 

source López-García et al. 2020). 

The Black Lake (Figure 8-f,g) formed after a phreatic explosion in 1926 (Holwerda and 

Hutchinson 1968). Its surface temperature is between 60 and 70°C and its pH is between 2.5 

and 3.5. The salt concentration of this lake is so high that salt crystallises at its surface before 

it is blown by the wind, creating beautiful geometrical rims on its surface. When brine is 

sampled from the lake, the salts dissolved instantly precipitate to almost the top of the bottle 

(Belilla et al. 2019). These salts are white, suggesting that the dark colour of the lake is mostly 

due to its depths and very high viscosity, which prevents light to penetrate its surface. 

 

1.3.2.4 The salt plain 

 

The flat bottom of the depression is covered by a salt crust (sometimes called the 

Assale rock-salt deposit (Binega 2006)) that was formed, as previously mentioned, when the 

northern extremity of an ancient Red Sea arm was closed and the evaporation of the resulting 

ancient Afrera Lake that covered most of the Danakil Depression. The salt plain is mainly 

composed of halite (Binega 2006; López-García et al. 2020). The top few meters of the halite 

formation is interlayered by mud layers originating from the dissolution, evaporation and re-

precipitation of previous salt deposits (Holwerda and Hutchinson 1968), due to flooding 

episodes and by the displacement of Lake Karum to the north with the intense winds of the 

depression (López-García et al. 2020). The pH of the salt plain can drop down to 4.2 when 

there is a local, ephemerally hydrothermal influence (Figure 9-d). 



24 

The salt plain has been traditionally exploited for table salt for humans and their cattle 

consumption for many years and the annual production from the salt mine site is around 

35,000 tons (Binega 2006). 

 

1.2.3.5 The salt canyons and the cave reservoir 

  

During the Dallol dome early evolution, the ancient alkaline “Afrera” Lake still occupied 

most of the North Danakil basin, extending up to the Dallol area. On what is today the Dallol 

west flank, bedded gypsum and anhydrite evaporites interlayered with lacustrine silica-rich 

marls, diatoms-rich white silts and clays are evidence of the “Afrera” lake past presence. The 

anhydrite-gypsum layers share presence minerals typical of soda lakes (e.g. stevensite or 

kerolite) (López-García et al. 2020). The halite-gypsum-anhydrite Dallol unit is affected by 

intense fracturing and karstification, at the origin of the impressive salt canyons landscape. 

The protective role of less-soluble anhydrite beds on top of halite series results in the 

formation of the impressive salt canyons’ landscape, punctuated by isolated buttes, pinnacles 

and demoiselles (López-García et al. 2020) (Figure 9-g). 

 A brine reservoir (Fig.9-f) can be observed inside the salt canyons. This reservoir, 

whose level varies from year to year, is salt-saturated with halite and its pH is around 6 (Belilla 

et al. 2019). 

 

1.3.2.6 Lake Karum/Assale 

 

Lake Karum, also referenced as Lake Assale, is a permanent, salt-saturated (salinity 

30% w/v) and almost neutral (pH ~6) brine lake 30 km south to Dallol, on the northern side of 

the Erta Ale volcanic chain (Figure 5-b,c). The northern part of the Lake meets the salt plain, 

while its southern part lies on cooled lava floor and is very inaccessible (Holwerda and 

Hutchinson 1968) unless with an aircraft. Over the years, the lake experiences significant 

changes in volume, dependant on the rainfall and runoff from the highland during wet 

seasons, as supported by a positive correlation between the lake expansion and high 

precipitation (Nanis and Aly 2020). As previously evoked, the surface area of the lake also 

changes due to intense winds acting over the flat topography of the depression that can 

expand the lake further to the North. Stromatolitic gypsum layers are present in Lake Karum, 

and the underlying bedrock is a bedded halite sequence very similar to the one outcropping 

in the salt canyons. This bedded halite bedrock is also visible on Lake Karum’s islands (Figure 

9-g-i).  
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1.2.3.7 The Western Canyons Lakes 

 

Bubbling pools aligned following an E-W direction north of the Round Mountain, 3.5 

km west of the Dallol crater (Figure 4-b). Their age and origin are not known, but were already 

recorded by (Holwerda and Hutchinson 1968) and are visible on Landsat satellite imagery 

taken in 2003 and distributed by Google Earth in much the same shape and size as at present. 

Their orange colour reminds the one of Lake Gaet’ale, if a bit browner (Figure 9-a-c). Holwerda 

and Hutchinson (1968) describe them as pools of salt-saturated brine at ambient temperature 

in which CO2 gas is escaping into the atmosphere. An analysis of these brines showed 1.69% 

KCl, 11.70% NaCI, 6.49% MgCl2 and 6.45% CaCI2 w/v (%), as well as minor quantities of 

Figure 9 | Pictures of the less polyextreme sites of the Dallol area. a, One of the Western Canyons 

Lakes. b, Another Western Canyons Lake, with the Round Mountain in the background. c, Detail of the 

bubbling surface of one of the Western Canyons Lakes with a sampling bottle for scale. d, The 

hydrothermally influenced salt plain observed in 2016. There was a smell of H2S coming from the 

ground. e, Demoiselles in the salt canyons of Dallol dome west flank. f, The cave reservoir of the salt 

canyons. g, View from one of the islands of Lake Karum. The top of these islands is covered by ancient 

stromatolites. h, Detail of the stromatolites from the top of Lake Karum’s islands. i, Modern 

stromatolites in Lake Karum, with bigger gypsum crystals than the ancient ones. There is no evidence 

yet of the biogenicity of these stromatolites and no biofilm could be observed.  
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bromine, strontium and boron compounds. They estimate that these lakes are degassing CO2 

and that their water level is related to groundwater level and fluctuate seasonally. 

 After their first mention in 1968, those lakes fell into oblivion before we visited them 

again in 2019, where we were able to measure their salinity (~30%) and pH (~5) (see Chapter 

6). We named them the Western Canyons Lakes because of their proximity with the canyons 

of the Round Mountain (at the west of the Dallol dome), but it would be interesting to ask the 

Afar people if they have named them already. 

 

1.2.3.8 Dallol and its surroundings’ systems: a resource to explore the limits of life 

 

Table 2 | Summary of mean temperature, pH and salinity measures of the main sampling areas and 

their standard deviation. For more information on the methods, see Materials and Methods and 

corresponding chapters (chapter 4,5,6). 

 Temperature (°C) pH Salinity (%) 

Dallol Ponds 52.13 ± 31.00 -0.53 ± 0.32 38 ± 9 
Lake Gaet’ale  
(Yellow Lake) 

39.20 ± 1.60 1.80 ± 0.20 >50 

Black Lake 68.13 ± 7.13 2.92 ± 0.50 76 
Western Canyons Lakes 29.56 ± 0.64 4.96 ± 0.10 32 ± 3 

Salt canyons cave 25.50 ± 3.50 6.25  ± 0.30 30 
Hydrothermaly active 

salt plain 
29.3 4.21 20 

Lake Karum/Assale 27.18 ± 3.95 6.65 ± 0.08 25 ± 6 

 

As resumed in Table 2, Dallol and its surrounding ecosystems present within a few 

kilometres range rare polyextreme conditions: different intensities of hypersalinity and acidity 

with different salt chemistries as suggested by the different water colours. The area is thus 

perfect to explore the possibility and the limits of life along with the very rare combination of 

saline-acidity-temperature gradients and discover potential new (poly)extremophiles (see 

Table 3 for the habitability range of the parameters of interest in Dallol area). Such organisms 

would be of great interest, as previously mentioned, for biotechnologies, astrobiology or the 

understanding of similar past environments. 

Despite their attractivity, the biology of these environments had never been 

investigated until recently, since the first fields trips expeditions with microbiologists including 

ours started in 2016 to the best of our knowledge. 
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Table 3 | Known limits of life that may be met in Dallol and its surrounding ecosystems. Water 

activity, chaotropicity and ionic strength are linked with the chemical composition of solutes. They are 

further described in the associated articles and in the Materials and Methods chapter. 

 Habitability range References 

Temperature -15°C ↔ 122°C (Mykytczuk et al. 2013; 
Takai et al. 2008) 

pH ~0 ↔ 11.4 (Schleper et al. 1996; 
Sturr, Guffanti, and 

Krulwich 1994) 
Salinity (NaCl) ≤350 (g/L) (Bodaker et al. 2010; 

Antón et al. 2000) 
Water activity ≥0.585 (Stevenson et al. 2017; 

2015) 
Chaotropicity ≤87.3 (kJ/kg) (Hallsworth et al. 2007) 
Ionic strength ≤12.141 (Fox-Powell et al. 2016) 
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2. Objectives 
 

As presented in the Introduction, little is known about microbial life in hypersaline, 

hyperacidic and hot environments. The scarcity of their natural occurrence may be at fault, 

but it also raises questions about the possibility for microbial life to adapt to those combined 

conditions when they tend to be more extreme. The Dallol hydrothermal system and its 

surroundings, with their broad gradients of temperature, salinity and pH with a priori different 

chemical compositions within only a few kilometres of radius, are the ideal places to 

investigate those rare, potential polyextremophiles. 

My thesis work is articulated around three big questions to which we attempt to reply: 

 

1. Can we detect microbial life all along the physicochemical gradients of Dallol and its 

surroundings (especially in the most polyextreme environments)? 

 

The less polyextreme places of Dallol surroundings in regard of temperature, acidity or salinity 

are Lake Karum, the salt plain, the cave reservoir (sections 1.3.2.4 to 1.3.2.6). Even though the 

microbial communities of these sites have never been investigated to our knowledge, we 

expect their conditions to be favourable to the development of halophile organisms, like it is 

the case in solar salterns of the Dead Sea (section 1.2.1). They’ll constitute, in a sense, natural 

positive controls for our investigation protocol. On the other hand, we are not sure how the 

microbial communities will be shaped with the increase of salinity, pH and/or temperature. 

We expect that we may reach the physicochemical limits of life in some environments and, in 

this is the case, our goal would be to define those limits more precisely.  

 

2. As inhospitable environments are especially sensitive to biocontamination during 

sampling and analyses, how can we guaranty that the microorganisms detected are 

endogenous or exogenous? 

 

If some brines are so multi-extreme that there is possibly no life in them, it is likely that 

biocontamination, even if minor, will become a major issue for the interpretation of our 

results. This is true for DNA contamination, but we expect that the risk of confusion with 

abiotic biomorphs during microscope observations may increase too. One of the main 

objectives of this work is also to propose a rigorous protocol based on cross-analysis and 

thoughtful utilization of positive/negative controls for each experiment. This should help to 

assess if DNA is local or not and if cell-like features are likely to be microbes or abiotic 

biomorphs. Such a protocol could be applied for similar extreme environments on Earth or 

beyond. 
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3. What kind of microbial communities are found in the environments where the 

presence of endogenous life was confirmed and how do they change along with the 

progressively more extreme physicochemical conditions?  

 

When it is assessed which environment do harbour adapted microorganisms, we can finally 

describe the microbial diversity using both molecular biology methods (with the construction 

of 16S/18S rRNA phylogenetical tree) and microscope observations to characterize it. The 

chemical analyses and physicochemical measures can then be correlated with the microbial 

communities’ change, making it possible to see what are the most polyextreme organisms 

selected over the salinity-hypersalinity-temperature gradients. Our last goal is to propose 

selection mechanisms behind those communities change that could be tested in the future 

with metagenomics, metatranscriptomics or metaproteomics analyses.  
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3. Materials and Methods  
 

Although every subproject had its particularities, the methodological approach we 

used to reply to the questions asked in the previous chapter is similar in all our studies. This 

chapter describes the different methodologies and/or technologies we used to give an 

overview of their purpose and functioning. For a detailed description of the methodology (e.g. 

brand names of tools, kits, exact list of samples), see the materials and methods section of the 

corresponding article chapter (chapter 4, 5, 6). 

Our team collected samples in the Danakil depression during three expeditions: in 

January 2016, 2017 and 2019, plus two samples collected for us in 2018 by our collaborator 

Olivier Grunewald. I took part in the 2017 and 2019 field missions. In total, 235 samples 

(bottled brine samples, solids, filters) were collected from 95 sampling spots and studied for 

this manuscript. They mainly come from six areas: the Dallol hydrothermal ponds, Lake 

Gaet’ale, the Black Lake, the salt canyons and their cave reservoir, the salt plain, the Western 

Canyons Lakes, and Lake Karum (see chapter 1 for pictures and descriptions). 

 I took part to all experiments and data treatment, except the elemental and molecular 

composition analyses and the sequencing that were entrusted to specialized laboratories. 

 

3.1 Chemistry analyses 

 

3.1.1 Elemental and molecular composition of samples 

 

 Describing the chemistry of a sample is a crucial step to discern the correlations 

between microorganisms and their environment. Ex situ chemical analyses were done on 

either rock/salt samples or 0.2 µm prefiltered brine samples by the SIDI service of the 

Universidad Autónoma de Madrid. They included:  

 

• Inductively coupled plasma mass spectrometry (ICP-MS): Mass spectrometry is an 

analytical technique that measures the mass-to-charge ratio of ions. ICP-MS is a type 

of mass spectrometry that uses a plasma supplied by electric currents (produced by 

electromagnetic induction) to ionize the sample. It atomizes the sample and creates 

atomic and small polyatomic ions, which are then detected. This technique was used 

on liquid samples. The elements H, He, C, N, O, F, S, Cl, Ar, Br and I cannot be 

adequately quantified due to technique limitation. The result per element is in mg/L. 

 

• Total Reflection X-ray Fluorescence (TXRF): X-ray fluorescence analyses are based on 

the property of atoms excited by an external source (here, X-ray light) to release this 

energy by emitting X-ray radiation in fluorescence characteristic of each atom (Figure 

10). Total reflection X-ray fluorescence makes use of the fact that, at very low glancing 
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angles, the high background that would generally occur due to scattering from the 

liquid sample support is absent. We used this technique mainly to recover the 

concentration of the elements S and Cl. The result is in mg/L. 

 

• Gas chromatography: Chromatography is 

a physical method that separate compounds 

in a column using two phases, one mobile 

phase (usually an inert gas in the case of gas 

chromatography) in which the compounds 

(called solutes) circulate and one stationary 

phase (e.g. silica layer). The function of the 

stationary phase is to cause a phenomenon of 

chromatographic retention with the different 

solutes. The more affinity the compound has 

with the stationary phase, the longer it will 

take to leave the column. This retention time 

is used to identify the components of each 

sample. We used gas chromatography for 

organic molecules detection and 

identification. 

 

• X-ray crystallography (XRC): XRC is used to 

determine the atomic and molecular structure 

of a crystal. The crystalline structure causes a 

beam of incident X-rays to diffract into many 

specific directions. The angles and intensities 

of these diffracted beams give information 

about the 3D distribution and density of electrons within the crystal. From this electron 

density, the mean positions of the atoms in the crystal can be determined, as well as 

their chemical bonds and various other information. We used this technique to 

determine the chemical composition of our salts/rocks. 

 

Coupled all together, those techniques help to infer the chemical composition of the 

different brines. The salts dissolved can also be assessed based on the stoichiometry of the 

different elements in addition to the crystallized salts identified.  

  

Figure 10 | Interaction between (X-ray) photons 

or electron beam with an atom. When particles 

(electrons or photons) collide with a tightly bound 

inner-shell electron with energy higher than the 

binding, they may eject it and create an unstable 

vacancy, causing the atom to shift from a 

fundamental state to an excited one. An outer 

shell electron transition will fill this vacancy, 

emitting an X-ray equal to the difference in binding 

energies of the outer and inner electron shell that 

are “characteristic” of the atom. 
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3.1.2 Measure and calculation of water activity, chaotropicity and ionic strength 

 

 Considering the extreme salinity and the different chemical composition suggested by 

the intense colours of some environments, we decided to evaluate the habitability of Dallol 

and its surrounding environments through three parameters: water activity, chaotropicity and 

ionic strength. 

 

3.1.2.1 Water activity (aw) 

 

 The water activity (aw) is the ratio of the partial vapour pressure of water above a 

sample to the partial vapour pressure of pure water at the same temperature and pressure 

(Figure 11). Water activity can display values between 0 (when no water is available in the 

sample) and 1 (for pure water). A water activity of 0.80 means the vapour pressure is 80% of 

that of pure water. Water activity should not be mistaken with moisture content, which is the 

total content of water and does not consider the “(un)availability” of water molecules 

imprisoned in the sample or already interacting with components. Since no active 

microorganisms have been reported under 0.585 of water activity, it is considered as the lower 

limit for microbial life (Stevenson et al. 2015; 2017). On the opposite, substances with higher 

water activity tend to support more microorganisms (Labuza 1977). We measured water 

activity of our samples using a probe that measures the partial vapour pressure of the sample 

in a closed chamber and compares it to the partial vapour pressure of water in the same 

conditions.  

 

3.1.2.2 Chaotropicity 

 

 Chaotropicity describes the entropic disordering of lipid bilayers and other 

biomacromolecules which is caused by substances (ion mixtures, aromatics, other solutes…) 

dissolved in water. It is opposed to kosmotropicity, which favours biomacromolecules 

stability. It is measured in kJ/kg. The experimental method to quantify the 

chaotropicity/kosmotropicity potential of a substance was proposed by  Cray et al. (2013) with 

the use of a 1.5% agar (or gelatine) with a fraction of the substance of interest diluted in the 

solution (Figure 12). The agar in this protocol is used as a proxy for biomolecules. If the 

substance dissolved in the 1.5% agar solution causes it to gelify at a lower temperature than 

it would with a pure water solution (<43°C), it means this substance is chaotropic. Conversely, 

if it causes the 1.5% agar solution to gelify at a higher temperature (>43°C), it means this 

substance favours agar polymerisation and is kosmotropic. The relation between the 

substance fraction in the solution and the agar gel point temperature is approximatively linear 

(Hallsworth, Heim, and Timmis 2003), though the slope may be different from one 

chaotropic/kosmotropic agent to another. Knowing that the heat capacity of a 1.5% agar gel 

is 4.15 kJ kg-1 °C-1, it is possible to find the chaotropicity/kosmotropicity value of the substance. 
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Due to the interactions between CaCl2 and agar, gelatine is recommended instead of 

agar to analyse solutions that contain this salt (Cray et al. 2013). However, we couldn’t find 

the heat capacity of gelatine in the literature, we thus performed the experiments with both 

agar and gelatine to estimate the relation between the two and assessed it was linear. Thus, 

measuring the 1.5% gelatine gel point temperature of a CaCl2-rich sample, we could 

determine the equivalent temperature it would have reached in agar and then calculate its 

chaotropicity/kosmotropicity value. 

 

 The transition point between liquid to solid state of agar or gelatine is determined 

using a spectrometer (Figure 12). Samples were put in a heated water bath equipped with a 

thermometer prior to spectrometry measures to monitor their temperature. For samples for 

which we had elemental composition data but no more liquid available, we estimated their 

chaotropicity/kosmotropicity through calculations based on their salt composition and 

Figure 11 | Water activity formula and representation of the measuring device. 

P: partial vapour pressure. When a sample is placed in a closed container, water 

molecules with enough energy will escape in the headspace in the form of water 

vapour, exerting pressure on the top and sides of the container. The more water 

molecules in the headspace and the faster those molecules are moving, the higher 

the vapour pressure. The vapour molecules are in a dynamic equilibrium with the 

liquid water and the overall pressure in the container stays constant while this 

exchange occurs. Vapour pressure of the sample is the same basic concept. In a 

sample, fewer water molecules can escape into the headspace compared to the 

pure water setting, because they interact with components of the sample. The 

partial vapour pressure of the sample divided by the partial vapour pressure of 

pure water is the water activity. 
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concentration and the known chaotropicity/kosmotropicity of those salts (using measures 

from Cray et al. (2013)). 

 

 
 

3.1.2.3 Ionic strength 

 

 The ionic strength of a solution is a measure of the concentration of ions in that 

solution. Ionic strength can be expressed in mol/L solution. It is calculated as follows:  

 

𝐼 =
1

2
∑𝑐𝑖𝑧𝑖

2

𝑛

𝑖=1

 

  

Where one half is because we are including both cations and anions, ci is the molar 

concentration of ion (M, mol/L), zi is the charge number of that ion, and the sum is taken over 

all ions in the solution. 

 

 Due to a complex dependency on charge interactions in biological molecules, high ionic 

strength can perturb native structure and function. High charge density is capable of inducing 

 

Figure 12 | The liquid to solid transition of agar with pure water and chaotropic/kosmotropic 

solution. On the left graph, the difference of absorbance of liquid (48°C) and solid (38°C) 1.5% (w/v) 

agar gel (figure from Cray et al. 2013). A visible wavelength of 500 nm (black arrow) was selected for 

monitoring assays to avoid interference with readings from aromatic solutes absorbing in the 

ultraviolet range, and to keep absorbance readings below 0.5 in order to maintain accuracy. 

Furthermore, the spectra for solid agar remained consistent even when the temperature of the gel 

was elevated from 38 to 48°C, indicating that these absorbance readings were not temperature-

sensitive. On the right graph are plotted the gel point temperature of 1.5% agar gel with pure water 

and with a theoretical chaotropic or kosmotropic sample. Dashed lines represent the linear 

relationship between the fraction of volume of the sample and its chaotropic or kosmotropic effect on 

the agar solution.  
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deformations in biomolecules such as nucleic acids and proteins (Baumann et al. 1997; 

Baldwin 1996). It was hypothesized that ionic strength may play a role in defining the window 

for habitability even when other parameters such as water activity are permissive (Fox-Powell 

et al. 2016), which is why we also take it into account in our study. 

 

3.2 From DNA extraction to phylogenetic tree 

 

3.2.1 DNA purification and 16/18S rRNA gene metabarcoding 

 

 DNA extraction of samples was done using Power Soil DNA Isolation Kit and 

occasionally using Arcturus PicoPure DNA Isolation kit. In the Power Soil kit, the cell lysis occurs 

by mechanical and chemical methods followed by purifying steps supposed to precipitate non-

DNA organic and inorganic material that may reduce DNA purity and inhibit downstream DNA 

applications. In the last step, total genomic DNA is captured on a silica membrane. DNA is then 

washed and eluted from the membrane. This procedure provides very pure DNA from a 

chemically complex sample, though its main drawback is the potential DNA loss at the 

different steps especially the final one. On the other hand, PicoPure provides a fast and easy 

genomic DNA extraction procedure that can only be done on cell pellets in our case. The 

extraction occurs chemically with a Proteinase K solution. After heat-deactivation of the 

enzyme, the DNA will be ready-to-use for downstream experiments. Since there is no 

purification step, this method is ideal for samples with few cells where maximum DNA 

recovery is critical, if the initial cell pellet is “clean” enough.  

 PCR is a method widely used to make millions to billions of copies (amplicons) of a 

specific region of a DNA strand. The region of interest for us was the 16S or 18S rRNA gene, 

which is often used in phylogenetic studies as it is highly conserved between different species 

of bacteria and archaea (for 16S) and eukaryotes (for 18S) but also has hypervariable regions 

that can vary significantly between different taxonomic groups (Yang, Wang, and Qian 2016), 

helping to identify them. This region of interest is targeted using short DNA molecules called 

primers that are complementary to the 3’ end of both complementary strands of the target 

region. The list of primers used in our study is given in Table 4. For more details about PCR 

steps, see Figure 13. For our experiments, we used 35 repeated thermal cycles and 50 to 55 

°C of annealing temperature depending of the stringency wanted (lower temperature 

facilitates hybridization between primers and single-stranded DNA but also increases chances 

of imperfect bindings). 

Long amplicons (~900 base pairs or bp, up to ~1400 when merged) were isolated from 

each other and amplified separately with cloning methods and then sequenced using Sanger 

sequencing. Though the longest the sequence, the more information we have, this method is 

time-consuming and only a total of few hundred sequences were obtained this way. Shorter 

amplicons (~250 when merged) were sequenced with high throughput sequencing method 
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using Illumina MiSeq technology, producing thousands of reads of the sequences. Though 

those amplicons are less informative than the longer ones, the number of sequences obtained 

gives a better coverage of the sample diversity and relative abundances of each taxon. 

Complementary reads are cleaned and merged and undergo different steps (Figure 14-A) 

before they are clustered into Operational Taxonomic Units (OTUs, which is a pragmatic proxy 

for species) based on the similarity of their 16S/18S rRNA gene sequence. We clustered our 

sequences based on OTUs with a minimum threshold of 95% similarity, which is considered 

the genus level. OTUs are then compared to database sequences with BLAST algorithms. The 

BLAST’s best-hits, the long Sanger sequences and some additional reference organisms are 

used to construct a phylogenetic tree. Short Illumina OTUs are then placed on this reference 

tree using phylogenetic placement. The final tree is then used for interpretation. 

 The pipeline used to construct the phylogenetic trees is detailed in Figure 14-B. 

 

Table 4 | Forward and reverse primers used in this study for targeting 16S/18S rRNA genes during 

PCR and their nucleotides sequences. 

Forward primer Sequence 16S/18S Target 

21F 5’-TTCCGGTTGATCCTGCCGGA Archaea 
27F 5’-AGAGTTTGATCCTGGCTCAG Bacteria 
82F 5’-GGTTACCTTGTTACGACTT Eukaryotes 
Ar109F 5’-ACKGCTGCTCAGTAACACGT Archaea 
U340F 5’-CCTACGGGRBGCASCAG Archaea/Bacteria 
U515F 5’-GTGCCAGCMGCCGCGGTAA Archaea/Bacteria 
EK565F 5'-GCAGTTAAAAAGCTCGTAGT Eukaryotes 

Reverse primer Sequence 16S/18S Target 

1492R 5’-GGTTACCTTGTTACGACTT Archaea/Bacteria 
1520R 5’-CYGCAGGTTCACCTAC Eukaryotes 
U806R 5’-GTGCCAGCMGCCGCGGTAA Archaea/Bacteria 
1134-R-
UNonMet 

5'-TTTAAGTTTCAGCCTTGCG Eukaryotes 
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Figure 13 | Polymerase Chain Reaction steps (Credit: Mwt4fd). 

1. The DNA double helix is melted apart with a temperature above 90 °C: its strands separate. 

2. The temperature is decreased to slightly below the melting temperature of both the primers being 

used (annealing temperature). Both primers bind to the available DNA strands. 

3. Polymerization (extension of the complementary strand) occurs thanks to the polymerase enzyme 

in the 5’ to 3’ direction for each strand. Temperature = 75 °C 

4-5. The previously polymerized strands act as a template for the other primers for the next cycle. 

6. Polymerisation occurs again. After the 1st cycle, only the sequence of interest is amplified. 

7-8. Cycle repeats and more amplicons of the interest region are produced. 

The copies of this target region are exponentially amplified in a series of cycles of temperature changes 

(thermal cycles), the amplification process is limited by the amount of available substrates (primers, 

single nucleotides, polymerase) for the reaction. 
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Figure 14 | Data treatment of 16S rRNA gene sequences from raw reads to phylogenetic trees. A, 

Metabarcoding raw reads contain multiplex identifiers (MIDs) to tell apart amplicons from several 

independent samples. After the sequence’s original sample has been identified, MIDs are removed, 

along with sequences that don’t fit minimum size criterion. The reads are merged before being 

clustered with 100% identity (dereplication step). Chimeric sequences are removed (contaminant DNA 

sequences originating from multiple sequences). In the next step, the 100% identity clusters are 

clustered again into OTUs with 95% identity. OTUs containing a single cleaned merged read (singleton) 

are removed from analysis. Remaining OTUs are compared to databases (BLAST). B, Long sequences 

(Sanger sequences, best hits and other reference sequences) are aligned together with MAFFT and 

trimmed, then used as a template for the reference tree. Illumina’s OTUS are aligned to the reference 

alignment prior to infer their phylogenetic placement on the reference tree using EPA-ng and Jplacer.  
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3.2.2 Statistical analyses 

 

 Different indices were used to characterize communities’ structure, based on the 

abundance of OTUs in each sample in and around Dallol. All these analyses were done using R 

software (R Core Team, 2013) and the R-package “vegan” (version 2.0-10; Oksanen et al. 

2012). 

 

3.2.2.1 Richness (Chao1) 

 

 The richness of a sample corresponds to the total number of species present. The 

Chao1 index is based on the abundance of rare OTUs to calculate the theoretical richness of 

the sample and thus makes it possible to estimate the extent to which the number of OTUs 

observed is representative of the total number of OTUs (Chao 1984). This S-index is calculated 

with the following formula: 

𝑆 = 𝑆𝑜𝑏𝑠 +
𝑛1(𝑛1 − 1)

2(𝑛2 + 1)
 

where Sobs is the number of observed OTUs, n1 is the number of OTUs with a single sequence 

and n2 is the number of OTUs with two sequences. The Chao1 index was calculated with the 

function "estimateR". 

 

3.2.2.2 Diversity (Simpson) 

 

 Sample diversity was calculated using Simpson's index, which is the probability that 

two randomly drawn sequences belong to two different OTUs (Simpson 1949). Its value D' is 

between 0 and 1 and is calculated using the following formula: 

𝐷′ = 1 −∑𝑓𝑖
2

𝑆

𝑖=1

 

where fi is the frequency of the OTUs in the sample. Thus, the closer the value of D' is to 1, the 

more diverse a sample is.  

 

3.2.2.3 Evenness 

 

 Finally, the calculation of the Pielou equitability index makes it possible to determine 

whether the OTUs in a sample are present in relatively equal proportions or whether the 

sample is dominated by a small number of abundant OTUs (Pielou 1966). It is calculated with 

the formula: 

𝑒 =
−∑ 𝑓𝑖𝑙𝑛(𝑓𝑖)

𝑆′
𝑖=1

𝑙𝑛(𝑆𝑜𝑏𝑠)
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where Sobs is the number of observed OTUs, fi the frequency of OTUs in the sample and S' the 

integer part of S. The evenness e value is constrained between 0 and 1. The less evenness in 

communities between the species (and the presence of a dominant species), the lower the 

value, and vis versa.  

 

3.3 Culture approach 

 

Our culture approach was designed for two attempts: 

1) Enrich biomass of some environments that may have very low cell concentration by 

providing a slightly less aggressive and more nutritive environment 

2) Isolate some microorganisms into axenic cultures. 

  

 We designed a culture medium based on a compromise of the chemistry data of 

Dallol and surroundings environments (Table 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Table 5 | Culture media composition. 

Medium Component Final volume 
1L 

All NaCl 234 g 

" KCl 6 g 

" (NH4)2 SO4 1 g 

" MgSO4 * 7H2O 30.5 g 

" MgCL2 * 6H2O 19.5 g 

" CaCl2 * 2H2O 1.10 g 

SALT-YE Yeast extract 0.2 g 

SALT-Thio Thiosulfate 0.5 g 

SALT-H+B Benzoate (solid) 0.610 g 

" Hexadecane 
(liquid) 

5 mM=1.46 mL 

Added after autoclave:  
Medium Component Final volume 

1L 

All except  
with pH≈1.5 

FeCl3 * 6 H2O 0.167 g 

" Trace minerals (L1) 1 mL 

" K2HPO4 10% 10 mL 

To acidify HCl 34% Variable 

For pH≈1.5 FeCl3 * 6 H2O 11.68 g 

" Trace minerals (L1) 10 mL 

" K2HPO4 10% 10 mL 
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There were four types of incubation conditions: 

• Room temperature with a white light cycle 

• 37°C in the dark 

• 50°C with a white light cycle 

• 70°C in the dark 

 

3.4 Microscope observations 

 

3.4.1 Optical microscope 

 

 The optical microscope was used to check microorganisms’ presence in cultures and 

brine samples. Two sources of light were used for this purpose: 

• A visible light source that illuminates the sample from below. The contrast of the 

particles and microorganisms with their natural colours are seen this way. 

• A mercury-vapour lamp that illuminates the sample from above. The illumination light 

is filtered to select only the wavelength range of interest (Figure 15). This lamp is used 

for fluorescence microscopy since it requires intense, near-monochromatic 

illumination that widespread light sources cannot provide. The sample may be 

naturally fluorescent (e.g. pigments like chlorophyll or bacteriorhodopsin may be 

fluorescent when excited by some wavelength) or it can be made fluorescent by 

fluorophores. For our epifluorescence observations, we used the DNA dye SYTO9. We 

also did fluorescent in situ hybridization (FISH, Figure 16) experiments using CY3-

Narc1214 probe supposed to target nanohaloarchaeota and the DNA dye SYBRGold. 

The results of the FISH experiment were also observed using the confocal microscope. 

 

3.4.2 Confocal microscope 

 

 The confocal microscope is a special type of fluorescence microscope (Figure 15). Two 

pinhole apertures (or diaphragms) are positioned at confocal positions. The light beam is 

focused by the first pinhole on only a small part of the sample. If fluorophores are present, 

they emit light which is then filtered by the dichroic mirror and the filter. The second pinhole 

positioned in the focal plane selects only the light coming from the targeted point of the 

sample. The objective thus collects only this light. The surface of the sample is then scanned 

by moving either the sample or the light beam. This allows reconstructing a 2D image at a 

given height. One can then move vertically to obtain images at different heights. A 3D image 

of the sample can then be reconstructed using the proper software, though we didn’t use that 
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specificity. The higher stability of the confocal microscope compared to a classical optical 

microscope also contribute obtaining better resolution images. 

 When two or more fluorochromes are simultaneously excited in a specimen, it cannot 

be avoided that several fluorescence signals are recorded in a detection channel and can no 

longer be separated in the image. Sequential scanning is an advantageous tool when detecting 

multiple fluorophores as it will enhance the image quality (avoiding crosstalk) by recording in 

sequential order instead of simultaneous acquisition. 

 

 

 

Figure 15 | Schematic assemblies of an epifluorescence microscope (left) and a confocal microscope 

(right) 
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3.4.3 Scanning Electronic Microscopy 

 

 The SEM uses an electron beam instead of a photon beam for the optical microscope. 

Due to the very narrow electron beam, its magnification resolution is about 250 times the 

magnification limit of the best light microscopes. Samples are previously vacuum-dried and 

coated with a conductive material (carbon in our case) to make them electrically conductive. 

The signals used to produce an image result from interactions of the electron beam with atoms 

at various depths within the sample (Figure 17). Various types of signals are produced 

including: 

• Secondary electrons (SE): their very low energies (approximatively 50 eV) limit their 

mean free path in solid matter. Consequently, they can only escape from the top few 

nanometres of the surface of a sample. The signal from SE tends to be highly localized 

at the point of impact of the primary electron beam, making it possible to use them 

to collect images of the sample’s surface with a resolution of ~1 nm. 

• Reflected or back-scattered electrons (BSE): which are beam electrons that are 

reflected from the sample by elastic scattering. They emerge from deeper locations 

within the specimen and, consequently, the resolution of BSE images is less than SE 

images. However, BSE are often used in analytical SEM, along with the spectra made 

 

Figure 16 | Simplified scheme of the principle of fluorescent in situ hybridization (FISH). FISH is a 

molecular cytogenetic technique that uses fluorescent probes that bind to only those parts of a nucleic 

acid sequence with a high degree of sequence complementarity.  It is used to detect and localize the 

presence or absence of specific DNA sequences in cells. FISH works by exploiting the ability of one DNA 

strand to hybridise (bind) specifically to another DNA strand.  

Denaturation (Formamid 45°C)

Hybrididization

Probes with fluorescent label

Cell previously fixed in Formaldehyde fixative

Adding SYBRGold DNA dye as counterstain

Observations
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from the characteristic X-rays, because the intensity of the BSE signal is strongly 

related to the atomic number (Z) of the specimen. BSE images can provide information 

about the distribution, but not the identity, of the different elements in the sample. 

In samples predominantly composed of light elements, such as biological specimens, 

BSE imaging can image organic objects which would otherwise be difficult or 

impossible to detect in SE images 

• Characteristic X-rays: the electron beam removes an inner shell electron from the 

sample, causing a higher-energy electron to fill the shell and release energy like 

previously shown in Figure 10. The energy or wavelength of these characteristic X-rays 

can be measured by energy-dispersive X-ray spectroscopy (called EDS) and used to 

identify and measure the abundance of elements in the sample and map their 

distribution. 

 

We used the SEM to see if we could identify cells on filters of Dallol brines, cultures 

and particles sorted with the flow cytometer (see next section). The BSE images and the 

chemical data (including chemical maps) collected with the EDS helped to distinguish organic 

features from mineral phases, and to identify some mineral particles. 

 

3.5 Multiparametric analyses and fluorescent-assisted cell sorting on the cytometer 

 

 Flow cytometry is a technique in which particles (hopefully cells) suspended in a 

buffered solution are counted as they pass through the beam of a laser (Figure 18-A). Particles 

are diluted, and the flow rate of the suspension carefully controlled. Light detectors positioned 

around the flow cell can then detect any perturbation of the laser beam as a particle in the 

Figure 17 | Interactions between the electron beam and the sample 

in the scanning electron microscope (Autor not found). 
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liquid passes through, which allows the multiparametric analysis (MPA) of the flow cytometry 

data. This data can include:  

 

• Particle size: The path of light through a given particle depends of its size and internal 

composition. As light interacts with the particle, it deviates from its initial direction. 

This is known as scattering. In our case, we only focused on forward scatter, detected 

as the changes of light intensity. The degree of forward scatter being proportional to 

the particle surface area lit, it gives information about its size. 

 

• Particle fluorescence: Different wavelengths of excitation can be chosen depending on 

the equipment. If the particle hit gets excited by photons, the light it emits in return 

will be detected. The fluorescence of a particle may be natural (like it is the case for 

some minerals or cell pigments) or induced (DNA dyes/fluorophores). 

 

 Since the nature of the detected particles is uncertain at this stage, they are called 

“events”. To assess if particles in our samples were cells or inorganic particles (e.g. salts), we 

chose to use DNA dyes. In order to assess which DNA dye would be the most unlikely to fix on 

an inorganic particle, we analysed the event distribution of a blank, a sterile hypersaline 

medium used for the cultures. We compared the event distribution in this blank with and 

without different DNA dyes. We chose for our experiment the two dyes (SYTO13, DRAQ5) that 

led to the least change of fluorescence in the control. The fluorescence background range was 

also estimated thanks to this test. 

 We analysed the event distribution of the samples with and without the DNA dyes. If 

no change is detected between the two tests, it suggests there is no DNA in the particles 

(Figure 18-B). If on the opposite more events are detected above background, it suggests that 

some particles are cells with DNA. 

 In order to better identify events detected above background, we used a technique 

called FACS (Fluorescence activated cell sorting). Droplets containing particles with a 

fluorescence greater than the background were sorted into a collection tube with electrostatic 

means (Figure 18-A).  
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4. Unveiling microbial communities of the polyextreme 
gradients of the Dallol ecosystems 
 

4.1 Context and objectives  
 

Even though high throughput sequencing technologies have led to new 

understandings of extremophiles, little is known about some polyextremophiles such as the 

ones adapted to both hypersaline and hyperacidic conditions. Two hypotheses could explain 

that: either the scarcity of their natural occurrence makes them difficult to study, or there is 

a biological incompatibility to this combination of extremes. 

Dallol ecosystems represent ones of the few known hyperacidic and hypersaline water 

bodies on Earth and, to our knowledge, it holds the most extreme combination of those 

parameters. The hydrothermal chimneys and closest ponds even show high temperature (60-

110 °C). Even more interestingly, within a few kilometres range, the different ecosystems of 

Dallol and its surroundings hydrothermal lakes are characterized by a wide array of 

polyextreme physicochemical parameters (temperature, pH, salinity and different salt 

compositions), making them ideal sampling places to investigate the limits of life and potential 

different (new) microbial communities. At the time of the first expedition of our team (January 

2016), very little is known about the chemical composition of those different places and there 

is still no microbial study in process. 

 
To investigate the presence/absence of microorganisms and characterize them along those 

unique gradients, we established the following objectives: 

 
1. Collect a high number of different types of sample (filters, cell-traps, salts…) to have 

the deepest analysis possible of each ecosystem. 

 
2. Run a battery of cross-analyses to confirm or not the presence of cells/DNA in the 

samples and construct a phylogenetic tree of Archaea and Bacteria based on 16S 

rRNA gene. These analyses include: 16/18S rRNA gene sequencing, construction of 

diversity histograms and bacterial/archaeal phylogenetic trees, microscope 

observations (optical and SEM), flow cytometry (MPA and FACS) and attempts of 

microbial enrichment and isolation by the mean of cultures. 

 
3. Correlate the presence/absence of life and microbial communities’ patterns with 

their environments’ physicochemical parameters and chemical composition. The 

goal is to try to assess what are the shaping or limiting factors of the populations 

observed. Some parameters (pH, temperature, salinity) are measured in situ with a 

multi-probe or a refractometer. Complementary measures are done back from field to 

refine the salinity values, identify their chemical composition and evaluate the 

chaotropicity, water activity, ionic force induced. 
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4.2 Results  
 

Two multidisciplinary expeditions with our team members were held in January 2016 and 

2017. We collected 183 samples from over 63 places. These samples include 0.2µm pore-sized 

filters fixed in ethanol, brine in glass bottles and solid samples. In the less polyextreme sites 

(the salt plain, the Lake Karum and the cave reservoir) a high diversity of halophile 

microorganisms was found. Archaea were dominant (90% on average) compared to Bacteria 

(10%). Within the Archaea, the main phyla were Halobacteria (56-84% of total prokaryotic 

reads) and Nanohaloarchaeota (1-15% total prokaryotic reads). In contrast, amplicons were 

obtained only after a semi-nested PCR for the most polyextreme samples (from the Dallol 

hydrothermal dome, Lake Gaet’ale and the Black Lake), attesting the very low DNA 

concentration in the samples to begin with. As the sequences were related to OTUs found in 

the less polyextreme places despite drastically harsher conditions, it was highly doubtful they 

would be endogenous organisms. Those results were consistent with observations from cross-

analyses. The results of this study are resumed in Table 6.  

  

Table 6 | Summary of the results of each type of analysis per site. Green background: detection of a 
high diversity of halophiles. Orange background: local microbial contamination (dispersion) suspected. 
Red background: no traces of life detected. 

 
Salt Plain 

Cave reservoir 
Lake Karum (Assale) 

Dallol 
hydrothermal 

ponds 

Lake Gaet’ale 
(Yellow Lake) 

Black Lake 

Microscope 
(optical, SEM) 

Cells observed, 
sometimes with 

(bio?)mineralization 

No cells 
observed but 

biomorphs 

No cells 
observed but 

biomorphs 

No cells 
observed 

Sequencing 
(Sanger, Illumina) 

and analyses 

90% Archaea 
10% Bacteria 

Hard to amplify, 
airborne 
dispersal 

suspected 

Hard to amplify, 
airborne 
dispersal 

suspected 

Nothing 
detected 

Flow cytometry 
(MPA and FACS) 

DNA detected and 
cells sorted 
successfully 

No DNA 
detected; no 
cells sorted 

No DNA 
detected; no 
cells sorteed 

Not tested 
(viscosity too 

high) 

Cultures 
(enrichment and 

isolation) 

Enrichment 
succeeded; 1 

isolation succeeded 
No growth No growth No growth 

 

The principal component analysis of elemental composition (Figure 19) shows that 

Lake Gaet’ale and the Black lake are characterized by high concentration of Mg and Ca salts, 

probably causing their estimated low water activity, high chaotropicity and ionic strength. We 

assess that those extreme values of water activity, chaotropicity and ionic strength are the 

reason behind the absence of life in these two environments. The Dallol dome brines, on the 

opposite, are characterized by high concentration of NaCl salt which is kosmotropic. Despite 

their high content in iron salts, their water activity, chaotropicity and ionic strength remain 

within the estimated range of habitable parameters. We interpret that the combination of 

hypersalinity (average 40%) and hyperacidity (negative pH) constitute the major barrier for 
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life in these ponds, even though we cannot exclude that their combination with other 

compounds (e.g. the high content of metals) also play a role in their sterility. 

 

 
Figure 19 | Principal component analyses of the Dallol area liquid samples according to their 
chemical composition (left) and they potentially life-limiting physicochemical parameters (right). 
The only samples where life could be detected with confidence are the salt plain, the cave reservoir 
and Lake Assale (Karum).  

 

4.3 Manuscript of article 1 
 

Article published in Nature Ecology and Evolution (see next page). 
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Microbial life has adapted to so-called extreme values of 
temperature, pH or salinity, but also to several polyex-
treme, for example hot acidic or salty alkaline, ecosys-

tems1,2. Various microbial lineages have been identified in acidic 
brines in the pH range 1.5–4.5, for example in Western Australia3,4 
and Chile3. However, although some acidophilic archaea thrive at 
pH ~0 (Picrophilus oshimae grows at optimal pH 0.7)5 and many 
halophilic archaea live in hypersaline systems (>30% weight/ 
volume; NaCl-saturation conditions), organisms that adapted 
simultaneously to very low pH (<1) and high salt, and eventually 
also high temperatures, are not known among cultured prokary-
otic species1. Are molecular adaptations to these combinations 
incompatible or are (hot) hyperacidic hypersaline environments 
simply rare and unexplored? The Dallol geothermal dome and 
its surroundings (Danakil Depression, Afar, Ethiopia) allow this 
question to be addressed by offering unique polyextreme gradi-
ents combining high salt content (33 to >50%; either Mg2+/Ca2+ 
or Na+(/Fe2+/3+)-rich), high temperature (25 to 110 °C) and low 
pH (≤−1.5 to 6.0).

Dallol is an uplifted (~40 m) dome structure located in the north 
of the Danakil Depression (~120 m below sea level). The Danakil 
Depression is a 200-km-long basin within the Afar Rift at the junc-
tion between the Nubian, Somalian and Arabian Plates6. Lying only 
30 km north of the hypersaline, hydrothermally influenced Lake 
Assale (Karum) and the Erta Ale volcanic range, Dallol does not 
display volcanic outcrops but intense degassing and hydrothermal-
ism. These activities are observed on the salt dome and the adjacent 
Black Mountain and Yellow Lake (Gaet’Ale) areas6,7 (Fig. 1a,b). Gas 
and fluid isotopic measurements indicate that meteoritic waters, 
notably infiltrating from the high Ethiopian plateau (>2,500 m), 
interact with an underlying geothermal reservoir (280–370 °C)7,8. 
Further interaction of those fluids with the 1-km thick marine evap-
orites filling the Danakil Depression results in unique combinations 

of polyextreme conditions and salt chemistries6,7,9,10, which have led 
some authors to consider Dallol as a Mars analogue11.

Here, we use environmental 16S/18S ribosomal RNA gene 
metabarcoding, cultural approaches, fluorescence-activated cell 
sorting (FACS) and scanning electron microscopy (SEM) combined 
with chemical analyses to explore microbial occurrence, diver-
sity and potential fossilization along Dallol–Danakil polyextreme  
gradients12–15.

Results and discussion
To investigate the distribution and, eventually, type of microbial 
life along those polyextreme gradients, we analysed a large vari-
ety of brine and mineral samples collected mainly from two field 
expeditions (January 2016 and 2017; a few additional samples were 
collected in 2018) in four major zones (Fig. 1 and Extended Data 
Figs. 1–3). The first zone corresponded to the hypersaline (37–42%) 
hyperacidic (pH between ~0 and −1; values down to pH −1.6 were 
measured on highly concentrated and oxidized brines on site) and 
sometimes hot (up to 108 °C) colourful ponds at the top of the Dallol 
dome (Fig. 1c and Extended Data Figs. 1a, 2a–h and 3). The sec-
ond zone consisted of the salt canyons located at the southwestern 
extremity of the Dallol dome and the Black Mountain area, which 
includes the Black Lake (Fig. 1b,d and Extended Data Figs. 1b,c 
and 2l–q). Brine samples collected in a cave reservoir (Gt samples) 
and in ephemeral pools with varying degrees of geothermal influ-
ence at the dome base (PS/PS3 samples) were hypersaline (~35%), 
with moderate temperature (~30 °C) and acidity (pH ~4–6). By 
contrast, pools located near the small (~15 m diameter), extremely 
hypersaline (>70%), hot (~70 °C) and acidic (pH ~3) Black Lake 
were slightly more acidic (pH ~3), warmer (40 °C) and hypersaline 
(35–60%) than the dome-base pools (PSBL samples; Extended Data 
Fig. 3). The third zone corresponded to the Yellow Lake and neigh-
bouring ponds (Fig. 1e and Extended Data Figs. 1d and 2i–k), which 
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were acidic (pH ~1.8), warm (~40 °C) and extremely hypersaline16 
(≥50%). The Yellow Lake actively bubbles and emits toxic gases for 
animals, as illustrated by the presence of numerous dead birds. The 
gas phase includes light hydrocarbons8. The fourth zone consisted 
of the hypersaline (36%), almost neutral (pH ~6.5), Lake Assale 
(Fig. 1b and Extended Data Fig. 2r), which we used as a milder, 
yet extreme Danakil system for comparison. In contrast to a con-
tinuous degassing activity, the hydrothermal manifestations were 
highly dynamic, particularly on the dome and the Black Mountain 
area. The area affected by hydrothermal activity in January 2017 was 
much more extensive than the previous year (Fig. 1 and Extended 
Data Fig. 1). Dallol chimneys and hyperacidic ponds can appear and 
desiccate in a matter of days or weeks, generating a variety of evapo-
ritic crystalline structures observable in situ17. Similarly, very active 
and occasionally explosive (salt ‘bombs’) hydrothermal activity that 
was characterized by hot (110 °C), slightly acidic (pH ~4.4) black 
hypersaline fluids was detected in the Black Mountain area in 2016 
(‘Little Dallol’; sample BL6–01; Extended Data Figs. 1b and 2l) but 
not in the following years. Active bischofite flows6,7,18 (116 °C) were 
also observed in the Black Mountain area in 2016 but not in 2017.

To assess potential correlations between microbial life and local 
chemistry, we analysed the chemical composition of representa-
tive samples used in parallel for microbial diversity analyses (see 
Methods). Our results revealed three major types of solution chem-
istry depending on the dominant elements (Fig. 2f and Extended 
Data Fig. 4a). In agreement with recent observations, Dallol ponds 
were characterized by NaCl-supersaturated brines that were highly 
enriched in iron with different oxidation states, which explained 
the colour variation17. Potassium and sulfur were also abundant 
(Supplementary Table 1). By contrast, samples from the salt can-
yons and plain near Dallol and Lake Assale were NaCl-dominated 
with a much lower iron content, and the Yellow and Black lakes 
and associated ponds had very high Mg2+ and Ca2+ concentrations 
(Supplementary Table 1). Many aromatic compounds were identi-
fied, particularly in Dallol and Yellow Lake fluids (Supplementary 
Table 2). High chaotropicity associated with Mg2Cl-rich brines, 
high ionic strength and low water activity (aw) is thought to be a 
limiting factor for life12,13,19,20. We therefore determined these param-
eters in representative samples (Extended Data Fig. 5). Based on our 
experimental measures and theoretical calculations from dominant 
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Fig. 1 | overview of sampling sites at the polyextreme geothermal field of Dallol and its surroundings in the Danakil Depression, ethiopia. a, Location of 
the Dallol dome area in the Danakil Depression following the alignment of the Erta Ale volcanic range (Gada Ale, Alu-Dalafilla), Northern Ethiopia.  
b, Closer view of the sampling zones in the Dallol area and Lake Assale or Karum (satellite image from Copernicus Sentinel 1; 19 January 2017).  
c–e, Geological maps showing the sampling sites at the Dallol dome summit (c), west salt canyons and Black Mountain, including the Black Lake (d) and 
Yellow Lake (Gaet’Ale) zone (e). Squares (solid samples) and circles (liquid samples) indicate the nature of the collected samples. The colour indicates the 
collection date (red, 2016; yellow, 2017; green, 2018). The size of circle is proportional to the collected brine volume for analyses. Specific sample names 
are indicated in the aerial view shown in Extended Data Fig. 1.
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salts, only samples in the Yellow and Black Lake areas displayed 
life-limiting chaotropicity and aw values according to established 
limits12,13,19,20. A principal component analysis (PCA) showed that 
the sampled environments were distributed in three major groups 
depending on solution chemistry, pH and temperature: Black and 
Yellow Lake samples, anticorrelating with aw; Dallol dome samples, 
mostly correlating with aw but anticorrelating with pH; and Dallol 
canyon cave reservoir (Gt samples) and Lake Assale, correlating 
with aw and pH (Fig. 2g). These results are consistent with those 
obtained with analysis of variance and subsequent post-hoc analy-
sis, which show significant differences between the three major 

chemical zones (coloured areas in Fig. 2f,g) among them for the 
variables tested (Supplementary Table 4).

To ascertain the occurrence and diversity of microbial life 
along these physicochemical gradients, we purified DNA from 
a broad selection of brine samples (0.2–30 µm size fraction) and 
solid samples (gypsum and halite-rich salt crusts, compacted sedi-
ment and soil-like samples; Extended Data Fig. 3). We carried out 
16S/18S rRNA gene-based diversity studies by high-throughput 
short-amplicon sequencing (metabarcoding approach) but also 
sequenced almost-full length genes from clone libraries, provid-
ing local reference sequences for more accurate phylogenetic  
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analyses (see Methods). Despite intensive PCR efforts and extensive 
sampling in Dallol polyextreme ponds, including pools that were 
active in two consecutive years (Extended Data Fig. 1) to minimize 
ephemeral system-derived effects, we only amplified 16S/18S rRNA 
genes from Dallol canyon cave water, the dome-base geothermally 
influenced salt plain and Lake Assale, but never from the Dallol 
dome or Black/Yellow lakes (Fig. 3a). To check whether this resulted 
from excessively low DNA amounts in those samples (although 
relatively large volumes were filtered), we carried out seminested 
PCR reactions using, as templates, potential amplicons produced 
during the first PCR–amplification reaction, including the first 
PCR negative controls. Almost all samples produced amplicons in 
seminested PCR reactions, including the first PCR blanks (Fig. 3a). 
Metabarcoding analysis revealed that amplicons from direct PCR 
reactions (PS/PS3, Gt, Assale) were largely dominated by archaeal 
sequences (>85%) grouping in diverse and abundant operational 
taxonomic units (OTUs) (Extended Data Fig. 6). By contrast, ampli-
cons derived from Dallol ponds, Black and Yellow lakes and also 
first PCR ‘negative’ controls were dominated by bacterial sequences. 
Most of them were related to well-known molecular biology kit 
and laboratory contaminants21,22, whilst others were human-related 
bacteria probably introduced during intensive afar and tourist daily 
visits to the site. A few archaeal sequences might also result from 
aerosol cross-contamination, despite extensive laboratory precau-
tions (see Methods). After the removal of contaminant sequences 
(grey bars in Fig. 3a, and Supplementary Table 5), only rare  
OTUs encompassing few reads (mostly archaeal) could be associ-
ated with Dallol dome or Yellow Lake brines, which we interpret  
as dispersal forms (dusty wind is frequent in the area). Slightly 
higher abundances of archaeal OTUs were identified in ‘soil’ 
samples, that is samples retrieved from salty consolidated mud or 
crusts where dust brought by the wind from the surrounding pla-
teaux accumulates and starts constituting a proto-soil (with incipi-
ent microbial communities; for example, Extended Data Fig. 2i). 
Therefore, although we cannot exclude the presence of active life in 
these ‘soil’ samples, our results strongly suggest that active micro-
bial life is absent from polyextreme Dallol ponds and the Black and 
Yellow lakes.

By contrast, PS/PS3, Gt and Assale samples harboured extremely 
diverse archaea (2,653 OTU conservatively determined at 95% iden-
tity, that is genus level) that virtually spanned the known arch aeal 
diversity (Fig. 3, Extended Data Fig. 6 and Supplementary Table 5).  
Around half of that diversity belonged to Halobacteria, and an 
addi tional quarter to the Nanohaloarchaeota23. The rest of archaea  
distributed in lineages typically present in hypersaline environ-
ments, for example, the Methanonatronoarchaeia24,25 and Candidate 
Division MSBL1, which is thought to encompass methano gens26 
and/or sugar-fermentors27. However, they also included other arch-
aeal groups not specifically associated with salty systems (although  
they can sometimes be detected in hyper saline settings, for example  
some Thermoplasmata or Woesearchaeota). These included Thermo-
plasmata and Archaeoglobi within Euryarchaeota, Woesearchaeota 

and other lineages (Aenigmarchaeota, Altiarchaeales) usually 
grouped as DPANN28–30, and Thaumarchaeota and Crenarchaeota 
(Sulfolobales) within the TACK/Proteoarchaeota31 (Fig. 3a and 
Supplementary Table 5). In addition, because rRNA GC content 
correlates with growth temperature, around 27% and 6% of archaeal 
OTUs were inferred to correspond to thermophilic and hyperther-
mophilic organisms, respectively (see Methods; Fig. 3b). As previ-
ously observed23,28,29, common archaeal primers for near-full 16S 
rRNA genes (Fig. 3c, red dots) failed to amplify Nanohaloarchaeota 
and other divergent DPANN lineages. These probably encompass 
ectosymbionts or parasites28–30,32. Given their relative abundance and 
co-occurrence in these and other ecosystems, it is tempting to sug-
gest that Nanohaloarchaeota are (ecto)symbionts of Halobacteria, 
and Woesearchaeota could potentially be associated with 
Thermoplasma-like archaea. Although much less abundant, bac-
teria belonging to diverse phyla, including CPR (Candidate Phyla 
Radiation) lineages, were also present in these samples (710 OTUs; 
Extended Data Figs. 6 and 7 and Supplementary Table 5). In addi-
tion to typical extreme halophilic genera (for example, Salinibacter, 
Bacteroidetes), one Deltaproteobacteria group and two divergent 
bacterial clades were overrepresented in Dallol canyon Gt samples. 
Eukaryotes, which were less abundant and diverse, were present in 
Lake Assale and occasionally in the salt plain and Gt. They were 
dominated by halophilic Dunaliella algae (Extended Data Fig. 8 and 
Supplementary Table 6).

Consistent with metabarcoding results, and despite the use of 
various culture media and growth conditions mimicking local envi-
ronments (see Methods), cultural approaches did not yield enrich-
ments for the Dallol dome, Black Lake and Yellow Lake samples. 
We obtained enrichments from the canyon cave (Gt/7Gt) and salt 
plain (PS/PS3) samples in most culture media (except in benzoate/
hexadecane) and tested conditions (except at 70 °C in the dark). 
However, all attempts to isolate microorganisms at pH <3 from 
these enrichments failed. The most acidophilic isolate obtained 
from serial dilutions (PS3-A1) only grew at 37 °C and optimal pH 
5.5 (range pH 3–7). Its 16S rRNA gene was 98.5% identical to that of 
Halarchaeum rubridurum MH1-16-3 (NR_112764), an acidophilic 
haloarchaeon growing at pH 4.0–6.5 (ref. 33).

In agreement with metabarcoding and culture-derived obser-
vations, multiparametric fluorescence analysis showed no DNA 
fluorescence above background for Dallol and Yellow Lake samples 
(Extended Data Fig. 9). Because optical and SEM observations 
suggested that indigenous cells were unusually small, we applied 
FACS to samples from the different Dallol environments (Extended 
Data Fig. 3), followed by systematic SEM analysis of sorted events. 
Despite some samples showed no difference in fluorescence after 
incubation with DNA dyes, we sorted all events above background 
limit (as defined in Extended Data Fig. 9a). We only detected cells 
in Dallol cave water and salt plain samples, but not in Dallol dome 
ponds or Yellow Lake samples (Extended Data Fig. 9). Consistent 
with this, after DNA purification of FACS-sorted particles, 16S 
rRNA gene amplicons could only be obtained from different cave 

Fig. 4 | SeM pictures and chemical maps of cells and abiotic biomorphs identified in samples from the Dallol region. a–h, SEM pictures of cells 
(a–c,e–h) and abiotic biomorphs (d). FACS-sorted dividing cells from sample PS (hydrated salt pan between the Dallol dome base and the Black Lake) 
(a); FACS-sorted ultrasmall cells from 7Gt samples (cave water reservoir, Dallol canyons) (b); FACS-sorted colony of ultrasmall cells from sample PS 
(note cytoplasmic bridges between cells) (c); FACS-sorted abiotic silica biomorphs from the Dallol pond 7DA9 (note the similar shape and morphology 
compared to cells in c) (d); cocci and halite crystals in 8Gt samples (cave water) (e); long rod in 8Gt (f); FACS-sorted cells from Gt samples (g) and  
FACS-sorted colonies from sample PS (note the bridge between one naked colony and one colony covered by an exopolymeric-like matrix) (h). i–o, SEM 
images and associated chemical maps of cells and biomorphs. Colour intensity provides semiquantitative information of the mapped elements. Small cocci 
and amorphous Al–Mg–Fe-rich silicate minerals from Gt (i); NaCl crystals and S–Si rich abiotic biomorphs from Dallol pond sample 7DA7 (j); NaCl crystal 
and Si biomorphs (k); Si-encrusted cell and Si biomorphs in sample 8Ass (Lake Assale) (l); Mg–Cl biomorph in sample BLPS_04 (Black Lake area pond) 
(m); S-rich biomorphs in Dallol pond 7DA9 (n) and Ca–Mg–Cl biomorph in YL-w2 (Yellow Lake pond) (o). SEM photographs were taken using In Lens or 
AsB detectors. For additional images and SEM details, see Supplementary Figs. 1 and 2. White arrows indicate cells difficult to recognize due to their small 
size and/or flattened aspect, which may result from sample preparation and/or high vacuum conditions within the SEM. Scale bars, 1 µm.
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and salt plain samples but not from Dallol dome or Yellow Lake 
samples. Cell counts estimated from FACS for the cave and salt plain 
samples were low (average 3.1 × 104 cells ml−1 and 5.3 × 104 cells ml−1 
for the cave and PS samples, respectively). Sorted cells were usually  

small to ultrasmall (down to 0.25–0.3 µm diameter; Fig. 4). In PS 
samples, some of these small cells formed colonies (Extended Data 
Fig. 9 and Fig. 4c), which were sometimes surrounded by an exo-
polymeric matrix cover (Fig. 4h). The presence of cytoplasmic 
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bridges and/or potential cell fusions (Extended Data Fig. 9 and  
Fig. 4c) suggest that they might be archaeal colonies34.

FACS-sorted fluorescent particles in Dallol pond samples 
appeared to correspond exclusively to salt crystals or cell-sized 
amorphous minerals morphologically resembling cells, that is 
biomorphs35,36 (for example, Fig. 4d compared with Fig. 4c). This 
prompted us to carry out a more systematic search for abiotic bio-
morphs in our samples. SEM observations coupled with chemical 
mapping by energy-dispersive X-ray spectrometry (EDXS) showed 
a variety of cocci-like biomorph structures of diverse elemental 
compositions. Many of them were Si biomorphs (Dallol ponds, 
Yellow Lake and Assale Lake), but we also detected Fe–Al silicates 
(Gt), S or S-rich biomorphs (Dallol ponds), and Ca or Mg chlo-
rides (Yellow Lake, BLPS samples) (Fig. 4, Extended Data Fig. 10 
and Supplementary Figs. 1 and 2). We also observed Si-encrusted 
rod-shaped cells in Lake Assale samples (Fig. 4l). Therefore, silica-
rounded precipitates represent ultrasmall cell-like biomorphs in 
samples with no detectable life but they contribute to cell encrust-
ment and potential fossilization when life is present.

Our work has three major implications. First, by studying the 
microbial distribution along gradients of polyextreme conditions in 
the geothermal area of Dallol and its surroundings in the Danakil 
Depression, we identify two major physicochemical barriers that 
prevent life from thriving in the presence of liquid water on Earth 
and, potentially, elsewhere14, despite the presence of liquid water at 
the surface of a planet being a widely accepted criterion for habit-
ability. In line with previous studies12,13,19,20, one barrier is imposed 
by high chaotropicity and low aw, which are associated with high 
Mg2+-brines in the Black Lake and Yellow Lake areas. The second 
barrier seems to be imposed by the hyperacid–hypersaline combi-
nations found in the Dallol dome ponds (pH ~0; salt >35%), regard-
less of temperature. This suggests that molecular adaptations to 
simultaneous very low pH and high salt extremes are incompatible 
beyond those limits. In principle, more acidic proteins, intracellular 
K+ accumulation (‘salt-in’ strategy) or internal positive membrane 
potential generated by cations or H+/cation antiporters serve both 
acidophilic and halophilic adaptations37–39. However, membrane 
stability/function problems and/or high external Cl− concentrations 
that induce H+ and cation (K+/Na+) import, potentially disrupting 
membrane bioenergetics38, might be deleterious under these con-
ditions. We cannot exclude other explanations linked to the pres-
ence of several stressors, such as high metal content or an increased 
susceptibility to the presence of local chaotropic salts in the Dallol 
hyperacidic ponds even if measured chaotropicity values are rela-
tively low (−31 to +19 kJ kg–1) compared to the established limit for 
life (87.3 kJ kg–1)12,13,20 (Extended Data Fig. 6). Future studies should 
help to identify the molecular barriers limiting the adaptation of 
life to this combination of extremes. Second, although extreme 
environments are usually low-diversity systems, we identify excep-
tionally diverse and abundant archaea spanning known major taxa 
in hypersaline, mildly acidic systems near life-limiting conditions. 
A wide archaeal (and to a lesser extent, bacterial) diversity seems 
consistent with suggestions that NaCl-dominated brines are not as 
extreme as previously thought40 and, with recent observations that 
the mixing of meteoric and geothermal fluids leads to hyperdiverse 
communities41. Nonetheless, life under high salt conditions requires 
extensive molecular adaptations12,13,19,40, which might seem at odds 
with several independent adaptations to extreme halophily across 
archaea. Among those adaptations, the intracellular accumulation of 
K+ (‘salt-in’ strategy), together with the corresponding adaptation of 
intracellular proteins to function under those conditions, has been 
crucial. Based on the observation that the deepest archaeal branches 
correspond to (hyper)thermophilic lineages42 and that nonhalo-
philic hyperthermophilic archaea accumulate high intracellular K+ 
(1.1–3 M) for protein thermoprotection43,44 (thermoacidophiles also 
need K+ for pH homeostasis38), we hypothesize that intracellular K+ 

accumulation is an ancestral archaeal trait linked to thermophilic 
adaptation that has been independently exapted in different taxa for 
adaptation to hypersaline habitats. Finally, the extensive occurrence 
of abiotic, mostly Si-rich, biomorphs mimicking the simple shape 
and size of ultrasmall cells in the hydrothermally influenced Dallol 
settings reinforces the equivocal nature of morphological ‘microfos-
sils’35 and calls for the combination of several biosignatures before 
claiming the presence of life on the early Earth and beyond.

Methods
Sampling and measurement of physicochemical parameters on site. Samples 
were collected during two field trips in January 2016 and January 2017 (when air 
temperature rarely exceeded 40–45 °C); a few additional samples were collected 
in January 2018 (Fig. 1 and Extended Data Figs. 1 and 3). All sampling points and 
mapping data were georeferenced using a Trimble handheld global positioning 
system (Juno SB series) equipped with Environmental Systems Research Institute 
software ArcPad 10. Cartography of hydrogeothermal activity areas was generated 
using Environmental Systems Research Institute GIS ArcMap mapping software 
ArcGis 10.1 over georeferenced Phantom-4 drone images taken by O. Grunewald 
during field campaigns, which was compared with and updated previous local 
geological cartography7. Samples were collected from three major areas at the 
Dallol dome and its vicinity (Fig. 1b): (1) the top of the Dallol dome, consisting of  
various hydrothermal pools with diverse degrees of oxidation (Fig. 1c); (2) the Black  
Mountain area (Fig. 1d), including the Black Lake and surrounding bischofite  
flows and the southwestern salt canyons, which contain water reservoirs often 
influenced by the geothermal activity; and (3) the Yellow Lake (Gaet’Ale) area  
(Fig. 1e). We also collected samples from the hypersaline Lake Assale (Karum), 
located a few kilometres to the south in the Danakil Depression (Fig. 1b). 
Physicochemical parameters (Fig. 3) were measured in situ with a YSI Professional 
Series Plus multiparameter probe (pH, temperature, dissolved oxygen, redox 
potential) up to 70 °C and a Hanna HI93530 temperature probe (working range 
–200/1,000 °C) and a Hanna HI991001 pH probe (working pH range –2.00/16.00) 
at higher temperatures. Salinity was measured in situ with a refractometer on 
1/10 dilutions in MilliQ water. Brine samples for chemical analyses were collected 
in 50-ml glass bottles after prefiltration through 0.22-µm pore-diameter filters; 
bottles were filled to the top and sealed with rubber stoppers to prevent the 
(further) oxidation of reduced fluids. Solid and water samples for microbial 
diversity analyses and culturing assays were collected under aseptic conditions 
to prevent contamination (gloves, sterile forceps and containers). Samples for 
culture assays were kept at room temperature. Salts and mineral fragments for 
DNA-based analyses were conditioned in Falcon tubes and fixed with absolute 
ethanol. Water samples (volumes for each sample are indicated in Supplementary 
Table 1) were filtered through 30-µm pore-diameter filters to remove large particles 
and sequentially filtered either through 0.22-µm pore-diameter filters (Whatman) 
or 0.2-µm pore-size cell-trap units (MEM-TEQ Ventures). Filters or cell-trap 
concentrates retaining 0.2–30 µm particles were fixed in 2-ml cryotubes with 
absolute ethanol (>80% final concentration). Back in the laboratory, ethanol-fixed 
samples were stored at −20 °C until use.

Chemical analyses, salinity, chaotropicity, ionic strength and water activity. 
The chemical composition of solid and 0.2-µm prefiltered liquid samples 
was analysed at SIDI Service (Servicio Interdepartamental de Investigación, 
Universidad Autónoma de Madrid). Major and trace elements in liquid samples 
were analysed by total reflection X-ray fluorescence with a TXRF-8030c FEI 
spectrometer and inductively coupled plasma–mass spectrometry using a 
Perkin–Elmer NexION 300XX instrument. Ions were analysed using a Dionex 
DX-600 ion chromatography system. Organic molecules were characterized using 
a Varian HPLC–diode array detector/FL/LS liquid chromatograph. Crystalline 
phases in solid samples were characterized by X-ray diffraction using a X’Pert 
PRO Theta/Theta diffractometer (Panalytical) and identified by comparison 
with the International Centre for Diffraction Data PDF-4+ database using the 
High Score Plus software (Malvern Panalytical https://www.malvernpanalytical.
com/es/products/category/software/x-ray-diffraction-software/highscore-with-
plus-option). Inorganic data are provided in Supplementary Table 1 and organic 
and ionic chemistry data in Supplementary Tables 2 and 3, respectively. Salinity 
(weight/volume, expressed in percentage throughout the manuscript) was measured 
in triplicates (and up to six times) by weighing the total solids after heat-drying 
1-ml aliquots in ceramic crucibles at 120 °C for at least 24 h. Chaotropicity was 
measured according to the temperature of gelation of ultrapure gelatin (for Ca-rich  
samples) and agar (rest of samples) and determined using the spectrometric 
assay developed by Cray et al.45 (Extended Data Fig. 5). Chaotropicity was also 
calculated according to Cray and coworkers46 based on the abundance of dominant 
Na, K, Mg, Ca and Fe cations and, on the ground that Cl is the dominant anion, 
assuming they essentially form chlorine salts (NaCl, KCl, MgCl2, CaCl2 and FeCl2). 
Ionic strength was calculated according to Fox-Powell et al.47. Water activity was 
measured on 10-ml unfiltered aliquots at room temperature (25 °C) using a HC2-AW  
probe and HP23-AW-A indicator (Rotronic AG) calibrated at 23 °C using the 
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AwQuick acquisition mode (error per measure 0.0027). From a strict biological 
perspective, these water activity measurements are not sufficiently accurate and 
need to be considered as indicative because cells can be sensitive to a 0.001 water 
activity change48. However, the measurements follow the same trend as shown by 
the other related parameters measured experimentally (salinity, chaotropicity). 
We used R-software49 packages FactoMineR50 and factoextra51 to carry out a 
PCA of samples, chemical and physicochemical parameters (Fig. 2 and Extended 
Data Fig. 4). Differences between the groups of samples belonging to the same 
physicochemical zone that segregated in the PCA were tested using the one-way 
analysis of variance module of IBM SPSS Statistics 24 software. The significance 
of differences among groups and with the measured parameters were checked by a 
post-hoc comparison using the Bonferroni test.

DNA purification and 16S/18S rRNA gene metabarcoding. DNA from filters,  
cell-trap concentrates and grinded solid samples was purified using the Power Soil  
DNA Isolation Kit (MoBio) under an ultraviolet-irradiated Erlab CaptairBio 
DNA/RNA PCR Workstation. Before DNA purification, filters were cut into 
small pieces with a sterile scalpel and the ethanol remaining in cryotubes was 
filtered through 0.2 µm pore-diameter filters and processed in the same way. 
Ethanol-fixed cell-trap concentrates were centrifuged for 10 min at 13,000 r.p.m. 
and the pellet resuspended in the first kit buffer. Samples were rehydrated for at 
least 2 h at 4 °C in the kit resuspension buffer. We used the Arcturus PicoPure 
DNA Isolation kit (Applied Biosystems; samples labelled pp) for a selection 
of cell-trap concentrates, FACS-sorted cells and for monitoring potential 
culture enrichments. DNA was resuspended in 10 mM Tris–HCl buffer, pH 
8.0 and stored at −20 °C. Bacterial and archaeal 16S rRNA gene fragments of 
approximatively 290 bp encompassing the V4 hypervariable region were amplified 
with PCR using U515F (5′-GTGCCAGCMGCCGCGGTAA) and U806R 
(5′-GGACTACVSGGGTATCTAAT) primers. PCR reactions were conducted  
in 25 µl, using 1.5 mM MgCl2, 0.2 mM of each dNTP (PCR Nucleotide Mix, 
Promega), 0.1 µM of each primer, 1–5 µl of purified ‘DNA’ and 1 unit of the  
hot-start Taq Platinum polymerase (Invitrogen). GoTaq (Promega) was also used 
when amplicons were not detected, but did not yield better results. Amplification 
reactions were performed for 35 cycles (94 °C for 15 s, 50–55 °C for 30 s and 72 °C 
for 90 s), after a 2 min-denaturation step at 94 °C and before a final extension 
at 72 °C for 10 min. Amplicons were visualized after gel electrophoresis and 
staining with ultrasensitive GelRed nucleic acid gel (Biotium) on an ultraviolet-
light transilluminator. When direct PCR reactions failed to yield amplicons after 
several assays, PCR conditions and using increasing amounts of input potential 
DNA, we carried out seminested reactions. For seminested reactions, we used 
those same primers for PCR amplification but we used as input potential DNA 
1 µl of PCR products, from a first amplification reaction performed with universal 
prokaryotic primers U340F (5′-CCTACGGGRBGCASCAG) and U806R, 
including the negative controls from the first PCR reaction. Eukaryotic 18S 
rRNA gene fragments that included the V4 hypervariable region were amplified 
using primers EK-565F (5′-GCAGTTAAAAAGCTCGTAGT) and 18S-EUK-
1134-R-UNonMet (5′-TTTAAGTTTCAGCCTTGCG). Primers were tagged 
with different molecular identifiers (MID) to allow multiplexing and subsequent 
sequence sorting. Amplicons from at least five independent PCR products 
for each sample were pooled together and then purified using the QIAquick 
PCR purification kit (Qiagen). Whenever seminested PCR reactions yielded 
amplicons, seminested reactions using first PCR negative controls as the input 
also yielded amplicons (second PCR controls did not yield amplicons). Products 
of these positive ‘negative’ controls were pooled in two control sets (1 and 2) and 
sequenced along with the rest of amplicons. DNA concentrations were measured 
using Qubit dsDNA HS assays (Invitrogen). Equivalent amplicon amounts 
obtained for 54 samples (including controls) were multiplexed and sequenced 
using paired-end (2 × 300 bp) MiSeq Illumina technology (Eurofins Genomics). 
In parallel, we tried to amplify near-complete 16S/18S rRNA gene fragments 
(~1,400–1,500 bp) using combinations of forward archaea-specific primers (21F, 
5′-TTCCGGTTGATCCTGCCGGA; Ar109F, 5′-ACKGCTGCTCAGTAACACGT) 
and bacteria-specific primers (27F, 5′-AGAGTTTGATCCTGGCTCAG) with 
the prokaryotic reverse primer 1492R (5′-GGTTACCTTGTTACGACTT) 
and eukaryotic primers 82F (5′-GAAACTGCGAATGGCTC) and 1520R 
(5′-CYGCAGGTTCACCTAC). When amplified, DNA fragments were cloned 
using TopoTA cloning (Invitrogen) and clone inserts were Sanger-sequenced to 
yield longer reference sequences. Forward and reverse Sanger sequences were 
quality controlled and merged using Codon Code Aligner (http://www.codoncode.
com/aligner/).

Sequence treatment and phylogenetic analyses. Paired-end reads were merged 
and treated using a combination of existing software to check quality, eliminate 
primers and MIDs, and to remove potential chimeras. Sequence statistics are 
given in Extended Data Fig. 6. Briefly, read merging was determined with 
FLASH52; primers and MIDs trimmed with cutadapt53; and clean merged reads 
dereplicated using vsearch54 with the uchime_denovo option to eliminate potential 
chimeras. The resulting dereplicated clean merged reads were used to define 
OTUs at 95% identity cut-off using CD-HIT-EST55. This cut-off offered (1) a 
reasonable operational approximation to the genus-level diversity while producing 

a manageable number of OTUs to be included in phylogenetic trees (see below) 
and (2) a conservative identification of potential contaminants in our seminested 
PCR-derived datasets. Diversity (Simpson), richness (Chao1) and evenness indices 
were determined using R-package ‘vegan’ (Supplementary Table 5). OTUs were 
assigned to known taxonomic groups based on similarity with sequences of a local 
database, including sequences from cultured organisms and environmental surveys 
retrieved from SILVAv128 (ref. 56) and PR2v4 (ref. 57). The taxonomic assignation of 
bacteria and archaea was refined by phylogenetic placement of OTU representative 
sequences in reference phylogenetic trees. To build these trees, we used Mafft-linsi 
v.7.38 (ref. 58) to produce alignments of near full-length archaeal and bacterial 
16S rRNA gene sequences comprising Sanger sequences from our gene libraries 
(144 archaeal and 91 bacterial) and selected references for major identified taxa 
plus the closest blast-hits to our OTUs (702 archaea and 2,922 bacterial). Poorly 
aligned regions were removed using TrimAl59. Maximum likelihood phylogenetic 
trees were constructed with IQ-TREE60 using the general time reversible (GTR) 
model of sequence evolution with a gamma law and taking into account invariable 
sites (GTR + G + I). Node support was estimated by ultrafast bootstrapping as 
implemented in IQ-TREE. Shorter OTU representative sequences (2,653 archaeal 
and 710 bacterial) were added to the reference alignment using MAFFT (accurate-
linsi ‘addfragments’ option). This final alignment was split into two files (references 
and OTUs) before using the EPA-ng tool (https://github.com/Pbdas/epa-ng) to 
place OTUs in the reference trees reconstructed with IQ-TREE. The jplace files 
generated by EPA-ng were transformed into newick tree files with the genesis 
library (https://github.com/lczech/genesis). Tree visualization and ring addition 
were done with GraphLan61. To determine whether our OTUs might correspond 
to thermophilic species, we plotted the GC content of the 16S rRNA gene region 
used for metabarcoding analyses of a selection of 88 described archaeal species 
with optimal growth temperatures ranging from 15 to 103 °C. These included 
representatives of all Halobacteria genera because they are often characterized by 
high GC content. A regression analysis confirmed the occurrence of a positive 
correlation62 between rRNA GC content and optimal growth temperature for this 
shorter 16S rRNA gene amplified region (Fig. 3b). We then plotted the GC content 
of our archaeal OTUs on the same graph. Dots corresponding to Halobacteria 
genera remain out of the dark shadowed area in Fig. 3b.

Cultures. Parallel culture attempts were carried out in two different laboratories 
(Orsay and Madrid). We used several culture media derived from a classical 
halophile base mineral growth medium63 containing NaCl (234 g l−1), KCl (6 g l−1), 
NH4Cl (0.5 g l−1), K2HPO4 (0.5 g l−1), (NH4)2SO4 (1 g l−1), MgSO4.7H2O (30.5 g l−1), 
MnCl2.7H2O (19.5 g l−1), CaCl2.6H2O (1.1 g l−1) and Na2CO3 (0.2 g l−1). The pH 
was adjusted to 4 and 2 with 10 N H2SO4. The autoclaved medium was amended 
with filter-sterilized cyanocobalamin (1 µM final concentration) and 5 ml of an 
autoclaved CaCl2·6H2O 1 M stock solution. Our medium MDH2 contained yeast 
extract (1 g l−1) and glucose (0.5 g l−1). The MDSH1 medium had only two-thirds 
of each base medium salt concentration plus FeCl3 (0.1 g l−1) and 10 ml l−1 of 
Allen’s trace solution. It was supplemented with three energy sources (prepared 
in 10 ml distilled water at pH 2 and sterilized by filtration): yeast extract (1 g l−1) 
and glucose (0.5 g l−1) (MDSH1–org medium); Na2S2O3 (5 g l−1) (MDSH1–thio 
medium) and FeSO4·7H2O (30 g l−1) (MDSH1–Fe medium). Medium MDSH2 
mimicked more closely some Dallol salts as it also contained FeCl3 (0.1 g l−1), 
MnCl2·4H2O (0.7 g l−1), CuSO4 (0.02 g l−1), ZnSO4·7H2O (0.05 g l−1) and LiCl 
(0.2 g l−1). It also contained 10 ml l−1 of Allen’s trace solution combined with the 
same energy sources used for MDSH1, yielding media MDSH2–org, MDSH2–thio 
and MDSH2–Fe. For enrichment cultures, we added 0.1 ml liquid samples to 5 ml 
medium at pH 2 and 4 and incubated at 37 °C, 50 °C and 70 °C in 10-ml sterile glass 
tubes depending on the original sample temperatures. Three additional variants 
of the base salt medium, which was supplemented with FeCl3 and trace minerals, 
contained 0.2 g l−1 yeast extract (SALT–YE), 0.5 g l−1 thiosulfate (SALT–THIO) or 
0.6 g l−1 benzoate and 5 mM hexadecane (SALT–BH). The pH of these media was 
adjusted with 34% HCl to pH 1.5 for Dallol and Black Lake samples, and to pH 
3.5 for Yellow Lake, PS3 and PSBL samples. We added 1 ml of sample to 4 ml of 
medium and incubated it at 45 °C in light conditions and at 37 °C and 70 °C in dark 
conditions. We also tried cultures in anaerobic conditions. Potential growth was 
monitored by optical microscopy and, for some samples, SEM. In the rare cases 
where enrichments were obtained, we attempted isolation by serial dilutions.

Flow cytometry and FACS. The presence of cell/particle populations above 
background levels in Dallol samples was assessed with a flow-cytometer cell-
sorter FACSAriaIII (Becton Dickinson). Several DNA dyes were tested for 
lowest background signal in forward scatter (FSC) red (695 ± 20 nm) and green 
(530 ± 15 nm) fluorescence (Extended Data Fig. 9a) using sterile SALT-YE medium 
as blank. DRAQ5 and SYTO13 (ThermoFisher) were retained and used at 5 µM 
final concentration to stain samples in the dark at room temperature for 1 h. Cell-
trap concentrated samples were diluted at 20% with 0.1-µm filtered and autoclaved 
MilliQ water. The FACSAriaIII was set at purity sort mode triggering on the 
forward scatter (FSC). Fluorescent target cells/particles were gated based on the 
FSC and red or green fluorescence (Extended Data Fig. 9b) and flow-sorted at a 
rate of 1–1,000 particles s–1. Sorting was conducted using the FACSDiva software 
(Becton Dickinson) and figures were produced using FCSExpress 6 software  
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(De Novo Software). Sorted cells/particles were subsequently observed by SEM for 
characterization. Minimum and maximum cell abundances were estimated based 
on the number of sorted particles, duration of sorting and minimal (10 µl min−1) 
and maximal (80 µl min−1) flow rates of the FACSAria (Becton Dickinson 
FACSAria manual).

SEM and elemental analysis. SEM analyses were carried out on natural samples, 
FACS-sorted cells/particles and a selection of culture attempts. Liquid samples 
were deposited onto 0.1 µm pore-diameter filters (Whatman) under a mild vacuum 
aspiration regime and briefly rinsed with 0.1-µm filtered and autoclaved MilliQ 
water under the same vacuum regime. Filters were allowed to dry and sputtered 
with carbon prior to SEM observations. A Zeiss ultra55 field emission gun SEM 
was used for the SEM analyses. Secondary electron images were acquired using 
an In Lens detector at an accelerating voltage of 2.0 kV and a working distance of 
∼7.5 mm. Backscattered electron images were acquired for chemical mapping using 
an angle selective backscattered detector at an accelerating voltage of 15 kV and a 
working distance of ∼7.5 mm. Elemental maps were generated from hyperspectral 
images (HyperMap) by EDXS using an EDS QUANTAX detector. EDXS data were 
analysed using the ESPRIT software package (Bruker).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sanger sequences have been deposited in GenBank (National Center for 
Biotechnology Information) with accession numbers MK894601–MK894820 
and Illumina sequences in GenBank Short Read Archive with BioProject number 
PRJNA541281.
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Extended Data Fig. 1 | Aerial view of the main sampling sites in the Dallol area. a, Dallol dome summit showing the acidic green-yellow-brown coloured 
hydrothermal ponds and active degassing areas during our 2017 sampling trip; the orange-shaded area shows the active hydrothermal zone in January 
2016. b, Dallol West salt canyons and Black Mountain area. c, Black Lake. d, Yellow Lake and surroundings. Names of samples and sampling sites are 
indicated. The size of circles is proportional to the water volume collected or filtered for subsequent analyses. Aerial photographs were taken from a drone 
by O. Grunewald, except b, which is a Google Earth aerial image (09/03/2016) obtained by the Sentinel satellite (ESA Copernicus program) provided by 
Image © 2019 CNES/Airbus.
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Extended Data Fig. 2 | see figure caption on next page.
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Extended Data Fig. 2 | views of different sampling sites in the Dallol dome and surroundings in the Danakil Depression. a, DAL4 sampling site ponds; 
b, DAL5 pond and active degassing area; c, active hydrothermal springs in DAL9 ponds; d, in situ cell‐trap filtration at the 7DA7 sampling area; e, 7DA9 
sampling site; f,7DA10 ponds showing increasingly darker and brownish colours along the oxidation gradient; g, water samples from the different 7DA10 
ponds; h, DAL8 mineral precipitates; i,’proto-soil’-like salt crust (7YL-S1) near the Yellow Lake; j, Yellow Lake showing active degassing; k, YL3, salt-mud 
volcano in the Yellow Lake area; l, ‘Little Dallol’ hydrothermal very active area in 2016 on the way to the Black Mountain (in the distance; inlet, chimney 
emitting hydrocarbon‐rich fluids at 110 °C); m, Black Lake; n, PSBL2 (Black Lake area ponds); o, wet salt plain, influenced by hydrothermal activity, 
corresponding to PS3 sample area; p, the cave in the salt canyons where Gt, 7Gt and 8Gt samples were collected; q, salt canyons; r, Assale (Karum) lake. 
Sample names starting by 7 indicate collection in 2017. Pictures from all other samples/sampling sites were taken during the 2016 expedition.
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Extended Data Fig. 3 | see figure caption on next page.
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Extended Data Fig. 3 | List and description of samples from the Dallol area analysed in this study and type of analyses performed. DO, dissolved 
oxygen; ORP, oxido-reduction potential; SEM–/EDXS, scanning electron microscopy/energy-dispersive x-ray spectrometry; FACS, fluorescence-activated 
cell sorting analysis; n.a., not applicable; n.d. not determined. Refractometry-derived salinity refers to the percentage (w/v) of local salt composition (see 
Supplementary Tables 1 and 3 for elementary and ionic analyses) measured in situ. Salinity was also directly measured by weighting the total solids (dry 
weight experimentally measured in triplicates; SD, standard deviation).
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Extended Data Fig. 4 | Principal component Analyses (PcA) of Dallol area sampling sites as a function of physicochemical parameters. PCA of 29 
samples according to their chemical composition; only relatively abundant elements (see Supplementary Table 1) are included in the analysis. A summary 
of this analysis is shown in Fig. 2f. b, PCA including the same variables as Fig. 2f but additionally including dissolved oxygen (DO). Measured parameters 
on site can be found in Extended Data Fig. 3. Coloured zones in PCA analyses correspond to the three major chemical zones identified in this study.
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Extended Data Fig. 5 | chaotropicity, ionic strength and water activity for a selection of samples of the Dallol area. Chaotropicity was measured 
experimentally (see Methods) and also calculated, together with ionic strength values were from dominant Na, K, Mg, Ca, Fe chemistry data; water 
activity values were measured using a probe (see Methods). Known limits for life for each parameter are listed at the top of the table. Samples beyond that 
threshold for one or more of those parameters are shaded in grey.
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Extended Data Fig. 6 | Sequence data and diversity measurements. *Contaminant sequences included sequences identified in negative controls and/or 
high similarity to human-associated bacteria; s.e., standard error. Eventual mitochondrial and chloroplast 16S rRNA gene sequences were also removed  
at this step.
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Extended Data Fig. 7 | Phylogenetic tree of bacterial 16S rRNA gene sequences showing the phylogenetic placement of otus identified in the different 
Dallol area samples. Sequences derived from metabarcoding studies are represented by blue lines (Illumina sequences); those derived from cloning and 
Sanger sequencing of environmental samples, cultures and FACS-sorted cells are labelled with a red dot. Reference sequences are in black. Concentric 
circles around the tree indicate the presence/absence of the corresponding OTUs in different groups of samples (groups shown in Fig. 3a). Only sequences 
not deemed contaminant (see Supplementary Table 5) were included in the tree. The full tree is provided as Supplementary Data 1.
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Extended Data Fig. 8 | eukaryotic presence, diversity and relative abundance in Dallol area samples. Histogram showing the phylogenetic affiliation and 
abundance of 18S rRNA gene amplicon reads of eukaryotes (upper panel) obtained with universal eukaryotic primers and the associated OTU diversity 
(lower panel). Only a few samples yielded amplicons; negative PCR controls were always negative. Sequences corresponding to macroscopic plants and 
fungi (probably derived from pollen or spores) were considered contaminant (light grey). The phylogenetic affiliation of dominant eukaryotic groups is 
colour-coded.
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Extended Data Fig. 9 | Multiparametric fluorescence analyses and fluorescence-activated cell sorting (FAcS) analyses of representative Dallol area 
samples. a, effect of DNA fluorescent dyes on background fluorescence emission; natural (sterile medium-only) and DNA dye-induced fluorescence in the 
sterile hypersaline SALT-YE medium used to dilute/sort Dallol samples. Fluorescence is plotted against the size of the analysed particles (forward scatter); 
events concentration is colour-coded, red being high concentration and blue, low concentration. DRAQ5 and SYTO13 introduced less background and were 
chosen for FACS of natural samples. The approximate background threshold (ca. 102) is indicated by a broken grey line. b, multiparametric fluorescence 
analyses of different Dallol samples before (left panels) and after (right panels) adding fluorescent DNA dyes. Events (particles) above background (red 
squares) were FACS-sorted and filtered on 0.1 µm pore-size filters prior to SEM observations. c, SEM photographs showing examples of sorted particles. 
Cells are observed in samples PS, Gt and 7Gt; halite crystals in 7DA7 and amorphous mineral particles in 7DA9 and 7YL. Arrows indicate ultrasmall cells. 
The scale bar is 1 µm.
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Extended Data Fig. 10 | Mineral phases observed by SeM-eDX in precipitates of typical abiotic morphology and ‘biomorphs’. Biomorphs correspond  
to rounded-shaped crystalline morphs resembling cell structures (cocci, rods) and compatible with cellular sizes. Observed dominant phases are 
highlighted in bold.

NAtuRe ecoLoGy & evoLutIoN | www.nature.com/natecolevol

http://www.nature.com/natecolevol


CHAPITRE 2

ARTICLE 2

An abandoned mining camp at the 
top of the Dallol dome © DEEM Team



80 
 

5. Detection of (local) biocontamination and biomorphs: how to 

identify false positives 

 

5.1 Context and objectives 

 

As we have seen in the previous chapter, 16S rRNA gene PCR amplicons were difficult 

to obtain from Dallol, Lake Gaet’ale and the Black Lake (and we couldn’t obtain 18S rRNA gene 

amplicons from those sites). The amplicons from seminested PCR, when cleaned from the 

contaminant sequences, were very similar to haloarchaeal or nanohaloarchaeal amplicons 

obtained from nearby hypersaline (and slightly acidic) sites (e.g. the salt plain), leading us to 

think they were airborne-dispersal from the surroundings (local contamination).  

 

To test this hypothesis of local contamination through the wind, we established the following 

objectives: 

 

1. Collect bioaerosols on filters (passively or with active pumping) at the Dallol dome 

and the campsite at its base. Assess the microbial diversity of those bioaerosols using 

16S/18S rRNA gene metabarcoding as we previously did (Belilla et al. 2019). 

 

2. Observe filters of Dallol’s brine and dissolved Dallol’s salts in comparison with a 

positive control (the salt plain) through the SEM and FISH to see if we can detect cells 

that we couldn’t detect previously.  

 

3. Compare our results with our previous findings (Belilla et al. 2019) and the ones of 

another study (Gómez et al. 2019) claiming that a polyextreme nanohaloarchaea thrive 

in Dallol’s brine.  

 

4. Estimate if airborne cells falling to the ponds disaggregate with their content and 

how fast the degradation occurs. In the case of confirmed microbial dispersal, the 

degradation of imported exogenic cells would explain why it is very difficult to amplify 

DNA from Dallol despite the possibly strong airborne dispersal. Three different 

experiments were set for this: 1) the comparison of DNA concentration on filters with 

or without having been in contact with Dallol’s brine; 2) the observation of cells’ 

induced fluorescence with DNA dye with or without Dallol’s brine diluted in the 

solution; and 3) the DNA extraction and amplification from cell pellets with or without 

contact with Dallol’s brine. 
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5.2 Results 

 

DNA extraction and metabarcoding analysis of bioaerosols showed that they contained 

a majority of Bacteria (99%) and very few Archaea (1%), which included Halobacteria and 

Nanohaloarchaeota (Figure 20). This repartition strongly reminds what was found in Dallol 

ponds in our first study before we got rid of PCR contaminants (Belilla et al. 2019). Archaeal 

OTUs of bioaerosols were very similar to OTUs from the salt plain and Lake Karum, which 

supports the idea that they can be transported from those places through the wind. During 

the FISH experiment, no traces of cells were detected on Dallol filters while interesting cell 

associations that could correspond to a parasitic interaction between nanohaloarchaea and 

haloarchaea were observed on the control samples from the salt plain. 

In places with already established microbial communities, airborne dispersal may be 

negligible, but in places with very little or no biomass, as Dallol, its influence may be greater. 

Nevertheless, our initial work showed that it is very difficult to amplify DNA from Dallol ponds. 

We showed in our experiments that the cells’ content is disrupted almost instantly in the Dallol 

ponds. We hypothesize that the combination of high salinity and acidity of Dallol’s brine is at 

the origin of this degradation, but it is possible that other chemical compounds (e.g. heavy 

metals, potential presence of perchlorate) also play a role. 

Altogether, these results support the absence of endemic microorganisms in the Dallol 

ponds (and, by extent, in Lake Gaet’ale and the Black Lake) and highlights the importance of 

controlling bioaerosols in extreme environments and the thoughtful use of controls during 

experiments to avoid interpretation bias.  

Figure 20 | Histogram showing the presence/absence and relative abundance of amplicon reads of 
archaea and bacteria obtained with universal prokaryotic primers. Phyla that were representing <1% 
for the total reads have been put in categories “bacteria – other groups” or “archaea – other groups”. 
Uncertain phyla are the one for which the first-hit is ≤90% identical to the OTU. For samples names’ 
details, see Table 7. 
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5.3 Manuscript of article 

 

Article status: in preparation 

 

Provisional titles: 

- Strong microbial airborne dispersal and biomorphs as confounding factors for life 

detection in the polyextreme brines of Dallol 

- Rapid DNA degradation counteracts intense airborne microbial contamination in the 

lifeless polyextreme brines of Dallol 

 

Authors: Jodie Belilla1, David Moreira1, Karim Benzerara2, Emmanuelle Gérard3, Purificación 

López-García1  
1. Ecologie Systématique Evolution, CNRS, Université Paris-Sud, Université Paris-Saclay, AgroParisTech, Orsay, 

France. 

2. Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie, CNRS, Sorbonne Université, Muséum 

National d’Histoire Naturelle, Paris, France. 

3. Institut de Physique du Globe de Paris, CNRS, Université Paris Diderot, Paris, France 

 

Abstract  

The Dallol hydrothermal system and its surrounding salt desert harbour unique 

gradients of polyextreme physicochemical parameters (hypersalinity, hyperacidity, high 

temperature) and different salt compositions. Only a few OTUs have been detected so far in 

the most polyextreme systems of these gradients using 16S rRNA gene metabarcoding, and 

they were very similar to the OTUs that could be found in hypersaline-only environments. 

Here, we tested the hypothesis that the OTUs found in Dallol correspond to airborne 

contaminants from the less extreme surroundings. Using dust traps, we collected and 

analysed the microbial diversity of the airborne particles from the Dallol dome and its base 

and show that halophiles typical from hypersaline environments such as the salt plain are 

transported through the air (including Halobacteria and Nanohaloarchaeota), consistently 

with our hypothesis. Despite this substantial airborne dispersal, DNA remains very difficult to 

amplify in the most polyextreme environments and the fluorescent in situ hybridization (FISH) 

experiments showed no trace of cells in the hydrotermal brine pools. Our results suggest that 

Dallol’s brine destroys cells’ content. Besides their extreme acidity and salinity, the presence 

of chaotropic and sterilizing chemical compounds (such as perchlorate) may be involved in 

this rapid degradation. Our study highlights the critical need for positive and negative controls 

when working with sterile or low-biomass samples, as it is the case in extreme environments 

and other celestial bodies. 
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5.3.1 Introduction 

 

The last decades of research on extremophilic microorganisms have continuously 

pushed further the known limits of life. Extremophiles can survive at temperature between -

15°C (Mykytczuk et al. 2013) and 122°C (Takai et al. 2008), pH between ~0 (Schleper et al. 

1996) and 11.4 (Sturr, Guffanti, et Krulwich 1994) and salinity around 350 g/L in NaCl-

dominated environments (Bodaker et al. 2010; Antón et al. 2000) – which is approximatively 

the saturation value for this salt. Although most extreme environments are characterized by 

several coexisting stressors, it is currently not well understood how combinations of these 

factors limit the presence of life (Harrison et al. 2013), in part because some of these 

combinations are only met in places that are rare or difficult to access. This is the case, for 

example, for naturally occurring hyperacidic and hypersaline brines. Besides, the study of 

these systems can be specially challenging because of i) their very low biomass, and thus a 

high potential for field or laboratory (Weyrich et al. 2019) contamination, and ii) their unusual 

physicochemical properties to which classical experimental approaches may not be designed, 

potentially leading to hardly predictable biases. One example is the Don Juan Pond, a CaCl2-

rich brine in Antarctica where the presence of planktonic microbial life is debated: Cameron, 

Morelli, et Randall (1972) have shown that previous findings claiming the presence of life 

could be aerial microbial contamination. Likewise, Samarkin et al. (2010) assess that the in situ 

N2O fluxes which were thought to be associated with microbial activity in fact have an abiotic 

origin. Another controversial example is the Discovery deep brine (Red Sea), where the MgCl2 

concentration increases with depth to almost saturation. DNA traces are detectable almost all 

along this gradient, whereas RNA traces become undetectable after a certain depth/MgCl2 

concentration (2.3M) (Hallsworth et al. 2007). Based on experiments showing that DNA is 

better preserved than RNA in MgCl2 and that no cultivation was successful at more than 2.3 

M MgCl2 without chaotropic salt compensation, Hallsworth et al. (2007) argued that there is 

no active life after this concentration limit and that the DNA detected comes from dead cells 

from upper levels. When endemic biomass is low or inexistent, it can easily be overwhelmed 

by exogenic import, especially if the conditions are favourable to its preservation. Thus, the 

discrimination between autochthonous and allochthonous microorganisms is crucial. 

The Dallol dome and its surroundings, in the North of the Danakil Depression of 

Ethiopia, include unique hydrothermal systems located in the middle of a vast salt plain in a 

volcanically active area at the junction of three tectonic plates (López-García et al. 2020). The 

interaction of underground salt-saturated fluids with a magma chamber are at the origin of 

the many hot springs and brine reservoirs with different chemistry and extensive 

physicochemical gradients, with a pH <0 to 6.5, a salinity range of 20-75%, and a temperature 

up to 110°C, and high Na+/K+ or Ca2+/Mg2+ concentrations  (Belilla et al. 2019; López-García et 

al. 2020). During three field campaigns, we extensively sampled this area and characterized 

its microbial diversity using 16S/18S rRNA gene metabarcoding (Belilla et al. 2019). We found 

surprisingly diverse Archaea (dominated by Halobacteria and Nanohaloarchaeota) in the less 

polyextreme places (Lake Karum, the salt canyons’ cave reservoir, and the -slightly 
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hydrothermally active- salt plain). By contrast, we did not find any reliable trace of life in the 

most polyextreme brines (the Dallol dome, Lake Gaet’ale, and the Black Lake) or, given their 

extremely low abundance and their similarity with known halophiles, interpreted the few 

OTUs found there as airborne contamination from the less extreme surroundings (Belilla et al. 

2019). In the present article, we have tested our hypothesis of airborne contamination by 

analysing the microbial diversity in aerosols collected on the Dallol dome and surroundings. 

Our analysis also includes the comparison of filters from one Dallol pond (brine sample and 

dissolved salts) and from the salt plain using fluorescent in situ hybridization (FISH) and 

correlates the epifluorescence observations with scanning electron microscopy images. While 

testing the validity of the aerial contamination assessment, we also wanted to understand 

why, if it was occurring, the DNA of exogenic cells was not easily detectable. We hypothesized 

that Dallol brine polyextreme conditions might destroy most of falling cells’ DNA and designed 

different experiments to see if this was likely and how fast this reaction might occur. 

 
Figure 21 | Bioaerosols collection systems and localisation. a, Sampling sites of bioaerosol control 
samples georeferenced (Google satellite picture from 26/02/2019). b, Detail of the dome samples 
location by Phantom-4 drone images © Olivier Grunewald. c, Passive collecting system (here filter n°4). 
d, Active collecting system in the campsite. 
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Table 7 | List and description of samples from Dallol area analysed in this study and type of analyses 
performed. ORP: redox potential; Refractometry-derived salinity refers to the percentage (w/v) of 
local salt composition measured in situ. Salinity was also directly measured in our last study by 
weighting the total solids (see Belilla et al. (2019) for method). 
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5.3.2 Materials and Methods 

 

5.3.2.1 Sample collection 

 

Dallol’s brine and aerosol samples were collected in January 2019 (when air 

temperature rarely exceeded 40-45°C). All sampling points and mapping data were 

georeferenced using a Trimble® handheld GPS (Juno SB series) equipped with ESRI software 

ArcPad® 10. Location of the different sampling sites can be seen in Figure 21. Sampling was 

carried out under the most possible aseptic conditions to prevent contamination. Liquid 

samples were filtered in situ through 0.22 µm pore-diameter Millipore filters. Aerosols were 

collected both 1) passively on the Dallol dome, using 0.22 µm pore-diameter filters taped onto 

an open Petri dish, positioned in pairs in three different areas for five days, and 2) actively in 

the campsite at the base of the dome (Figure 21, Supplementary Figure 1), by concentrating 

air particles on a 0.22 µm pore-diameter filter using a manual pump during 2-3 hours per day 

for 11 days. Additionally, we filtered the bottled spring water (Spa-naturalTM) that we used to 

clean our material in the field to check if it could be an additional vector of contamination. 

Brine and water filters were then fixed in 2 mL cryotubes with absolute ethanol (>80% final 

concentration). Aerosol filters were stored dry in Petri dishes at -20°C prior use. 50 mL glass 

bottles of brine samples were collected for chemical analyses, microscope observation and 

DNA degradation experiment. Physicochemical parameters of brines were measured the same 

way as in (Belilla et al. 2019). The coordinates and physicochemical parameters data of the 

samples in this study are summarized in Table 7. Back in the laboratory, brine and ethanol-

fixed samples were stored respectively at 4 and -20°C until further use. 

 

5.3.2.2 DNA purification and 16/18S rRNA gene metabarcoding 

 

DNA purification from filters, concentration measurement, PCR, metabarcoding data 

treatment and tree visualisation were performed as previously described (Belilla et al. 2019). 

DNA extractions from the six bioaerosols filters of the Dallol dome were all pooled on the 

same column of the last extraction step to increase the concentration of DNA. No nested PCRs 

were needed to obtain 16S/18S rRNA gene amplicons filters.  

 

5.3.2.3 Electron and epifluorescence microscopy and fluorescence in situ hybridization 

 

               Sample processing for Scanning Electron Microscopy (SEM) and elemental chemical 

mapping were done as previously described (Belilla et al. 2019). For fluorescence in situ 

hybridization (FISH), we used the CY3-labeled Nanohaloarchaeota-specific probe Narc1214 

(Narasingarao et al. 2012). We followed Gómez et al. (2019) FISH protocol to compare our 

results, except we included more controls including: 1) a Nanohaloarchaeota positive control 

from the salt plain; 2) a blank filter negative control; 3) hybridization and autofluorescence 

controls (see below for details). We also did not prefilter particles >0.45 µm because 
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nanohaloarchaea are known to live attached as epibionts of bigger cells (Narasingarao et al. 

2012), and were already detected in high quantity in the salt plain without this prefiltration 

step (Belilla et al. 2019). Instead, we prefiltered through 20 or 50 µm to get rid of big mineral 

particles before filtering a few mL of brine on 0.2 µm filters. We then deposited 2-3 mL of 

formaldehyde 4% (methanol free, ultra-pure; Polysciences, Inc., Warrington, PA, USA) on the 

filters for ~1 hour, rinsed them with 1X PBS and vacuum-dried for few seconds. The filters 

were then put into sterile Petri dishes and stored at 4 °C until hybridization. Just before 

starting hybridization, filters were dried again at 45 °C before being cut in three pieces: 1) for 

hybridization with CY3-Narc1214 (Eurofins genomics), 2) for hybridization with the CY3-Non-

Eub (ThermoFisher Scientific, Waltham, Massachusetts, USA) probe to check the hybridization 

specificity (Sunde et al. 2003; Amann, Ludwig, et Schleifer 1995), 3) for a control without probe 

to check the autofluorescence. A drop of 20 µL of hybridizing solution (NaCl 5 M 180 µL, Tris 

1M pH 8.1 20 µL, formamide 30% 300 µL, Milli-Q water 499 µL, SDS 10% 1 µL) including 50 ng 

of probe was put on the filters. Hybridizations were done at 45°C for 90 minutes in a 

homogenized atmosphere. Filters were rinsed for 15 mins in 50 mL rinsing solution (NaCl 5 M 

1.02 mL, Tris-HCl 1 M pH8 1 M, completed with EDTA 0.5 M pH 8, preheated at 48°C). They 

were then dried on Kimtech paper. 50 µL of 1X SYBR Gold (Eurofins genomics) was deposited 

on the surface of the filters and incubated for 15 minutes in the dark at room temperature 

before they were rinsed gently in Milli-Q water and dried again on Kimtech paper. The filters 

were then mounted between two glass slides with a drop of Citifluor (glycerol mountant 

solution from Emgrid). Filters were first observed at the Institut de Physique du Globe de Paris 

using under an Olympus BX51 epifluorescence microscope using specific light-filters (U-

MNIB3: excitation 470-495, emission 510F and U-MWIG3: excitation 530-550, emission 575F). 

After that, they were examined under an Olympus FluoView FV1000 confocal laser scanning 

microscope with a spectral resolution of 2 nm and a spatial resolution of 0.2 mm. Observations 

were carried out with an oil immersion UPLSAPO 60XO objective (Olympus; x60 magnification, 

numerical aperture = 1.35). Fluorescence images were taken with sequential excitation at 

wavelengths of 405, 488 and 543 nm by collecting the emitted fluorescence between 25–475, 

500–530 and 560–660 nm, respectively.  

All solutions used in this protocol were 0.2 µm-filtered and autoclaved, all dilutions were done 

using DNA-free water. 

 

5.3.2.4 DNA degradation tests with Dallol’s brine 

 

Different tests were carried out to measure the cell and DNA-degradation potential of 

the Dallol hyperacidic and hypersaline brine:  

1) Epifluorescence optical microscopy observation of SYTOTM 9 (ThermoFisher) DNA-

labelled cultures (Escherichia coli, Halobacterium salinarum) and natural samples (the 

salt plain, the salt canyons’s cave reservoir, and Lake Karum) mixed or not with Dallol’s 

brine (1/3 of final volume).The pH of the mixed solution was always ≤0. Culture media 

and pure brine of Dallol were also observed as controls.  
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2) PCR amplification of 16S rRNA genes of cultures (E. coli, H. salinarum, Haloferax 

denitrificans) and some natural samples (the salt plain, Lake Karum) before and after 

mix with a solution mimicking the Dallol brine conditions (ATTC Medium 112 

supplemented with 25% NaCl and acidified with HCl, with a final pH ≤0). In some tests 

acidity was neutralised right after mix by adding either 2:3 of TE solution (1:2 EDTA 

0.5M pH 9, 1:2 Tris 10 mM pH 8) or TE+ solution (1:2 EDTA 0.5M pH 9, 1:2 Tris 1M pH 

8) to raise the pH from ≤0 to 5-6 or 7-8, respectively. After homogenisation, the tubes 

were centrifuged 10 mins at 12500 rpm and the supernatant was discarded. The pellets 

were resuspended in Tris (10 mM, pH8). Tubes were heat-shocked by freezing them at 

-20°C for a few hours and then dipping them in 42°C water for 20 seconds. They were 

subsequently microwaved (3x10 seconds 700W) to be sure to break-up the cells for 

PCR. We used archaea-specific primers (21F, 5′-TTCCGGTTGATCCTGCCGGA; Ar109F, 

5′-ACKGCTGCTCAGTAACACGT) and bacteria-specific primers (27F, 5′-

AGAGTTTGATCCTGGCTCAG) with the prokaryotic reverse primer 1492R (5′-

GGTTACCTTGTTACGACTT).  Amplification reactions were performed for 35 cycles (94 

°C for 15 s, 50–55 °C for 30 s and 72 °C for 90 s), after a 2 min-denaturation step at 94 

°C and before a final extension. Amplicons were visualized after gel electrophoresis 

and staining with ultrasensitive GelRed nucleic acid gel (Biotium) on an ultraviolet light 

transilluminator.  

3) DNA concentration measures before and after contact with Dallol’s brine: in a first 

step, we filtered fixed volumes of cultures (E. coli, H. salinarum) and one natural 

sample (Salt Plain) on 0.2 µm pore-diameter sized filters, rinsed them with 2 mL of 

Milli-Q water and extracted DNA with the Power Soil DNA Isolation Kit (MoBio, 

Carlsbad, CA, USA). In a second step, we repeated the experiments but adding 500 µL 

of Dallol’s brine on the surface of the filters before rinsing them with 2 mL of sterile 

Milli-Q water to stop potential reactions. DNA concentrations were measured using 

Qubit dsDNA HS assays (Invitrogen). The pH during the different experiments was 

measured using either pH paper 0-6. 

 

5.3.3 Results 

 

5.3.3.1 The Dallol aerosols are dominated by widespread bacteria but halophile microorganisms 

likely originating from the surrounding less polyextreme environments are detected 

 

We carried out 16S/18S rRNA metabarcoding analyses to study the microbial diversity 

of the aerosols collected on the Dallol dome and the campsite close to it (Figure 21) and 

compared it with data from hypersaline and mildly acidic sites around Dallol: the salt plain 

(samples PS and PS3), the salt canyons’ cave reservoir (samples 9Gt, 8Gt, 7Gt, and Gt) and 

Lake Karum/Assale (samples Ass and 9Ass) (Table 7) (Belilla et al. 2019). The bioaerosols and 

the hypersaline brines exhibited considerable differences in their microbial communities’ 

structure since the prokaryotic fraction of the bioaerosols was almost exclusively (99%) 
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composed of Bacteria, in sharp contrast with the hypersaline brines that were mostly 

dominated by Archaea (77-98% of total prokaryotes) (Figure 22, Supplementary Figure 2). A 

large part of the bacterial fraction in the bioaerosols corresponded to groups common in soil 

environments (such as Verrumicrobia, Proteobacteria, Acidobacteria and Actinobacteria) 

(Köberl et al. 2020), as well as part of the eukaryotic fraction which was composed of land 

plants and land fungi (Supplementary Figure 3). Some eukaryotic organisms even seemed to 

originate from the sea, as for example some radiolarians were also detected (Anderson 2001). 

Nevertheless, despite these strong differences, aerosols also shared several OTUs with the salt 

plain, the cave and Lake Karum, including Archaea (Halobacteria and Nanohaloarchaeota) and 

some Cyanobacteria. In fact, phylogenetic analysis showed that the Nanohaloarchaeota and 

Halobacteria OTUs from the aerosols branched among OTUs previously observed in the Dallol 

surroundings (Figure 23). That was also the case for the Nanohaloarchaeota OTU found by 

Gomez et al. (2019) in a Dallol pond, closely related to sequences from Lake Karum and the 

cave’s brine and to the sequence EU869371 from the Sidi Ameur Salt Lake (Algeria).  

 

 
Figure 22 | Histogram showing the presence/absence and relative abundance of amplicon reads of 
archaea and bacteria obtained with universal prokaryotic primers. Phyla that were representing <1% 
of the total reads have been put in categories “bacteria – other groups” or “archaea – other groups”. 
Uncertain phyla are the one for which the first-hit is ≤90% identical to the OTU. For samples names’ 
reference see Table 7. 
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Figure 23 | Phylogenetic tree of archaeal 16S rRNA gene sequences. Black lines/leaves: reference 
sequences and best-hits. Blue lines/leaves: Illumina OTUs from Belilla et al. (2019), also called 
QUERY_DALLOL in the zoomed section of the tree.  Orange dots: archaeal OTUs from the bioaerosols 
of Dallol dome and our campsite. Red dot: Gomez et al. (2019) Nanohaloarchaea, also represented in 
red in the zoomed section of the tree. 
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5.3.3.2 The FISH experiment confirmed an absence of cells in the Dallol dome brine, and in the 

salt plain sample a potential parasitic association of Halobacteria/Nanohaloarchaeota was 

discovered 

 
Figure 24 | The salt plain (PS) cells and Dallol biomorphs through scanning electron microscopy (SEM) 
epifluorescence observations (optical microscope, confocal laser scanning) on filers. On the optical 
microscope pictures, only SYBR Gold wavelength is excited. On the confocal microscope pictures, both 
SYBR Gold and CY3-Narc1214 are excited. SYBR Gold: green, CY3-Narc1214: red. a, SEM image of PS 
cocci. Two morphologies are visible: ~5 µm ones, and <1 µm ones. The little cells tend to be associated 
with the bigger one. b, Same filter as (a) through the optical microscope. c, Same filter as (a) through 
the confocal microscope. d, SEM image of 7DA13-w1 nanococci-like biomorphs. e, Same filter as (d) 
through the optical microscope. f, Same filter as (d) through the confocal microscope with the same 
camera parameters as (c), and a zoomed section (red square) with different camera parameters. g, 
SEM image of DAL4 nanococci-like biomorphs. h, Same filter as (g) through the optical microscope. i, 
Same filter as (e) through the confocal microscope with the same camera settings as (c) (left) and 
without sequential scanning (right).  

We applied a FISH protocol close to the one Gomez et al. (2019) employed to analyse 

their Dallol sample in order to be able to compare our respective results. Accordingly to this 

protocol, we used the CY3-labeled Nanohaloarchaeota-specific probe Narc1214 (Narasingarao 

et al. 2012) and SYBR Gold to reveal Nanohaloarchaeota and cells’ DNA respectively. We 

added to the procedure Non-Eub controls (Amann, Ludwig, et Schleifer 1995; Sunde et al. 

2003). We used as a positive control a salt plain’s filter (PS), where the presence of 

Nanohaloarchaeota has been previously reported (Belilla et al. 2019), and only after tested 
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the Dallol brine and dissolved salts cell’s presence. Observations of PS filter revealed two cell’s 

phenotypes: small (<1 µm) coccoid cells attached to bigger (~5 µm) cells (Figure 24-a-c, Figure 

25), the two being visible at the SYBR Gold excitation wavelength though the bigger cells had 

a weaker signal. Given the density of these cells and the known microbial composition of PS, 

we suppose those two phenotypes are associated with Halobacteria (for the big ones) and 

Nanohaloarchaeota (for the little ones), and their relationship could be parasitic since the 

biggest cells seem depleted in DNA. These cells all showed autofluorescence at the CY3 

excitation wavelength, with no difference in intensity even if the cells had been in contact with 

the probe CY3-Narc1214 (or with the hybridization control probe Non-Eub). Moreover, some 

particles autofluorescent under CY3 excitation wavelength were not fluorescent with the SYBR 

Gold colouration (supplementary figures with all hybridization controls are not shown in this 

manuscript but may be added to the final version of the paper).  

 

 
Figure 25 | Salt plain (PS) cells epifluorescence observations through the confocal microscope. Left: 
SYBR Gold in green. Right: CY3-Narc1214 in red. 

We then applied the same protocol to analyse two samples of the hyperacidic 

hypersaline Dallol dome brine, 7DA13-w1 and DAL4, using as a reference the settings we used 

to observe cells in PS. Despite the abundant presence of biomorphs particles in both samples 

as observed on the SEM images, we did not observe any signal after SYBR Gold staining (Figure 

24-d-i). Likewise, we did not observe any signal after hybridization with the Narc1214 and 

Non-Eub probes. Using different image acquisition settings than for PS, we could see few 

particles fluorescent at the SYBR Gold or CY3 excitation wavelengths, but most of the time 

they were not correlated (Figure 24-f). Only when we forced the image acquisition by taking 

off the sequential acquisition of the confocal microscope or by changing camera parameters, 

we could observe more fluorescent particles and more correlation between SYBR Gold and 

CY3 (Figure 24-i,f).  

 



93 
 

We studied the same samples under Scanning Electron Microscopy (SEM), which 

allows the determination of chemical composition by Energy Dispersive X-Ray (EDX) analysis. 

The small and big cells of sample PS were easily visible (Figure 24-a, Figure 26-A). We also 

observed many cell-like small particles in the brine samples 7DA13-w1 and DAL4 (Figure 24-

d,g, Figure 26-B). However, whereas the EDX analysis did not reveal the presence of significant 

amounts of heavy elements in the cells of PS (in agreement with their C-based organic nature), 

the cell-like particles in the brines were very rich in amorphous silica, sulphur and, in the case 

of DAL4, also sulphur-rich minerals (Figure 26), indicating that they are most likely biomorphs 

(cell-shaped mineral particles). 

 

 
Figure 26 | Salt plain (PS) cells and Dallol biomorphs through scanning electron microscopy (SEM) 
with associated chemical maps. The colour intensity provides semiquantitative information of the 
mapped elements. A, PS cocci. Two morphologies are visible: ~5 µm ones, and <1 µm ones. Some little 
cells seem associated with the bigger one. B, 7DA13-w1 cocci-like silicates biomorphs. 

 

5.3.3.3 DNA is degraded almost instantly and completely in Dallol’s brine 

 

We carried out several experiments to test if the hyperacidic and hypersaline water of Dallol 

has the capacity to degrade DNA using both natural samples from less extreme places around 

Dallol (salt plain, salt canyons’ cave, and Lake Karum, all harbouring a wide microbial diversity 

dominated by halophilic archaea Belilla et al. 2019) and cultures of bacterial (Escherichia coli) 

and haloarchaeal (Halobacterium salinarum and Haloferax denitrificans) species. They were 

analysed before and after mixing with the Dallol brine by i) epifluorescence microscopy 

observation, ii) DNA extraction and quantification, and iii) PCR amplification of 16S rRNA genes 

(see Methods for details).  
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While fluorescent cells were clearly visible after colouration with the fluorescent DNA stain 

SYTO9 in all samples and cultures, the fluorescence disappeared instantly and completely for 

most of them after addition of Dallol’s brine (Figure 27-A, Supplementary Figure 4).  

 
Figure 27 | Test of the DNA-degrading potential of Dallol’s brine. A, SYTO9 epifluorescence of 9Gt 
and 8Ass before and right after (t0) adding 1:3 7DA9. The scale was estimated with a hemocytometer.  
B, 16S rRNA gene amplifying test on cell pellets. From left to right: positive control (cell pellet only), 
cell pellet in contact with acidified (pH~0) hypersaline medium (D),  cell pellet in contact with D but the 
acidity have been neutralized with TE or TE+ solutions (see Mat et Mat). Contact with D only last an 
instant (for vortex and centrifugation). All supernatant has been removed and pellets diluted in DNA 
buffer before PCR. C, DNA concentration on filters for different cultures (and the salt plain sample PS) 
before and after contact with 7DA9. The number next to the names are the volume (mL) of culture or 
sample filtered. HB: Halobacterium salinarum; EC: Escherichia coli 
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When the sample was rich in mineral particles, fluorescent particles could still be seen 

after contact with 7DA9 though usually they did not have a cell shape and corresponded most 

likely to minerals. Likewise, we did not obtain any 16S rRNA gene amplicon from the samples 

or cultures after brief incubation in Dallol brine, even when the acidic pH was neutralized as 

fast as possible (Figure 27-B, Supplementary Figure 5). Finally, we observed a dramatic 

instantaneous decrease of DNA concentration (by a factor of two to six) in biomass 

concentrated on filters immediately after contact with the Dallol brine (Figure 27-C), with final 

concentrations always ≤ 5 ng/µL, close to the detection limit of our instrument. 

 

5.3.4 Discussion 

 

In a recent study, we showed that the polyextreme hydrothermal system of Dallol 

contained extremely low or non-existent biomass (Belilla et al. 2019). The 16S/18S rRNA 

metabarcoding analyses revealed a surprising dominance of non-extremophilic bacteria, in 

sharp contrast with the archaea-dominated communities found in the moderately acidic-

hypersaline systems around Dallol (salt plain, salt canyons’ cave, Lake Karum). Using 

appropriate controls, we explained these unexpected results by demonstrating that most of 

the bacterial diversity supposedly associated to the Dallol brines actually corresponded to 

laboratory contaminants (from DNA extraction kits, PCR reagents, etc.), a recurrent 

observation in studies of low-biomass samples (Weyrich et al. 2019). We also detected 

bacterial OTUs typical from soil or from human or plant microbiomes, which we interpreted 

as airborne contaminants coming from non-extreme regions or deposited by the people 

visiting the area. We concluded that the polyextreme Dallol brines constitute a unique case of 

liquid water devoid of microbial life on the surface of our planet (Belilla et al. 2019). This 

conclusion was at odds with a study that claimed to have found one nanohaloarchaeal species 

in a Dallol pond using metabarcoding and FISH approaches (Gómez et al. 2019). 

 

Here, we have explored the impact that short- and long-distance airborne 

microorganisms may have on the contamination of the Dallol pools. To collect these 

microorganisms, we deployed dust traps on three spots of the dome and we also actively 

filtered the air in the campsite at the base of the dome during our last expedition in January 

2019. 16S/18S rRNA gene metabarcoding analysis of these samples revealed that they were 

largely dominated by bacteria, in contrast with the less extreme sites around Dallol, which 

host microbial communities dominated by archaea (Figure 22). This result suggests that most 

airborne organisms on the Dallol dome are transported from long distance since the 

neighbouring area is mostly inhabited by halophilic archaea (both halobacteria and 

nanohaloarchaea). The presence of plant sequences in the 18S rRNA metabarcoding data 

provides an obvious example of long-distance transport: no plant grows on the dome or on 

the salt-saturated surroundings, so that these sequences most likely derived from airborne 

pollen coming from distant places where vegetation thrives. Another example is the detection 

of typical marine microorganisms (e.g. radiolarians), Dallol being located at more than 70 km 
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from the Red Sea, the closest marine area. These results show that microorganisms can be 

transported from tens to hundreds of kilometres into Dallol. This is not surprising since Dallol 

and the whole Danakil Depression are subjected to a ceaseless blowing hot wind, which the 

local Afar population calls “hahaita-harrur” or “fire-wind” (Aerts et November 2017). Dallol is 

located in the middle of the Danakil Depression, which is surrounded by high mountains (the 

Danakil Alps on the East and the Ethiopian Plateau on the West), from where the wind might 

bring dust, pollen and diverse microorganisms. In addition, despite its remoteness, Dallol is a 

touristic spot that attracts thousands of visitors from all over the world every year, which may 

represent additional sources of long-distance microbial contamination. 

 

Even if long-distance airborne microorganisms (mostly bacteria) dominate the aerosols 

on the dome, we also detect several OTUs that most likely represent short-distance 

contamination, which can also be explained by wind and/or human-associated transport. 

These OTUs, in particular halophilic archaea, are also present in the salt plain, the salt canyons’ 

cave or Lake Karum (Figure 23). That is also the case for the single nanohaloarchaeal OTU 

found by Gomez et al. (2019) in a hyperacidic Dallol pool, very similar to several of the OTUs 

that we found in less extreme places around the Dallol dome (Figure 23). This similarity raised 

doubts about its actual origin (they did not provide any information about the taxonomic 

affiliation of the rest of OTUs that they discarded, despite they represented most of their 

sequences). Using a FISH protocol close to theirs and adding a positive control (PS) we could 

tell that cells are auto fluorescent in the CY3 excitation signal, making it impossible to know if 

the hybridization was successful or not. Nevertheless, association of cells that could be 

haloarchaea and nanohaloarchaea were detected on the PS filters, either during the FISH or 

the SEM experiment. On the opposite, no cells could be detected in the Dallol samples, except 

if distancing the observation settings of those from the control (Figure 24). Moreover, the 

objects that they observed with SEM strongly resembled some nanominerals that precipitate 

abundantly in the Dallol hyperacidic pools, such as jarosite (Kotopoulou et al. 2019) and 

silicate (Belilla et al. 2019) spherules. Close association to larger cells that have been described 

for the Nanohaloarchaeota (Narasingarao et al. 2012; Hamm et al. 2019). In fact, there is 

growing evidence that Nanohaloarchaota depend on other organisms for their growth (Hamm 

et al. 2019; Cono et al. 2019) and based on the DNA fluorescence differences, we hypothesize 

here that this interaction could be parasitic in the case of PS sample. In that sense, it is also 

surprising that Gomez et al. only reported a nanohaloarchaeal OTU but not any suitable host. 

Considering these caveats and our analysis of the Dallol aerosols, we conclude that the most 

parsimonious explanation for detection of non-extremophile or known halophiles in the 

hyperacidic hypersaline pond is contamination from one of the numerous hyperdiverse 

ecosystems close to Dallol (through the wind and potentially the human activity). 

 

These results may seem paradoxical because whereas we unveiled a large microbial 

diversity in the aerosols, the Dallol brine samples did not appear to contain life. Moreover, it 

was much easier to amplify 16S and 18S rRNA genes from the aerosols (a single PCR was 
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enough) than from the brine pools (semi nested PCRs were necessary). Why it was not equally 

easy to detect by PCR all the aerosol-transported biomass that is continuously falling into the 

brines? We hypothesize that the reason might be a very active DNA destruction process 

occurring in the brine. Our experiments confirm this hypothesis as we measured an almost 

instantaneous disappearance of DNA in cells incubated in Dallol brine (Figure 27). This was the 

case even for several haloarchaeal species despite their adaptation to salt-saturated 

conditions, which suggests that the hyperacidicity of the Dallol brine is the main factor leading 

to DNA destruction. Indeed, depurination of DNA under acidic conditions has been known for 

a long time (Tamm, Hodes, et Chargaff 1952; Hevesi et al. 1972), though most likely it had 

never been studied under the extremely low pH values (<0) typical of the Dallol brine. 

Nevertheless, the high salinity and the complex and poorly-known chemistry of the Dallol 

brine probably also play a role, for example through the abundant presence of chaotropic salts 

(e.g. FeCl2, FeCl3, MgSO4) (Belilla et al. 2019; Kotopoulou et al. 2019) that can disrupt 

biomolecules (Hallsworth et al. 2007) and facilitate the passage of the acidic brine through the 

cell membrane to DNA. It has recently been shown that another chaotropic salt, sodium 

perchlorate, is formed under high UV irradiation of NaCl in presence of silica (Carrier et 

Kounaves 2015). These conditions are prevalent in Dallol, so the presence of this chaotropic 

agent would be likely increase the cell destructing capacity of Dallol’s brine. Moreover, Dallol 

has been proposed as a suitable terrestrial analogue to study the potential presence of life on 

Mars since this planet possesses extensive acidic evaporitic areas (Cavalazzi et al. 2019) where 

perchlorate is suspected to form (Carrier et Kounaves 2015). However, this study shows that 

the brine of Dallol do not only lack life, but its unique combination of hyperacidity, 

hypersalinity and high concentration of chaotropic salts actively destroys all contaminant life. 

These similarities with Mars may explain why life, or even complex organic matter, has not 

been found on the Red Planet (Kerr 2013). 

 

In this work, we have shown that the aerosols over the polyextreme site of Dallol 

contain a wide diversity of microorganisms. This diversity is dominated by non-extremophilic 

bacteria coming from very distant places but also encompasses some halophilic 

microorganisms, mostly archaea, transported from the less extreme areas around Dallol. The 

abundant airborne microbial contamination detected casts doubts about the validity of the 

recent claims about the presence of life in the hyperacidic hypersaline brine of Dallol based 

on PCR amplification of 16S rRNA genes and microscopy observation (Gómez et al. 2019). We 

provide support to the alternative conclusion that these results are due to local contamination 

and the presence of numerous minerals with cell-like morphologies (biomorphs). We cannot 

exclude, in fact, that the Dallol brine might destroy the totality of exogenous DNA, and that all 

that can be detected afterwards are cells from the material contaminated on site or cross-

contamination with other samples. Rather than being a refuge for life, our experiments show 

that the Dallol brine have the unusual capacity to destroy cells and DNA exceedingly fast, most 

likely due to the combination of extreme acidity and salinity with a high concentration of 

various chaotropic salts. The Dallol dome remains a unique example on Earth of surface liquid 
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water devoid of life. This work illustrates the importance of adequate controls to work with 

low biomass, or even sterile, samples. 
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5.4 Supplementaries 

 

 

 

  

Supplementary Figure 1 | Bioaerosol collecting areas on Dallol dome. a, Overview of the ancient 
hydrothermal chimneys area close to the tourist path that was chosen for filters 1 and 2. b, Filters 1 
and 2 were put at the top on chimneys as shown in this picture, to avoid attracting curiosity of tourists. 
c, filter n°2 in position. d, The active gas chimney field that was chosen for filter 3. e, Placing of filter 
3. f, Placing of filter 4, ~30m N-E of filter n°3, between salt boulders. g, The ‘’chocolate’’ formation 
that was chosen for filters 5 and 6. h, Filter 5. i, Filter 6, few meters away from filter 5. 
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Supplementary Figure 2 | Same figure as Figure 22 with more detailed Proteobacteria groups. 

 

 
Supplementary Figure 3 | Eukaryotic presence, diversity and relative abundances in bioaerosols in 
comparison with Lake Assale/Karum, the salt plain and the cave reservoir. * The ‘’Streptophyta’’ 
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sequences found in Lake Karum correspond to unknown micro-eukaryotes according to the SYLVA 
database and may be Chlorophyta, when BLASTed against nt NCBI database. 

 
Supplementary Figure 4 | SYTO9 induced DNA epifluorescence of different samples before and after 
contact (t0) with 7DA9. The scale is similar on all images.  
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Supplementary Figure 5 | 16S rRNA gene amplifying test on cell pellets. From left to right in one gel: 
positive control (cell pellet only), cell pellet in contact with acidified (pH~0) hypersaline medium (D),  
cell pellet in contact with D but the acidity have been neutralized with TE or TE+ solutions (see 
Materials and Methods). Contact with D only last an instant (for vortex and centrifugation). All 
supernatant has been removed and pellets diluted in DNA buffer before PCR. CTRL+PCR: PCR positive 
control. HF: Haloferax culture.  
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6. The missing link of the Dallol ecosystems: the Western Canyons Lakes 

– a permanent, mildly acidic and hypersaline series of ponds 
 

6.1 Context and objectives 

 

After we addressed the limits of life along Dallol physicochemical gradients in the 

previous chapters, we were interested in refining them. The physicochemical conditions 

between the less polyextreme ecosystems (the salt plain, Lake Karum and the cave reservoir) 

and the most polyextreme sterile environments (the Dallol ponds, Lake Gaet’ale and the Black 

Lake) are drastically different, and there are little intermediates with the exception of the 

unique PS3 sample (an ephemerous hydrothermally influenced water channel in the salt 

desert). To better define the limits of life in the Dallol area, it would be necessary to fill the 

gap of the previously studied gradients with samples steadier than PS3 but with similar 

physicochemical conditions.  

Located at the western side of the Dallol dome close to an elevation called the Round 

Mountain, are bubbling, orange-coloured lakes that resemble Lake Gaet’ale. The salinity of 

these Western Canyons Lakes is between 34 to 41 % (w/v, total solids) and their pH is around 

4.9, fitting the wanted intermediate values of the salinity-acidity gradients. They have been 

observed from satellites since at least 2003 (see article in progress section 5.3 and 

Supplementary Figure 6) and were already mentioned by Holwerda and Hutchinson (1968), 

but to our knowledge had never been investigated. These characteristics make them a much 

steadier environment to study than the PS3 ephemerous brine that could only be observed 

once. Their physicochemical conditions and consistency make them good representatives to 

study potential ecosystems between the less and the most polyextreme environments from 

our previous study.  

 

We thus established the following objectives to better determine the limits of life in 

the Dallol surroundings: 

 

1. Prospect the microbial diversity from five of the Western Canyons Lakes (WCL 

samples) from plankton filters prepared in situ. After DNA extraction, we PCR-

amplified 16S/18S rRNA genes from the microbial communities and used either Sanger 

or Illumina sequencing on amplicons depending on the primers used and amplicons 

size. We compared the microbial communities of WCL samples with less polyextreme 

environments already investigated, which are Lake Karum, the cave reservoir and the 

salt plain (PS, PS3). New (2019) samples of Lake Karum and the cave were also acquired 

for this study. Last, we built an archaeal phylogenetic tree with the sequences from all 

environments harbouring local extremophiles to compare their phylogenetic 

distribution. 
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2. Analyse the physical parameters and the chemistry of the Western Canyons Lakes. 

We added the in-situ probe data and the ion chromatography/TXRF data of the WCL 

and other 2019 brine samples (from Lake Karum, the Cave reservoir, the Dallol 

hydrothermal ponds and the Black Lake and Lake Gaet’ale) to previous years data to 

carry out a Principal Component Analysis (PCA) to visualize the chemical variation 

present in the sample dataset with the elemental variables i.e. how samples cluster 

together in the PCA depending on their chemical similarities. Another PCA also 

merging all these samples focused on potentially life-limiting parameters such as 

temperature, pH, salinity (total solids) and water activity. 

 

3. Complete the microbial and chemical investigation with SEM observations of 2019 

samples filters (WCL samples, Lake Karum, the cave brine) in order to identify and 

characterize potential cells, biomorphs and inorganic features with the help of 

chemical maps/spectra to discriminate them. 

 

The PCA (Figure 28) shows that the chemistry of the Western Canyons Lakes brine is 

NaCl-dominated as in Lake Karum, the cave and the salt plain (which they cluster with), the 

sample WCL3 being richest in Ca/Mg salts of WCL samples. From a physicochemical point of 

view, because they have higher salt concentration, lower pH and water activity than Lake 

Karum and the cave reservoir, the WCL samples cluster together closer to the limits of life 

previously established (Belilla et al. 2019). 

 

When normalized and compared with other samples, the proportion of Archaea seems 

higher in the WCL samples than in less polyextreme samples and PS3 (Figure 28). Within 

Archaea, phyla composition is very similar within all studied environments: most reads belong 

to the Halobacteria phylum, followed by Nanohaloarchaeota. However, the 

Nanohaloarchaeota seem in higher proportion in the WCL samples. A higher proportion of 

Halobacteria and Nanohaloarchaeota has already been correlated with the increase of salinity 

in alkaline environments (Ventosa et al. 2015; Menéndez-Serra et al. 2020). Little is known 

about the effect of acidity gradients on both phyla, but we hypothesize that acidity may also 

play a role in the changes of phyla proportions. These dynamics may indicate a higher 

specialization of the Nanohaloarchaeota to the most extreme saline conditions compared to 

a more versatile behaviour of Halobacteria as suggested by Menéndez-Serra et al. (2020). We 

suspect the potential symbiotic (Hamm et al. 2019; Cono et al. 2019) or parasitic (section 5.3) 

lifestyle of Nanohaloarchaeota plays a role in these dynamics.  
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6.2 Results 

 

 
Figure 28 | Principal component analyses of the chemistry and the physicochemical parameters of 
the Dallol geothermal system and its surroundings (upper panel) and histogram of the 
presence/absence and relative proportion of archaea and bacteria in the less polyextreme 
environments based on 16S rRNA gene metabarcoding (bottom panel). For samples names’ details, 
see Table 7.   

 

The above results confirm that the WCL samples are closer to the limits of life than the 

previously studied samples and that their microbial communities structure are substantially 

different from those of less extreme environments (Lake Karum, the cave reservoir and the 

salt plain) and PS3. Finding more environments like the Western Canyons Lakes or PS3 would 

increase the statistical value of these results, and analysing samples closing further the gap 

between the WCL samples and the limits of life would be important to better delineate those 

limits. Whole metagenomics study would also help to understand the mechanisms behind the 

population dynamics along the salinity/acidity gradients.  
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Article status: in progress 

 

Provisional title: 

- Microbial diversity in the hypersaline and acidic Western Canyons Lakes of the Dallol 

hydrothermal systems 

 

Authors: Jodie Belilla1, David Moreira1, Karim Benzerara2, Guillaume Reboul1, Purificación 

López-García1 
1. Ecologie Systématique Evolution, CNRS, Université Paris-Sud, Université Paris-Saclay, AgroParisTech, Orsay, 

France. 

2. Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie, CNRS, Sorbonne Université, Muséum 

National d’Histoire Naturelle, Paris, France. 

 

Abstract  

The protovolcanic Dallol dome area (Afar region, Ethiopia) exhibits a unique collection 

of hydrothermal manifestations in a hypersaline context, with a wide array of combined 

extreme physicochemical settings, from neutral hypersaline water to acidic hot brine with 

different salt compositions. Along these gradients, we had previously identified a very large 

diversity of Halobacteria and Nanohaloarchaeota only in the less polyextreme places (30% 

salinity and pH~6, with the exception of one ephemeral site at pH 4.2), while no trace of 

endemic life was discovered in the most polyextreme sites (either because of their high 

chaotropicity/water activity, and/or pH <0 combined with high salinity). Nevertheless, the lack 

of stable sites with intermediate conditions between the less and most polyextreme 

environments of the Dallol area was an issue to discern with precision the limits of life. 

Recently, we accessed a series of lakes at the western side of the Dallol dome (the Western 

Canyons Lakes) with the required intermediate parameters (pH~5 and NaCl-dominated 

salinity 34-41%). We show in this study that these lakes host a diverse microbial life mostly 

dominated by Archaea, with a higher proportion of Nanohaloarchaeota than in the previously 

studied Dallol ecosystems. These results suggest an unsuspected correlation between the 

Nanohaloarchaeota and increasing acidity in hypersaline systems, that may be linked with 

their symbiotic lifestyle.  

 

6.3.1 Introduction 

 

Environments displaying a combination of low pH and high salinity are scarce around 

the world, limiting the investigation of the microbial communities potentially inhabiting them. 

Western Australia hosts a series of lakes that display pH values as low as 1.5 and salinity 

concentrations as high as 32% with high seasonal variability (flooding, evapoconcentration, 

desiccation). Some metabarcoding studies describing the microbial diversity of those lakes 

focused on sediments or solid samples, which seemed to be dominated by Bacteria (Johnson 
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et al. 2015); other used only bacterial-specific 16S rRNA gene primers (Mormile, Hong, and 

Benison 2009). Whole metagenomic shotgun analysis of one of these lakes (Lake Magic, pH 

1.7) surprisingly did not reveal Archaea in the lake water and only a small proportion in the 

groundwater around it. The most dominant domain was Eucarya, followed by Bacteria 

(Zaikova et al. 2018). The results were unexpected since in (hyper)saline or (hyper)acidic 

situations, the best-adapted microorganisms are usually Archaea (see section 1.2.1). In the 

arid Central Andean high plateau of Chile, the salt flats of Gorbea and Ignorado display strongly 

acidic brines (pH 1-4.7) (Escudero et al. 2013). Their chemical composition shows high 

concentrations of sodium (up to 2479 mM), magnesium (up to 1549 mM) and chlorine (up to 

4291 mM). The microbial diversity found in these salt flats was very low during the several 

years of survey. Eukaryotes were not investigated but both Archaea and Bacteria were 

detected although their relative proportions were not determined. Within Archaea, 

Halobacteria (especially Halococcus) and Thermoplasmata were the dominant phyla, while 

within Bacteria the phyla Firmicutes and Betaproteobacteria were predominant.  

In the salt desert of the Danakil depression (Afar region, Ethiopia), the Dallol 

geothermal dome and its surroundings encompass a wide array of polyextreme lakes and 

hydrothermal ponds, exhibiting rare combinations of hypersalinity (20 to >50%), low pH (<1 

to 6.0) and high temperature (up to 110 °C). In the less polyextreme environments, including 

transitory active ponds in the salt plain, Lake Karum and the salt canyons’ cave reservoir, we 

previously identified a very wide diversity of Archaea, mainly composed of Halobacteria and 

Nanohaloarchaeota (Belilla et al. 2019). In contrast, no trace of life was discovered in the most 

polyextreme places such as the Dallol hydrothermal ponds, Lake Gaet’ale and the Black Lake, 

likely because their chemistry is not compatible with microbial life (high chaotropicity, 

potential presence of sterilizing chemical compounds) and/or because there is no organism 

adapted to the combination of extreme salinity and extreme acidity (Belilla et al. 2019). This 

is consistent with the fact that microorganisms thriving at conditions of both very low pH (<1) 

and high salinity (>20%) have never been cultured (Harrison et al. 2013). Nevertheless, the 

significant gap of physicochemical parameter values between the less and the most 

polyextreme samples made it difficult to set a precise limit of life. Only one ephemeral 

hydrothermally-influenced water pond (PS3) in the salt desert showed intermediate values 

(35% salinity and pH 4.2) and was also largely dominated by Archaea (Belilla et al. 2019). To 

better pinpoint the limits of life in these hypersaline acidic sites, additional stable 

environments with intermediate physicochemical values need to be studied. 

In our last expedition (January 2019) we sampled a series of small lakes that we named 

the Western Canyons Lakes (WCL) due to their location close to little salt canyons (from the 

Round Mountain) at the west side of Dallol. These lakes have pH values <5 and a salinity 

between 30 and 45%. They show a hydrothermal activity with intense constant gas bubbling. 

They were already mentioned by Holwerda and Hutchinson in 1968 and can be observed in 

satellite images since at least 2003, indicating that they are stable systems (Supplementary 

Figure 6). The WCL have higher salinity and acidity than the most extreme places where we 

previously detected life in Dallol (Belilla et al. 2019). Therefore, these lakes are ideal systems 
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to test if life has adapted to more saline and acidic conditions, and what kind of 

microorganisms we can expect. Here, we applied environmental 16S/18S rRNA gene 

metabarcoding and scanning electron microscopy (SEM) combined with chemical analyses to 

explore these systems.  

 

 
Figure 29 | Localisation of the sampling sites of this study. a, Position of the three sampling areas in 
the Danakil depression. b, Detail of the Western Canyons Lakes sampling sites. c, The cave reservoir 
(with the sampling pole for scale). d, The islands in the middle of Lake Karum. The dots indicate the 
localisation of each sample and their name. Satellite pictures from CNES and distributed by Google 
Earth. North always face the top of satellite pictures. 
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Table 7 : Samples from the Dallol area analysed in this study and type of analyses performed. 
Refractometry-derived salinity refers to the percentage (w/v) of salt measured in situ. Salinity was 
also measured by weighting the total solids after water evaporation (dry weight measured in 
triplicates). TS: total solids, SD: standard deviation, n.d: not determined. 
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6.3.2 Results and Discussion 

 

The western part of the Dallol dome is composed of anhydrite-covered halite salt 

canyons. Further to the west, the Round Mountain constitutes a small relief on the Salt Plain 

that has the same geological structure as the Dallol dome salt canyons (López-García et al. 

2020). During a recent expedition in January 2019, we explored a series of small lakes on the 

north of the Round Mountain, which we named the “Western Canyon Lakes” (WCL) (Figure 

29-a,b, Supplementary Figure 7-a-d). They showed intense hydrothermal activity, in the form 

of numerous chimneys with constant bubbling of gas, likely CO2 (Holwerda and Hutchinson 

1968). We sampled 5 of these lakes (WCL1 to WCL5) and measured in situ pH values ~5 and 

salinity values from 30 to 45% (Table 7). We filtered water from the five lakes through 0.2 µm 

filters and also collected water samples for chemical analyses. We also collected additional 

samples from the Lake Karum (9Ass, collected for the first time from the middle of the lake, 

Figure 29-a,d; Supplementary Figure 7-e,f) and the cave reservoir of the salt canyons (9Gt) 

(Figure 29-a-c). Despite the absence of life in these places (Belilla et al. 2019), we also collected 

several brine samples from hydrothermal chimneys and ponds of the Dallol dome, Lake 

Gaet’ale and the Black Lake to generate additional chemistry data (Supplementary Figure 7-g-

l). The complete list of samples from this study is given in Table 7 and information about 

samples from previous years can be found in Belilla et al. (2019).  

 

 
Figure 30 | Principal component analyses of liquid samples. Analysis of 46 samples according to their 
chemical composition (left); analysis of 27 samples according to potentially life-limiting 
physicochemical parameters (right). Coloured zones in the PCA analyses highlight the groups of related 
samples. A detailed PCA with sample names and unmerged variables is given in Supplementary Figure 
8. 

Principal component analysis (PCA) of the chemical data shows that samples clustered 

in three major groups according to their elemental composition (Figure 30 and Supplementary 

Figure 8). The NaCl-saturated, iron and other heavy metal-rich Dallol ponds clustered together 
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as previously seen (Belilla et al. 2019). These Dallol samples were organized along a linear 

repartition from younger ponds, with more diluted salts and unoxidized, to older ones, more 

evaporated and with a higher concentration of oxidized iron and other heavy metals (Belilla 

et al. 2019; Kotopoulou et al. 2019). The Black Lake and Lake Gaet’ale are also clustered 

together because of their high concentration of  Mg2+ and Ca2+ salts (>50%) which are 

responsible for their high chaotropicity, ionic strength and low water activity, thought to be 

limiting factors for life (Hallsworth et al. 2007; Stevenson et al. 2015 and 2017; Belilla et al. 

2019). Even though the Western Canyons Lakes’ yellowish colour resembled the one of Lake 

Gaet’ale, the chemical analysis showed that they are NaCl-dominated and more closely similar 

to the less polyextreme sites. Only the WCL3 sample, which comes from the most evaporated 

lake of the series, showed higher Mg2+ and Ca2+ concentrations. In the PCA based on 

physicochemical data (temperature, pH, salinity and water activity) (Figure 30), the clusters 

were similar except this time the WCL samples were clearly separated from the other less 

polyextreme samples (Lake Karum and the cave reservoir) and were positioned closer to the 

Dallol, Lake Gaet’ale and Black Lake clusters. This is explained by their higher salt 

concentrations, more acidic pH and slightly lower water activity.  

 

 
Figure 31 | Presence/absence and relative proportion of archaea and bacteria in the Western 
Canyons Lakes, the cave brine, the salt plain and Lake Assale/Karum based on 16S rRNA gene 
metabarcoding. 

 

To describe the potential microbial diversity present in these physicochemically 

intermediate lakes, we filtered water through 0.2 µm filters and purified DNA to carry out 

16S/18S rRNA gene-based studies by high-throughput short-amplicon sequencing 

(metabarcoding approach). We also applied this procedure to new samples from the Lake 

Karum/Assale (9Ass) and the Western Canyons cave reservoir (9Gt). We also amplified and 

Sanger-sequenced almost full-length 16S/18S rRNA genes from clone libraries to obtain longer 

reference sequences for more accurate phylogenetic analyses. For comparison, we also 
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included sequences from our previous study of the Lake Karum, cave reservoir and Salt Plain 

(Belilla et al. 2019). All samples, including the WCL ones, were dominated by Archaea, with 

Halobacteria being the most abundant phylum, followed by Nanohaloarchaeota. This was 

particularly remarkable in the WCL lakes, almost completely dominated by Archaea 

(99.1±0.5% of reads abundancy), compared with the other ecosystems (88.8±8.4% for the 

cave reservoir, 84.2±2% for Lake Karum and 79.3% for the hydrothermally influenced salt plain 

PS3) and even richer than the community from a diluted evaporite from the salt plain (PS, 

97.9%). Another important difference was that the WCL showed a greater proportion of 

Nanohaloarchaeota (29.3±7.1% of total prokaryotic reads versus 1-15% for the others). Higher 

proportions of Archaea, including Nanohaloarchaeota, have been correlated with increasing 

salinity in soda lakes (Ventosa et al. 2015; Menéndez-Serra et al. 2020). Little is known about 

the effect of the acidity gradient on Halobacteria and Nanohaloarchaeota, but we suggest 

acidity may also accentuate the microbial communities’ change observed. A higher preference 

of the Nanohaloarchaeota for the most extreme saline conditions compared to the more 

versatile Halobacteria, was suggested by Menéndez-Serra (2020). We suggest that it is 

because of the possible symbiotic lifestyle of Nanohaloarchaeota. Indeed, studies have 

suggested that the Nanohaloarchaeota are not free-living organisms but potential mutualistic 

symbionts (Hamm et al. 2019; Cono et al. 2019) or parasites (section 5.3) of Halobacteria. In 

the case of a mutualistic lifestyle, the higher proportion of Nanohaloarchaeota at the most 

extreme conditions may suggest that the association of both partners (haloarchaea and 

nanohaloarchaea) is more resistant than the host alone. In the case of a parasitic lifestyle, it 

would be possible that the rise of acidity and salinity may weaken the host and increase the 

parasite prevalence. Future metagenomic and metaproteomic studies and, ideally, cultivation 

of these organisms will help to understand their biological interactions and their adaptations 

to these polyextreme conditions.  

 

In addition to the dominant Halobacteria and Nanohaloarchaeota, the diversity found 

in our samples virtually spans all along the archaeal tree as in our previous study (Belilla et al. 

2019). Notably, we found lineages typically present in hypersaline environments (e.g., 

Methanonatronoarchaeia and Candidate Division MSBL1) but also lineages not specifically 

associated with hypersaline systems, including Thermoplasmata, Woesearchaeota, 

Archaeoglobi, Aenigmarchaeota, Altiarchaeales, Thaumarchaeota and Crenarchaeota (Figure 

32). As in our previous study, Lake Karum contained the greatest archaeal diversity of all 

ecosystems. The Western Canyons cave reservoir also hosted a rich diversity of archaea, in 

contrast with the two Salt Plain samples, PS and PS3, with much-reduced diversity, especially 

in the case of PS3 (an ephemeral hydrothermally-influenced water pool) that contained the 

lowest diversity of all areas. This reduced diversity could be related to the abrupt changes of 

physicochemical conditions that the salt plain undergoes by recurrent flooding, desiccation 

and temporary hydrothermal influence, which may select only the most versatile organisms. 

The WCL hosted very diverse archaea, quite different from those in the salt plain and the cave 

reservoir, especially regarding phyla apart from the Halobacteria and Nanohaloarchaeota. 
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Interestingly, all WCL OTUs are branched within phyla that are also present in Lake Karum 

(Figure 4). In fact, 83% of WCL OTUs are shared with Lake Karum. This suggests that these 

OTUs might be able to thrive in the two different physicochemical conditions. The differences 

between the Dallol area ecosystems may be better explained by the relative abundance of 

reads rather than their OTU distributions.  

 
Figure 32 | Phylogenetic tree of archaeal 16S rRNA gene sequences showing the phylogenetic 
placement of archaeal OTUs identified in the different samples. Concentric circles around the tree 
indicate the presence/absence of the corresponding OTUs in the different sampling sites. Longer 
sequences derived from cloning and Sanger sequencing of environmental samples, cultures and FACS-
sorted cells are labelled with red dots.  
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Eukaryotic 18S rRNA gene amplicons could only be obtained from WCL2 and WCL4, 

using semi-nested PCR, and from 9Ass, using direct PCR. No amplicons could be obtained from 

9Gt and the other WCL samples. Some of the eukaryotic sequences retrieved most likely 

corresponded to airborne or human contamination (e.g. land plants/fungi, and human’s 

associated microbes). The remaining, likely autochthonous eukaryotic microorganisms were 

dominated by primary producers, such as the halophilic Dunaliella (Chlorophyta) 

(Supplementary Figure 9). Halophilic ciliates (possibly Fabrea) and bicosoecids (Halocafeteria) 

could also be found in smaller proportions, though the latter was absent from the more 

extreme WCL samples. 

 

In addition to metabarcoding analysis, we further explored the biotic and abiotic 

features present in the WCL samples using scanning electron microscopy (SEM, see Figure 33). 

One of the most common objects observed were cocci-like aggregates, which we infer to be 

abiotic biomorphs because of both their small size (≤100 nm, too small for a cell) and their 

inorganic chemical composition, mostly silicates (Figure 33-d,g), sometimes enriched with 

iron, which may play a role in the orange colour of the WCL brines. We also observed 

numerous almond-shaped calcium carbonate (CaCO3) particles that appear to be composed 

of aragonite (Figure 33-a,b,i) (Blue et al. 2017; González-López, Fernández-González, and 

Jiménez 2018). Some gypsum fragments were also visible (Figure 33-h). Although gypsum may 

come from the erosion of the gypsum deposits of the Round Mountain (López-García et al. 

2020), gypsum precipitation has been reported in some saline acidic lakes (Escudero et al. 

2013; Zaikova et al. 2018), but not aragonite which, in principle, should be inhibited by the 

acidic pH of the WCL lakes. Aragonite precipitates, though, along with gypsum under 

hypersaline alkaline conditions such as in the Dead Sea (Golan et al. 2017), which is at the 

origin of the Danakil salt plain. It is possible that the aragonite and part of the gypsum 

observed in our samples come from the underneath lacustrine deposits of the ancient Lake 

Afrera that covered the Danakil depression (López-García et al. 2020), which may have been 

partially dissolved by the acidic hydrothermal fluids that emerge in many places of the 

depression. It is even possible that the dissolution of calcium carbonate makes the brine less 

acidified than it would be without contact with the underneath bedrock. The dissolution 

reaction may participate to the CO2 venting already suspected by Holwerda and Hutchinson 

(1968), in agreement with the chromatography results that revealed a very intense peak at 

1.43 mins of retention time with m/z 44 (that could correspond to CO2 or another gas of the 

same weight (not included in this manuscript, but may be available in the final version of this 

article). We cannot exclude that other (bio)geochemical processes intervene (including 

microbial activity) and favour local precipitation of aragonite and/or gypsum. In addition to 

these diverse mineral precipitates, we also observed small to ultrasmall cocci (~0.5 µm), either 

solitary or grouped, which most likely correspond to Nanohaloarchaeota, particularly 

abundant in the WCL lakes (Figure 33-a-c,e-f). Cells of similar shape and size had already been 

observed in the cave reservoir and the salt plain (Belilla et al. 2019).  
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This work has shown that the WCL have physicochemical conditions in-between the 

previously described less polyextreme, life-harbouring ecosystems (Lake Karum, the salt plain 

and the cave reservoir) and most polyextreme, lifeless sites (Dallol hydrothermal ponds, 

Gaet’ale Lake and Karum Lake). Despite their more extreme characteristics, these WCL lakes 

are inhabited by a large variety of microorganisms, almost completely dominated by very 

diverse archaea, which further extend the limits of life under polyextreme, saline and acidic, 

conditions of the Dallol area. New investigations of other even more extreme, environments, 

such as some known hypersaline acidic lakes in Chile and Australia and, potentially, many 

other lakes in the Danakil depression, will help to bridge the gap still existing between the 

WCL lakes and the most extreme sterile environments in Dallol. Metagenomic, 

metatranscriptomic and/or metaproteomic studies will also help understand how 

microorganisms adapt to these harsher polyextreme conditions. 

 

6.3.3 Materials and methods 

 

6.3.3.1 Sample collection and in-situ physicochemical parameters measures 

 

The samples listed in Table 7 were collected during a field trip to the Danakil depression 

in January 2019 (when air temperature rarely exceeded 40–45 °C). All sampling points and 

mapping data were georeferenced using a Trimble® handheldGPS (JunoSB series) equipped 

with Environmental Systems Research Institute software ArcPad® 10. Samples were collected 

from three major areas: 1) the Western Canyons Lakes (WCL samples); 2) the salt canyons 

cave reservoir (9Gt samples); and 3) the Lake Assale/Karum (9Ass samples) island that we 

accessed by helicopter. Water samples (5 to 14 litres for Lake Karum and the Western Canyons 

Lakes, and 25 litres for the cave reservoir) were prefiltered through 30-µm pore-diameter 

filters to remove large particles and sequentially filtered through 0.22-µm pore-diameter 

filters (Whatman). Filters retaining 0.2–30 µm particles were fixed in 2-ml cryotubes with 

absolute ethanol (>80% final concentration). Back in the laboratory, ethanol-fixed samples 

were stored at −20 °C until use. Brine samples for chemical analyses were collected in 50-ml 

glass bottles after prefiltration through 0.22-µm pore-diameter filters. Bottles were filled to 

the top and sealed with rubber stoppers to prevent the (further) oxidation of reduced fluids. 

A few additional liquid samples were collected for chemical analysis also from the Dallol 

hydrothermal ponds, Lake Gaet’ale and the Black Lake. Physicochemical parameters were 

measured in situ with a YSI Professional Series Plus multiparameter probe up to 70 °C and with 

a Hanna HI93530 temperature probe (working range –200/1,000 °C) and a Hanna HI991001 

pH probe (working pH range –2.00/16.00) at higher temperatures. Salinity was measured in 

situ with a refractometer on 1/10 dilutions in MilliQ water. 
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Figure 33 | SEM pictures and chemical maps of cells and abiotic biomorphs identified in the Western 
Canyons Lakes brine. a-b, Cells on minerals resembling aragonite that are common in WCL samples. c, 
Close picture of a solitary cell. d, Close picture of round-shaped silicate biomorphs that are also 
common in WCL. Pictures e-i present the area of interest on the left and associated chemical maps on 
the right. The brighter the colour on the chemical maps, the higher the concentration of the concerned 
element. e, A group of cells. f, Cells and biomorphs similar to (d). g, More of the round-shaped 
biomorphs. h, Gypsum fragments. i, Spiked calcium carbonate minerals (possibly aragonite). 
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6.3.3.2 Chemical analyses, water activity and salinity estimations 

 

The chemical composition of 0.2-µm prefiltered brine samples was analysed at SIDI 

Service (Servicio Interdepartamental de Investigación, Universidad Autónoma de Madrid). 

Major and trace elements in liquid samples were analysed by total reflection X-ray 

fluorescence with a TXRF-8030c FEI spectrometer and inductively coupled plasma–mass 

spectrometry using a Perkin–Elmer NexION 300XX instrument. Ions were analysed using a 

Dionex DX-600 ion chromatography system. Organic molecules were characterized using a 

Varian HPLC–diode array detector/FL/LS liquid chromatograph. Salinity (weight/volume, 

expressed in percentage throughout the manuscript) and water activity were measured as 

described in (Belilla et al. 2019). We used R-software (R Development Core Team 2017) 

packages FactoMineR (Lê, Josse and Husson, 2008) and factoextra (Kassambara and Mundt 

2017) to carry out principal component analyses of samples. 

 

6.3.3.3 DNA purification and 16S/18S rRNA gene amplification, sequencing and analysis 

 

DNA purification from filters, concentration measurement and PCR reactions were 

performed as previously described (Belilla et al. 2019). No nested PCRs were needed to obtain 

16S rRNA gene amplicons. Amplicons were sequenced with Illumina MiSeq (2x300 bp). The 

raw reads obtained were pooled with reads previously obtained from 2016-2017 samples of 

Lake Karum, the salt canyons cave reservoir and the salt plain prior to be assembled and 

clustered into OTUs at 95% identity. In parallel, we tried to amplify near-complete 16S/18S 

rRNA gene fragments (~1,400–1,500 bp) using combinations of archaea-specific primers as 

previously described. Phylogenetic tree construction and visualisation were processed as 

previously described (Belilla et al. 2019). 

 

6.3.3.4 Scanning electron microscopy (SEM) and elemental mapping 

 

SEM analyses were carried out on liquid brine samples that were deposited onto 0.1 

µm pore-diameter filters (Whatman) coupled with a vacuum aspiration regime and briefly 

rinsed with 0.1-µm filtered and autoclaved MilliQ water under the same vacuum regime. 

Filters were vacuum-dried briefly and stocked within dry atmosphere until they were 

sputtered with carbon for SEM observations. SEM observations occurred as described in 

(Belilla et al. 2019) 
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6.3.4 Supplementaries 

 

 
Supplementary Figure 6 | Evolution of the Western Canyons Lakes between 2003 and 2018. Pictures 
from CNES/Airbus satellites and distributed by Google Earth. 
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Supplementary Figure 7 | Pictures of the different sites from this study. a, WCL1. WCL2 is barely 
visible behind it. b, WCL3. c, Bubbling surface of WCL4 and WCL5 in the back. d, Salt chimneys in WCL4. 
e, View from the top of the island where 9Ass-isl was sampled. f, Area of sampling of 9Ass-isl, where 
gypsum formation evocating stromatolites can be seen. g, The Dallol dome 9DA1B site. h, 
Hydrothermal chimneys where 9DA2B and 9DA2C (little grey exit) were sampled. i-j, Overview of the 
9DA3-series sampling site, with brine samples shown on (j). k, The Black Lake. l, Lake Gaet’ale. 
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Supplementary Figure 8 | Detailed principal component Analyses (PCA) of Dallol area sampling sites 
as a function of physicochemical parameters. 46 samples from the Dallol area according to their 
chemical composition and (left) 27 samples according to potentially life-limiting physicochemical 
parameters in the Dallol area. The colour gradient shows the contribution value of each variable and 
is redundant with the information given by the arrows’ length (right). 

 
Supplementary Figure 9 | Histogram showing the phylogenetic affiliation and abundance of 18S 
rRNA gene amplicon reads of eukaryotes obtained with universal eukaryotic primers. Only a few 
samples yielded amplicons. Sequences corresponding to terrestrial plants and fungi (probably derived 
from pollen or spores) were considered as contaminants (light grey). The phylogenetic affiliation of 
dominant eukaryotic groups is colour-coded. *The ‘’Streptophyta’’ sequences (identified with SILVA 
database) found in Lake Karum correspond to unknown micro-eukaryotes that may be Chlorophyta, 
according to nt NCBI database. 
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7. Discussion 
 

Before our survey in 2016, little was known about the polyextremophiles of 

hypersaline (≥20% w/v salt), hyperacidic (pH≤1) and eventually hot (up to 118°C) brines: can 

life prosper in such conditions or are they limiting for life? If there is life, what kind of 

organisms are present? We also didn’t know well how the increase of both salinity and acidity 

(eventually temperature) would shape the microbial communities until the potential limits of 

life are reached. Replying to these questions could lead to major advances in our 

understanding of present or past ecosystems and could have consequences in applied 

microbiology (e.g. biotechnologies) and well as astrobiology (e.g. widen or narrow the 

habitability concept). 

 Providing clear answers to these questions is difficult, mainly because environments 

presenting a combination of hypersalinity and (hyper)acidity are rare. Environments with 

acidic brines were reported in Central Andean high plateau of Chile (pH 1-4.7 with up to 2479 

mM Na, 1549 mM Mg, 4291 mM Cl) (Escudero et al. 2013) and Western Australia (pH down 

to 1.5 and salinity up to 32% w/v with high seasonal variability) (Mormile, Hong, and Benison 

2009; Johnson et al. 2015; Zaikova et al. 2018). However, either only sediments were studied 

(Escudero et al. 2013; Johnson et al. 2015), either the focus was on the bacterial fraction of 

the total diversity (Mormile, Hong, and Benison 2009), or the results were against 

expectations: the acidic hypersaline Lake Magic in Australia is dominated by eukaryotes 

without traces of archaea, while archaea are normally the most abundant organisms in 

hypersaline or hyperacidic settings (Zaikova et al. 2018). Hence, these few studies only give 

partial replies to the above-mentioned questions, some even raise more (see section 1.2.3 for 

more details). 

 

The Dallol geothermal system and its surroundings is a key set of environments to 

answer those questions, as it shows gradients of the extreme conditions of interest: 

hypersalinity (20% to >50%, with different salt composition), different levels of acidity (pH 

range between -1.5 to 6), with some hydrothermal systems displaying very high temperature 

(>110°C). Despite the immense potential of the Dallol area for studying extremophiles, no 

study aiming to ascertain the microbial presence and diversity along those gradients had been 

carried out before our first field trip in 2016. In total between 2016 and 2020, we collected 

235 samples from 95 sampling sites, some of which had also been little inspected by geologists 

or geochemists before. Using a panel of multidisciplinary techniques, we investigated the 

presence/absence of life along the polyextreme gradients of Dallol and its surroundings and 

attempted to characterize it. The results were correlated, when possible, with chemical 

analyses of the brines or sediments.  

 

While further work is needed to complete the analyses shown in chapters 5 and 6 (e.g. 

construction of bacterial 16S rRNA tree), we will now discuss the major outcomes that have 

emerged from those results and their implications. 
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7.1 The microbial communities in hypersaline, mildly acidic environments are 

dominated by a surprisingly wide diversity of Archaea. The closer the physicochemical 

conditions of an environment are to the limits of life, the higher the proportion of 

Archaea (especially Nanohaloarchaeota) among prokaryotes. 

 

Our work presented the first study of the microbial communities of Lake Karum, the 

salt plain, the cave reservoir and the Western Canyons Lakes, with a four years survey for Lake 

Karum and the cave reservoir (January 2016-2019). Although extreme environments are 

usually low-diversity systems (Sharp et al. 2014), 16S/18S rRNA gene metabarcoding analysis 

revealed impressively diverse microbial communities in those hypersaline (≥30% w/v), mildly 

acidic (pH 3.5-6) environments of the Dallol area with a total of 2414 archaeal OTUs, 1267 

bacterial OTUs and 1357 eukaryotic OTUs, clustered at 95% identity. Lake Karum contains the 

greatest archaeal richness of all the ecosystems we studied. In contrast, the two salt plain 

samples, PS and PS3, contain the lowest archaeal richness (especially PS3). This reduced 

diversity could be related to the abrupt changes of physicochemical conditions that the salt 

plain undergoes by recurrent flooding, desiccation and occasional hydrothermal influence. 

Those phenomena may select only the most adapted organisms. A wide majority of the OTUs 

found in the less polyextreme environments belonged to phyla or genera usually found in 

hypersaline settings (e.g. Halobacteria and Nanohaloarchaeota phyla for archaea, Salinibacter 

for bacteria and Dunaliella and Halocafeteria for eukaryotes) (Belilla et al. 2019, section 6.3). 

Prokaryotic 16S rRNA gene amplicons were obtained through direct PCR, whereas eukaryotic 

18S rRNA gene amplicons could only be obtained from some samples (WCL2, WCL4, Gt, 8Gt, 

the salt plain and Lake Karum samples) using semi-nested PCR (except for PS and Lake Karum 

samples for which direct PCR was enough), suggesting little eukaryotic presence in most of 

the samples. Our chemical analyses showed that all samples in which life was detected, are 

NaCl-dominated (Belilla et al. 2019)(section 6.3). The unexpected wide microbial diversity of 

those environments may be consistent with suggestions that NaCl-dominated brines are not 

as extreme as previously thought. This may be linked to the fact that NaCl is not a chaotropic 

salt (Lee et al. 2018; Cray et al. 2013). The mixing of meteoric and geothermal fluids may also 

lead to hyperdiverse communities (Colman, Lindsay, and Boyd 2019). Despite this great 

diversity, the biomass remains very low in the Dallol area, probably because of the extreme 

conditions, as it is suggested by the very low cell counts estimated by FACS for the cave 

(~3.1×104 cells/ml) and PS sample (~5.3×104 cells/ml) (Belilla et al. 2019) and by the size of the 

endemic cells, which is usually under 1 µm and maximum around 5 µm (the biggest cells have 

been found in PS) (Belilla et al. 2019, section 6.3). For most samples, DNA concentrations were 

below the detection limit and for the others, only a few ng/µL were measured (Belilla et al. 

2019, section 6.3). 

 

The prokaryotic sequence abundance is at least 80% dominated by Archaea (mainly 

being Halobacteria and Nanohaloarchaeota) in all those environments (Belilla et al. 2019, 



127 
 

section 6.3). This was particularly remarkable in the WCL samples, almost completely 

dominated by Archaea (99.1±0.5% of reads abundance), in comparison with the other 

ecosystems (88.8±8.4% for the cave reservoir, 84.2±2% for Lake Karum and 79.3% for the Salt 

Plain PS3) and even richer than the community from a diluted evaporite from the salt plain 

(PS, 97.9%). Another important difference resides in the greater proportion of 

Nanohaloaerchaeota in the WCL lakes (29.3±7.1% of total prokaryotic reads versus 1-15% in 

the other environments) (section 6.3). Higher proportions of Archaea, including 

Nanohaloarchaeota, have been correlated with increasing salinity (Ventosa et al. 2015; 

Menéndez-Serra et al. 2020). Since the Western Canyons Lakes are so far the most 

polyextreme environments harbouring life from the Dallol area (section 6.3), it seems that 

when the salinity and acidity of an environment increase, getting closer to the limits of life, 

the proportion of Archaea increases (and among them, the proportion of Nanohaloarchaeota 

too). A higher preference of Nanohaloarchaeota for the most extreme saline conditions 

compared to the more versatile Halobacteria, was suggested by Menéndez-Serra et al. (2020). 

Little is known about the effect of the acidity gradient on haloarchaea and nanohaloarchaea, 

but we suggest that acidity may also accentuate the observed changes in the microbial 

community composition. Other studies also suggest that the Nanohaloarchaeota are not free-

living organisms but potential mutualistic symbionts (Hamm et al. 2019; Cono et al. 2019). 

Given the co-occurrence and relative proportions of Halobacteria and Nanohaloarchaota in 

our samples plus the FISH observations that revealed very small cells associated with bigger 

ones (more or less depleted in DNA), our study supports the dependency of nanohaloarchaea 

on haloarchaeal hosts and suggest that it may be a parasitic interaction. We suggest that this 

symbiotic interaction may be one of the mechanism behind the changes observed. In the case 

of a potential mutualistic lifestyle, the association of both partners (halobacteria and 

nanohaloarchaea) may be more resistant than the host alone, explaining the higher 

proportion of Nanohaloarchaeota. In the case of a parasitic lifestyle, the rise of acidity and 

salinity may weaken the host and increase the parasite prevalence. 

Besides this suspected host-parasite interaction, some small cells forming groups 

surrounded by what seemed to be extracellular polymeric substances (EPSs), were observed 

in PS. Depending on the ecosystem, EPSs may have a protective role against abrupt 

environment changes in terms of pH, salinity or desiccation, metal concentrations. It may also 

preserve the cohesion of symbiotic relationships (Poli et al. 2011). The presence of EPSs, of 

cytoplasmic bridges and/or potential cell fusions, suggest that they might be archaeal colonies 

as these structures have been observed in archaeal halophiles (Naor and Gophna 2013). Packs 

of cells have also been observed in the Western Canyons Lakes. This colonial behaviour of the 

polyextreme microbial communities found in the Dallol area may also play a role in their 

versatility. 

 

Similar archaeal and bacterial phyla have been found in the acidic brines of Chile and 

the less polyextreme environments of the Dallol area, though only part of the microbial 

diversity from Chile was published and the relative proportion of archaea is not known 
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(Escudero et al. 2013). On the other hand, our results seem at odds with the results from the 

hypersaline and acidic Lake Magic in Australia, where no Archaea were found (Zaikova et al. 

2018). It would be interesting to study whether this contrast is due to the seasonal fluctuations 

of the Lake Magic, which may periodically be much less acidic and saline when flooded, and 

to estimate the influence of bioaerosols falling into the lake to the final microbial diversity 

measured. 

To expand the findings of our study and settle more precisely where the 

physicochemical boundaries of life are, it would be necessary to perform a meta-analysis of 

the hypersaline-acidic environments with a similar methodology for each site if possible. 

These environments could be from the Dallol area, the Chile salt flats’ acidic brine and the 

acidic salt lakes of Western Australia, or other yet to be discovered ecosystems with fitting 

criteria. Additionally, a seasonal survey of the Dallol ecosystems would be necessary to know 

if the physicochemical conditions changes over the year and how the microbial composition 

fluctuates along with them. To complete our metabarcoding analyses, whole metagenome 

profiling, metatranscriptomics and metaproteomics would allow us to assess the molecular 

strategies involved behind the resistance of both hypersalinity and mildly acidic conditions. 

We anticipate that it would also significantly improve our understanding of how different 

organisms interact under such conditions (e.g. the relationship between Nanohaloarchaeota 

and Halobacteria and the colonial behaviour mentioned above). Our team has already started 

assembling metagenomes from Lake Karum, the cave reservoir and the Western Canyons 

Lakes for this purpose and have already obtained promising near-complete metagenome-

assembled genomes (MAGs) of Nanohaloarchaeota (unpublished data).  

 

To determine whether our OTUs might correspond to thermophilic species, we plotted 

the GC content of the 16S rRNA gene region used for metabarcoding analyses of a selection 

of 88 described archaeal species with optimal growth temperatures ranging from 15 to 103 

°C. These included representatives of all Halobacteria genera because they are often 

characterized by high GC content. A regression analysis confirmed the positive correlation 

between GC content and optimal growth temperature (Wang, Xia, and Hickey 2006) for this 

shorter 16S rRNA gene amplified region. Plotting the GC content of our archaeal OTUs on the 

same graph we could assess that around 27% and 6% of archaeal OTUs from the less 

polyextreme sites were inferred to correspond to thermophilic and hyperthermophilic 

organisms, respectively (Belilla et al. 2019) (the more recent 2019 field expedition samples 

have not yet been added to the calculation). Life under high salt conditions requires extensive 

molecular adaptations (Oren 1999; 2013; Gunde-Cimerman, Plemenitaš, and Oren 2018), 

which might seem at odds with the several independent adaptations to extreme salinity across 

archaea that we have inferred from our phylogenetic analyses. Among those adaptations, the 

intracellular accumulation of K+ (‘salt-in’ strategy), together with the corresponding 

adaptation of intracellular proteins to function under those conditions, has been crucial. 

Based on the observation that the deepest archaeal branches correspond to 

(hyper)thermophilic lineages (Giulio 2003; López-García et al. 2015) and that non-halophilic 
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hyperthermophilic archaea also accumulate high intracellular K+ (1.1–3 M) for protein 

thermoprotection (Hensel and König 1988; Shima, Thauer, and Ermler 2004) 

(thermoacidophiles also need K+ for pH homeostasis (Buetti-Dinh et al. 2016)), we 

hypothesize that intracellular K+ accumulation is an ancestral archaeal trait linked to 

thermophilic adaptation that has been independently exapted in different taxa for adaptation 

to hypersaline habitats. 

 

 

7.2 Two physicochemical barriers are limiting for life in the presence of water in the 

Dallol area: the combination of hyperacidity and hypersalinity (and possibly some 

sterilizing chemical compounds) and the chaotropicity/water activity/ionic strength 

values. 

 

Despite extensive sampling and relatively large volumes filtered, no 16S/18S rRNA 

gene amplicons could be amplified through direct PCR from samples from the Dallol dome 

itself, the Black Lake, Lake Gaet’ale and associated ponds, suggesting little to no DNA presence 

in the most polyextreme (salinity 20% to >50% and pH up to 3.5) sites of the Danakil 

depression. Seminested PCR reactions (using the 16S rRNA gene amplicons of the first PCR as 

templates, including the first PCR negative controls) produced amplicons in all samples 

including in the first PCR controls, the second PCR controls remaining negative. Those semi-

nested amplicons revealed a dominance of non-extremophilic bacteria, in sharp contrast with 

the archaea-dominated communities found in the moderately acidic hypersaline systems 

around Dallol described above. Most of them were related to well-known molecular biology 

kit and laboratory contaminants (Weyrich et al. 2019; Sheik et al. 2018), while others were 

human-related bacteria probably introduced during the intensive Afars and tourists daily visits 

to the site. A few halophile archaeal sequences were present in all samples and in the controls 

too, probably a result from aerosol cross-contamination despite extensive laboratory 

precautions. After the removal of contaminant sequences from the controls in all samples, 

most of the remaining reads from the Dallol ponds, the Black Lake and Lake Gaet’ale samples 

were from halophilic archaea, including Nanohaloarchaeota, similar to the ones that can be 

found in the less polyextreme sites of the Danakil depression. The difficulty to amplify 16S 

rRNA genes from the most polyextreme samples and, after contamination check, their 

similarity with sequences from the surrounding area (e.g. the salt plain) suggest they are not 

autochthonous, but dispersal forms transported by the strong wind of the Danakil depression. 

The absence of microorganisms in the most polyextreme samples is supported by cross-

analyses of microscope observations (optical, SEM, confocal), multiparametric analyses on the 

flow cytometer showing the absence of DNA, and the inability to obtain enrichment cultures 

from these environments despite the use of various growth media and culture conditions. This 

conclusion is consistent with the inference of Kotopoulou et al. (2019) that life, if present, is 

not involved in the iron cycling and iron mineral precipitation occurring at the Dallol dome. 

Recently, another group of researchers have investigated the Dallol dome region, and their 
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results so far revealed no evidence of life in what they call the outcrop zone (the dome itself) 

and the volcanic base region (the Black Lake and Lake Gaet’ale) due to the extreme conditions 

of the brines, supporting our findings (Moors et al. 2020). Similar to our study, they reported 

the presence of halophiles from the Halobacteria archaeal phyla and the Salinibacter bacterial 

genus in the distant south area, close to Lake Karum. 

 

 We identified two major barriers limiting life in the most polyextreme environments 

of the Dallol area. In line with previous studies, one barrier is imposed by the life-limiting 

values of high chaotropicity (Hallsworth et al. 2007), ionic strength (Fox-Powell et al. 2016) 

and low water activity (Stevenson et al. 2015; 2017) in the Black Lake and Lake Gaet’ale areas, 

which are associated with their high Mg2+ and Ca2+ salt concentration (Belilla et al. 2019). On 

the other hand, due to the dominance of NaCl salts, the chaotropicity, ionic strength and water 

activity values of Dallol ponds are not limiting for life, except for one very concentrated pond 

with high iron salts concentration. The barrier limiting life in the Dallol dome hydrothermal 

system seems to be imposed by the hyperacid–hypersaline conditions (pH 0.5 to -1.5, salinity 

20 to 45%), regardless of temperature. This suggests that molecular adaptations to 

simultaneous low pH and high salt are incompatible at these extreme values. In principle, 

more acidic proteins, intracellular K+ accumulation (‘salt-in’ strategy) or internal positive 

membrane potential generated by cations or H+/cation antiporters serve both acidophilic and 

halophilic adaptations (Slonczewski et al. 2009; Buetti-Dinh et al. 2016; Gunde-Cimerman, 

Plemenitaš, and Oren 2018). However, the properties of the cell membrane necessary for 

extreme acidophiles (e.g. impermeability to maintain neutral pH, reduced pores…) may not 

have evolved in halophiles or may not be compatible with their adaptations. Besides, since 

the salt-in strategy involves Cl- pumps that transport Cl- from the environment into the 

cytoplasm (Oren 1999), the positive anomalies in Cl- observed in Dallol fluids (Kotopoulou et 

al. 2019; Belilla et al. 2019) may induce a massive import of H+ and cations (K+/Na+) that could 

potentially disrupt the membrane bioenergetics (Buetti-Dinh et al. 2016). While those 

suggestions could explain the absence of life in the Dallol hydrothermal system, we cannot 

exclude other explanations such as: 1) the effect of hyperacidity alone which in some ponds is 

below the known record of tolerance (Schleper et al. 1996); 2) the role of several other 

stressors, such as high metal content or the potential presence of sterilizing molecules forming 

in the pond such as perchlorate (Carrier and Kounaves 2015). Future metagenomics, 

metatranscriptomics or metaproteomics studies on less polyextreme environments should 

help to identify the molecular barriers limiting the adaptation of life towards this combination 

of extremes.  

 

7.3 The absence of life in the Dallol dome hydrothermal ponds, the Black Lake and Lake 

Gaet’ale makes them especially sensitive to biocontamination, though their 

physicochemical properties may get rid of most of it. 
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While we interpreted it as local contamination, the detection of one 

Nanohaloarchaeota OTU in one of Dallol’s ponds has led several authors to claim that 

polyextremophiles were proliferating in Dallol’s brine (Gómez et al. 2019). To test further the 

local contamination hypothesis, during our last field trip we collected bioaerosols from the 

Dallol dome top and base and showed that a wide diversity of microorganisms was actively 

transported by the wind. Most of the bioaerosols were composed of non-halophilic 

eukaryotes (including plants, most likely in the form of pollen) and bacteria that probably 

originate from the escarpments limiting the depression or the touristic activity, but we could 

also detect halophilic archaea, including Halobacteria and Nanohaloarchaeota. Unfortunately, 

we were unable to compare them with the rest of the metabarcoding data of Gomez et al. 

(2019) since they did not provide it. The nanohaloarchaea found in the Dallol pool by these 

authors was very similar to the ones that we found in the less extreme places around the dome 

(Lake Karum, the cave reservoir, the salt plain). Using the same FISH protocol as Gomez et al. 

(2019), we showed that the signal they observed in hybridization experiments with a 

Nanohaloarchaota-specific probe could not be differentiated from the background noise. 

Moreover, the objects that they observed with SEM strongly resemble certain nanominerals 

that precipitate abundantly in the Dallol hyperacidic pools, such as jarosite (Kotopoulou et al. 

2019) and silicate spherules (Belilla et al. 2019, section 5.3). These biomorphs were different 

from actual cells such as the ones that we observed in the PS sample (Belilla et al. 2019, section 

5.3), which do present the size, morphology, and close association to larger cells that have 

been described for the Nanohaloarchaeota  (Narasingarao et al. 2012; Hamm et al. 2019). In 

fact, there is growing evidence that nanohaloarchaea depend on other organisms for their 

growth (Hamm et al. 2019; Cono et al. 2019). In that sense, it is also surprising that Gomez et 

al. only reported a nanohaloarchaeal OTU but not any suitable host. Those results privilege 

the local contamination hypothesis and refute the claim about the presence of life in the 

hyperacidic hypersaline brines of Dallol. Our study underlines the importance of studying a 

site in its entirety, considering the surrounding environments with which it is likely to interact. 

The lower the endemic biomass, the easier it can be impacted by exogenous import or 

laboratory contaminants (Weyrich et al. 2019; Sheik et al. 2018). Thus, the discrimination 

between autochthonous and exogenous organisms is crucial to draw the right conclusions on 

the microbial diversity of some very extreme environments. The comparison of 

metabarcoding data with controls or known kit contaminants and the study of field 

bioaerosols can substantially increase the reliability of the results. We also underlined the 

importance of always using positive and negative controls even during microscope 

observations to avoid interpretation bias. The most polyextreme sites of the Dallol area are 

not the only ones where biocontamination may be a major issue in the interpretation of 

results. One example is the Don Juan Pond, a CaCl2-rich brine in Antarctica where the presence 

of planktonic microbial life is debated since different authors have reinterpreted previous 

culture experiments and in situ N2O fluxes as airborne contamination (Cameron, Morelli, and 

Randall 1972) and abiotic degassing (Samarkin et al. 2010), respectively. Another controversial 

example is the Discovery deep brine (Red Sea), where the MgCl2 concentration increases with 



132 
 

depth to near saturation and DNA traces are detectable almost all along this gradient, whereas 

RNA traces become undetectable after a certain depth and MgCl2 concentration (2.3 M) 

(Hallsworth et al. 2007). Based on experiments showing that DNA is better preserved than 

RNA in MgCl2 and that no cultivation was successful at more than 2.3 M MgCl2 without 

chaotropic salt compensation, Hallsworth et al. (2007) argued that there is no active life after 

this concentration limit and that the DNA detected comes from dead cells from upper levels. 

The preservation of DNA from dead cells in some salts may also be an overlooked issue when 

studying (poly)extreme sites with high salinity concentration.  

 

The local biocontamination hypothesis may seem paradoxical because, while the 

bioaerosols-transported biomass should be continuously falling onto the Dallol dome and its 

surroundings, it was difficult to obtain amplicons from the most polyextreme brine pools 

(nested PCRs were necessary). To explain this paradox, we hypothesize that a very active DNA 

destruction process occurs in the Dallol hydrothermal ponds (and possibly the Black Lake and 

Lake Gaet’ale), limiting the detection of the aerosol-transported biomass. Our experiments 

confirmed this hypothesis as we measured an almost instantaneous disappearance of DNA 

from the salt plain’s cells incubated in Dallol brine. As the salinity of the salt plain and the 

Dallol sample are similar, we suggest that the additional hyperacidity of the dome’s brine is 

the main factor leading to DNA destruction. Indeed, depurination of DNA under acidic 

conditions has been known for a long time (Tamm, Hodes, and Chargaff 1952; Hevesi et al. 

1972), though most likely it had never been studied under the extremely low pH values (<0) 

typical of the Dallol brines. Likewise, we observed a dramatic instantaneous (t ≤ 2 mins) 

decrease of the salt plain DNA concentration by a factor of two to six immediately after 

contact with the Dallol brine, with final concentrations always ≤5 ng/µL, close to the detection 

limit of our instrument. We were also unable to obtain direct-PCR amplicons from cells pellets 

of the cave reservoir, Lake Karum, the salt plain and a culture of Haloferax after contact with 

a hypersaline, hyperacidic solution mimicking the physicochemical conditions of Dallol brines, 

even when trying to rapidly neutralize the acidity with basic solutions. Nevertheless, the high 

salinity and the complex and poorly-known chemistry of the Dallol brines possibly also play a 

role, for example through the abundant presence of chaotropic salts (e.g., FeCl2, FeCl3, 

MgSO4) (Belilla et al. 2019; Kotopoulou et al. 2019) that can disrupt cell membranes and 

facilitate acid attack on DNA. It has recently been shown that another chaotropic salt, sodium 

perchlorate, is formed under high UV irradiation of NaCl in presence of silica (Carrier and 

Kounaves 2015), conditions which are prevalent in Dallol. The very high chaotropicity of Lake 

Gaet’ale and the Black Lake area may also be a major driver of the DNA degradation in those 

brines. Environmental DNA degrades faster in environments with either high temperature, 

exposed to strong UV irradiation, and acidic pH than other physicochemical settings (Strickler, 

Fremier, and Goldberg 2015), conditions which are reunited in Dallol and their surroundings. 
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7.4 Implications of our work in other research fields such as astrobiology and the study 

of the origin and evolution of life 

 

An important issue regarding the search for traces of life in extreme environments, the 

fossil record and other terrestrial bodies is the interpretation of biomorphs. Biomorphs are 

organic or inorganic structures whose shape resembles that of living organisms, in our case 

microorganisms. The contrasting conclusions of Gomez et al (2019) and ours about the nature 

of silicate nanospheres of the Dallol dome illustrate how biomorph observations can be 

confusing. We assume that this interpretation bias can be reduced by thoughtful cross-

analyses to assess the presence of life and its nature, including positive control observations 

with similarly expected cells, paying attention to the mineralogy of the geological area and by 

checking the confounding abiotic biomorphs. This may also apply to astrobiology. 

Biocontamination is also one of the major issues in the search of life beyond Earth, which is 

why Planetary Protection rules impose very strict sterilization procedures for rovers destined 

to land on planets of astrobiological interest such as Mars (National Research Council 2006). 

We expect that developing robust protocols for interpreting the microbial composition of 

extreme environments on Earth can potentially help the search for life on other planets. 

 

I will conclude by quoting a common idea: “[…]in the past few decades we have come 

to realize that where there is liquid water on Earth, virtually no matter what the physical 

conditions, there is life” (Rothschild and Mancinelli 2001). This “where is water there is life” 

adage is widespread especially in the astrobiology field, along with the “follow the water” one 

(Pohorille and Pratt 2012). While it is true that water is a necessary condition for life (Ball 2008; 

Bergethon 2010) our study of the Dallol hydrothermal ponds, Lake Gaet’ale and Black Lake 

argues that it is not a sufficient condition for life. The known physicochemical limits of life 

should be considered to maximise the chances to find life beyond Earth.  
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8. Conclusion 
 

Before this study, there were several doubts regarding the possibility for microorganisms to 

thrive in a combination of hypersaline, hyperacidic (and eventually high temperature) 

conditions. There were also only a few studies attempting to describe the composition of 

microbial communities along the salinity-acidity gradient. My PhD project centred on the 

prospection of microorganisms in the polyextreme environments of Dallol and its 

surroundings in the Danakil depression of Ethiopia, which display within a radius of few 

kilometres range a wide array of polyextreme hypersaline-acidic-hot conditions. 

 

The major outcomes of our work are listed below: 

 

1. The microbial communities in hypersaline (≥30%), mildly acidic (pH 4.2 to 6) 

environments are dominated by a surprisingly wide diversity of Archaea when the 

dominant salt is NaCl (the Lake Karum, the salt plain, the cave reservoir, the Western 

Canyons Lakes). The higher the salinity and the acidity, the greater the proportion of 

archaea (especially nanohaloarchaea) among prokaryotes. 

 

2. Based on their co-occurrence and microscope observations, our study supports the 

dependency of nanohaloarchaea cells to a haloarchaea host and suggest it may be a 

parasitic interaction.  

 

3. Regardless of temperature, little or no DNA could be amplified from the samples from 

the most polyextreme sites of the Danakil depression (salinity 20% to >50% with a high 

concentration of Fe2+/Fe3+ or Ca2+/Mg2+ salts and pH -1.5 to 3.5). 

 

4. Two physicochemical barriers limiting for life are identified in the presence of water in 

the Dallol area: 1) the combination of hyperacidity and hypersalinity (possibly 

combined with the high heavy metal concentration and some sterilizing chemical 

components) for the Dallol dome itself, and the chaotropicity/water activity/ionic 

strength values for Lake Gaet’ale and the Black Lake. 

 

5. The absence of life in the Dallol dome hydrothermal ponds, Lake Gaet’ale and the Black 

Lake makes them especially sensitive to biocontamination (through the bioaerosols 

on-site and during laboratory experiments) for the interpretation of results, though 

their physicochemical properties may get rid of most of it. 

 

6. We propose, through our different studies (section 4.3, 5.3, 6.3) a rigorous protocol to 

discriminate endogenous and exogenous DNA, as well as cells and biomorphs. 



SUMMARIESA Dallol dome active grey chimney
© DEEM Team
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L’exploration des communautés microbiennes le long des gradients physicochimiques 

poly-extrêmes de Dallol et de ses environs  

Résumé de thèse en français 

 

Introduction 
 

 Bien que les microorganismes soient les plus petites formes de vie existantes, 

collectivement ils représentent au moins la seconde plus grande source de biomasse sur Terre 

(Bar-On, Phillips, and Milo 2018). Leur présence n’a pourtant été révélée qu’au XVIIème siècle 

grâce à des observations au microscope (Leeuwenhoek 1705; Hooke 1665; Lane 2015). Leur 

découverte a aussitôt ouvert la question de leur nature, à une époque où les êtres vivants 

étaient classifiés essentiellement sur des critères morphologiques. Ce n’est qu’à partir du 

XXème siècle que les progrès scientifiques et techniques ouvrent la possibilité de faire des 

phylogénies à partir de marqueurs moléculaires, permettant de révéler que les organismes 

seraient séparés en trois grands domaines : les eucaryotes, les bactéries et les archées (Woese 

and Fox 1977; Woese, Kandler, and Wheelis 1990). 

  

Le domaine des archées a longtemps été perçu comme étant constitué essentiellement 

d’extrêmophiles, c’est-à-dire d’organismes vivant dans des conditions physicochimiques se 

rapprochant des limites connues de la vie. On sait aujourd’hui que les archées sont également 

présentent dans les environnements non-extrêmes, néanmoins elles sont surreprésentées 

dans les environnements extrêmes et dominent dans nombres d’entre eux (Schmid, Allers, 

and DiRuggiero 2020), dont : 

• Les environnements hypersalés (>5% de sel), où vivent des organismes dits halophiles  

• Les environnements acides (pH 3-5) et hyperacides (pH<3), où vivent des organismes 

dits acidophiles.  

• Les environnements chauds (>60 °C) où vivent des organismes dits thermophiles 

 

Parmi les nombreuses motivations derrière l’étude des extrêmophiles, on peut citer des 

applications biotechnologiques de certaines biomolécules découvertes chez ces organismes 

(Saiki et al. 1988). De par la nature extrême des environnements pollués, certains 

extrêmophiles intéressent également les secteurs de bioremédiation (dépollution) (Sara 

Parwin Banu et al. 2003; Kang et al. 2015). Les premiers fossiles microbiens, des stromatolites, 

dateraient d’environ 3.5 milliards d’années, même si la biogénicité des traces les plus 

anciennes reste à prouver (Walter, Buick, and Dunlop 1980; Schopf and Packer 1987; Brasier 

et al. 2002). A cette époque, l’activité volcanique et l’hydrothermalisme étaient plus présents 

qu’aujourd’hui et les océans étaient supposés être environ trois fois plus salés et 

potentiellement plus riches en certains métaux (Knauth 2005; Oremland et al. 2009; Albarede 

et al. 2020). Etudier les extrêmophiles peut donc apporter des clés pour mieux comprendre 

les conditions d’émergence de la vie et certains paléoenvironnements. Enfin, les limites de la 

vie sur Terre et ses conditions d’apparition intéressent fortement des domaines comme 
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l’exobiologie afin de mieux guider la recherche de planètes susceptibles de renfermer ou 

d’avoir pu renfermer la vie (Merino et al. 2019). 

 

Malgré l’importance des extrêmophiles et le progrès des connaissances à leur sujet ces 

dernières décennies, certaines incertitudes persistent, en particulier concernant les 

polyextrêmophiles (organismes adaptés à plusieurs paramètres physicochimiques extrêmes). 

On sait en effet peu de choses sur la composition des communautés microbiennes dans les 

milieux hypersalés le long du gradient de pH jusqu’à 1.5 (Mormile, Hong, and Benison 2009; 

Escudero et al. 2013; Harrison et al. 2013; Zaikova et al. 2018; Johnson et al. 2015), et l’on 

ignore tout de la viabilité d’environnements à pH < 1.5 et à saturation de sel. A noter qu’on 

ignore également l’impact sur ces gradients de la température.  

 

C’est dans ce contexte qu’interviennent les sites de nos études. Le désert de sel de la 

dépression de Danakil en Ethiopie se situe à la confluence de trois plaques tectoniques dans 

le rift Est Africain (López-García et al. 2020). Au milieu de cette zone géologiquement active, 

le dôme géothermal de Dallol et ses environs offrent une rare combinaison de paramètres 

physicochimiques, alliant forts taux de sels (20 à 78%, riches en Mg2+/Ca2+ ou en 

Na+(/Fe2+/3+)) et des pH neutres à négatifs (~6 à -1.5) (Tableau 1). Par conséquent, 

l'ensemble de ces sites constituent un bon modèle pour étudier les limites de la vie et les 

différentes communautés microbiennes potentielles le long de ces gradients de conditions et 

ses explorer ses limites ( 

 

 

 

Tableau 2) le long de ces gradients de salinité, température et acidité rares et uniques. 

Au moment de la première expédition de notre équipe (janvier 2016), il y avait peu de 

littérature sur la composition chimique de ces différents sites et aucune étude microbienne 

n'avait encore été effectuée. 

 

Tableau 1 | Température, pH et salinité moyennes et écarts-type des principaux sites de Dallol et de 

ses environs 

 Température (°C) pH Salinité (%) 

Dôme de Dallol 52,13 ± 31,00 -0,53 ± 0,32 38 ± 9 

Yellow Lake (Gaet’ale) 39,20 ± 1,60 1,80 ± 0,20 >50 

Black Lake 68,13 ± 7,13 2,92 ± 0,50 76 

Western Canyons Lakes 29,56 ± 0,64 4,96 ± 0,10 32 ± 3 

La grotte des canyons de 

sels 
25,50 ± 3,50 6,25 ± 0,30 30 

La plaine de sel active 29,3 4,21 20 

Le Lac Assalé (Karum) 27,18 ± 3,95 6,65 ± 0,08 25 ± 6 
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Tableau 2 | Limites de la vie actuellement connues susceptibles d’être rencontrées dans les 

environnements de Dallol et ses environs. 

 Plage d’habitabilité Références 

Température -15°C ↔ 122°C (Mykytczuk et al. 2013; 

Takai et al. 2008) 

pH ~0 ↔ 11,4 (Schleper et al. 1996; 

Sturr, Guffanti, and 

Krulwich 1994) 

Salinité (NaCl) ≤350 (g/L) (Bodaker et al. 2010; 

Antón et al. 2000) 

Activité de l’eau ≥0,585 (Stevenson et al. 2017; 

2015) 

Chaotropicité ≤87,3 (kJ/kg) (Hallsworth et al. 2007) 

Force ionique ≤12,141 (Fox-Powell et al. 2016) 

 

Objectifs 
 

Ma thèse était motivée par le questionnement suivant :  

Quelles sont les communautés microbiennes de ces environnements hypersalés, 

(hyper)acides et éventuellement chauds ? Y a-t-il de la vie en-deçà de la limite de pH 1.5 pour 

les environnements saturés en sel ? 

 

Matériel et méthodes 
 

Au total, trois expéditions sur le terrain entre 2016 à 2019 ont permis de collecter 235 

échantillons (liquides, solides, filtres) à partir de 95 points d’échantillonnage provenant de 6 

sites majeurs et de leurs environs : le dôme de Dallol, le lac Gaet’ale (aussi nommé Yellow 

Lake, YL), le Black Lake (BL), la grotte (Gt) des canyons de sels, la plaine de sel (PS), le lac Karum 

(aussi nommé lac Assalé, Ass) et les Western Canyons Lakes (WCL). Ces échantillons ont passé 

une série d’analyses pour caractériser leur environnement d’origine, déterminer la présence 

ou absence de vie et la diversité microbienne associée. Ces analyses sont résumées dans la 

Figure 1. 
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Figure 1 | Schéma résumant les différentes analyses appliquées aux échantillons de Dallol et de ses 

environs au cours de cette thèse 

 

Les communautés microbiennes de Dallol et de ses environs 
 

Notre première étude concernait les campagnes d’échantillonnage exploratoires de 

2016 et de 2017. Les échantillons proviennent de l’ensemble des sites présentés plus tôt à 

l’exception des Western Canyons Lakes, qui n’ont été échantillonnés qu’en 2019. Comme 

évoqué plus haut, ces échantillons présentent une chimie très variée avec des gradients 

d’acidité, de température et de salinité extrêmement larges. 

 

Ces échantillons étaient donc le support idéal pour se poser les questions suivantes :  

1) Peut-on détecter la vie microbienne le long des gradients physicochimiques multi-

extrêmes de Dallol et de ses environs ?  

2) Si oui, quelles sont les communautés microbiennes que nous allons y trouver ?  

 

Au total pour cette étude, 183 échantillons dans plus de 63 points d’échantillonnage 

ont été récoltés. Dans les sites les moins extrêmes (la plaine salée, le lac Karum et la grotte), 

une grande diversité de micro-organismes halophiles a été trouvée. Les archées étaient 

dominantes (90 %) par rapport aux bactéries (10 %). Au sein des archées, les principaux phyla 

étaient les Halobacteria (56-84% du total des séquences procaryotes) et les 

Nanohaloarchaeota (1-15% du total des séquences procaryotes). En revanche, les amplicons 

n'ont été obtenus qu'après une PCR semi-nichée pour les échantillons les plus multi-extrêmes 

(le dôme hydrothermal de Dallol, les Yellow et Black Lakes), ce qui atteste de la très faible 

concentration d'ADN dans ces échantillons. Après nettoyage des séquences contaminantes 

dans les amplicons de PCR semi-nichées, les séquences restantes ont été identifiées. Celles-ci 

étant identiques ou similaires à certaines OTUs trouvées dans les endroits les moins multi-
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extrêmes, nous suspectons qu’il s’agit en fait d’organismes exogènes transportés des 

alentours jusqu’au dôme par le vent (bioaérosols). Ces résultats sont conformes aux 

observations au microscope et aux tentatives de détection d’ADN avec l’analyse 

multiparamétrique du cytomètre de flux. Les résultats de cette étude sont résumés dans le 

Tableau 3.  

 

Tableau 3 | Synthèse des résultats de chaque type d'analyse par zone d’échantillonnage. Fond vert : 

détection d'une grande diversité d'halophiles. Fond jaune : contamination microbienne locale 

(dispersion) suspectée. Fond rouge : aucune trace de vie détectée. 

 Plaine de sel 

Grotte 

Lac Karum (Assalé) 

Sources 

hydrothermales 

de Dallol 

Lac Gaet’ale 

(Yellow Lake) 

Black Lake 

Microscope 

(optique, MEB) 

Cellules observées, 

parfois avec 

(bio?)minéralisation 

Pas de cellules 

observées, 

présence de 

biomorphes 

Pas de cellules 

observées, 

présence de 

biomorphes 

Pas de cellules 

observées 

Séquençage 

(Sanger, Illumina) 

and analyses 

90% archées 

10% bactéries 

Concentration 

d’ADN faible, 

dispersion 

aérienne 

suspectée 

Concentration 

d’ADN faible, 

dispersion 

aérienne 

suspectée 

Rien après retrait 

des contaminants 

de laboratoire 

Cytométrie en flux 

(Analyse 

multiparamétrique 

et tri) 

ADN détecté et 

populations triées sur 

filtre 

Pas d’ADN 

détecté, pas de 

cellules sur les 

filtres 

Pas d’ADN 

détecté, pas de 

cellules sur les 

filtres 

Non testé 

(viscosité trop 

élevée) 

Cultures 

(enrichissement, 

isolation) 

Enrichissements 

réussis ; 1 isolation 

réussie 

Pas de croissance Pas de croissance Pas de croissance 

 

L'analyse en composantes principales (Figure 2) montre que le Yellow Lake et le Black 

Lake sont caractérisés par une forte concentration en sels de magnésium et de calcium, ce qui 

entraîne leur faible activité de l'eau ainsi que leur forte chaotropicité et force ionique. Nous 

avons estimé que l'absence de vie dans ces deux environnements est liée à leur composition 

et leur concentration en sels, causant des valeurs inhospitalières d'activité de l'eau (Stevenson 

et al. 2015; 2017), de chaotropicité (Hallsworth, Heim, and Timmis 2003; Hallsworth et al. 

2007; Cray et al. 2013) et de force ionique (Fox-Powell et al. 2016). Les sources 

hydrothermales du dôme de Dallol, au contraire, sont caractérisées par une forte 

concentration de sels de sodium (NaCl) qui sont kosmotropes. Malgré leur forte teneur en 

chlorure de fer ou chlorure ferreux, elles restent dans la fourchette des paramètres habitables 

(Table 2). Nous interprétons que la combinaison d'hypersalinité (40% en moyenne) et 

d'hyperacidité (pH négatif) constitue la principale barrière à la vie dans ces bassins, même si 

nous ne pouvons pas exclure que d’autres facteurs de la chimie locale (ex : la forte teneur en 

métaux lourds) jouent également un rôle dans leur stérilité. 
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Figure 2 | Analyses en composantes principales des échantillons liquides de la région de Dallol en 

fonction de leur composition chimique (à gauche) et de leurs paramètres physico-chimiques 

potentiellement limitant la durée de vie (à droite). Les seuls échantillons où la vie a pu être détectée 

avec certitude sont la plaine salée, le réservoir de la grotte et le lac Assale/Karum. Les deux principales 

barrières de la vie identifiées sont représentées schématiquement pour les échantillons de Dallol et 

les échantillons des Yellow Lake (Gaet’ale) et Black Lake. 

Biocontamination et biomorphes : l’hypothèse de la contamination par 

les bioaérosols 
 

Lors de notre seconde étude, nous nous sommes penchés davantage sur l’hypothèse 

de dispersion locale de microorganismes. Une source potentielle de contamination pourrait 

être les bioaérosols. Nous avons donc voulu répondre à deux questions :  

1) Peut-on effectivement détecter des microorganismes dispersés par le vent sur le 

terrain. 

2) Si oui, correspondent-ils aux microorganismes détectés à Dallol et au Yellow et Black 

Lake ?  

  

Nous avons donc collecté lors de la campagne de 2019 des bioaérosols au niveau du 

dôme de Dallol et du camp de manière passive, avec des filtres exposés à l’air libre, et active 

avec une pompe manuelle. L'extraction de l'ADN de ces bioaérosols ont montré qu'ils 

contenaient une majorité de bactéries (99%) dont la plupart ne sont pas halophiles, et très 

peu d'archées (1%) dont des Halobacteria et Nanohaloarchaeota (Figure 3). Cette domination 

de la fraction bactérienne contraste avec les sites où la vie a été identifiée précédemment (où 

les archées halophiles sont dominantes) et rappelle fortement ce qui a été trouvé dans les 

contaminants de PCR de la première étude (Belilla et al. 2019). Les quelques séquences de 

haloarchées des bioaérosols sont très similaires aux OTUs de la plaine salée et du lac Assale, 

ce qui soutient l'idée qu'ils puissent être transportés depuis ces endroits par le vent. Au cours 
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de l'expérience FISH, aucune trace de cellule n'a été détectée sur les filtres de Dallol, tandis 

que des associations cellulaires qui pourraient correspondre à une interaction parasitaire 

entre nanohaloarchées (parasite) et haloarchées (hôte) ont été observées sur l’échantillon 

témoin (la plaine de sel).  

Dans les endroits où les communautés microbiennes sont déjà établies, l’impact de 

l’apport exogène peut être négligeable, mais dans les endroits où la biomasse est très faible, 

inexistante ou inactive (comme c'est le cas dans certains environnements multi-extrêmes 

comme Dallol) son influence peut être plus importante et doit être prise en compte pour une 

meilleure interprétation des résultats.  

Malgré l’apport exogène vraisemblablement non négligeable, il reste très difficile 

d'amplifier l'ADN dans les sites les plus extrêmes de la zone de Dallol. Nous montrons dans 

cette étude que l’ADN des cellules exogènes qui entrent en contact avec Dallol est presque 

instantanément totalement dégradé. Nous émettons l’hypothèse que la combinaison de 

salinité et d’acidité dans les sites les plus extrêmes (et/ou la forte chaotropicité, pour le Yellow 

Lake et le Black Lake) sont à l’origine de la lyse de l’ADN, mais il est possible que certains 

constituants chimiques par exemple, des perchlorates qui pourraient être présents à Dallol 

(Wadsworth and Cockell 2017; Cavalazzi et al. 2019) jouent également un rôle stérilisateur. 

Dans l'ensemble, ces résultats confirment les conclusions de notre étude précédente, 

à savoir l'absence de microorganismes endémiques dans les sources de Dallol, le Yellow Lake 

et le Black Lake, tout en attirant l'attention sur l'importance de contrôles approfondis pendant 

les expériences afin d'éviter les biais d'interprétation 

 

Les Western Canyons Lakes : plus proches des limites de la vie 
 

Les conditions physicochimiques entre les écosystèmes les moins multi-extrêmes (la 

plaine de sel, le lac Assalé et la grotte) et les environnements stériles les plus multi-extrêmes 

(les sources de Dallol, le Yellow Lake et le Black Lake) sont radicalement différentes, et il y a 

peu d'intermédiaires, à l'exception de l'échantillon unique PS3 (un canal d’eau éphémère du 

désert de sel à l’odeur de sulfure d’hydrogène). Notre dernière étude souhaitait donc 

répondre aux questions suivantes :  

1) Peut-on affiner les limites de la vie précédemment identifiées ? 

2) Comment évoluent les communautés microbiennes lorsque l’on se rapproche 

davantage de ces limites ? 
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Non loin du le versant ouest du dôme de Dallol, à proximité d'une élévation appelée la 

"Round Mountain", se trouvent des lacs dont la couleur jaune et le dégazage visible évoquent 

le Yellow Lake. Ces lacs, les Western Canyons Lakes (WCL), ont une salinité comprise entre 34 

et 41 % (p/v) et leur pH est d'environ 4,9, ce qui correspond aux valeurs intermédiaires 

recherchées de salinité et d'acidité. Ils sont visibles par satellite depuis au moins 2003, et leur 

première mention dans la littérature scientifique date du siècle dernier (Holwerda and 

Hutchinson 1968). Leurs conditions physico-chimiques et leur persistance dans le temps en 

font de bons candidats au chaînon manquant des gradients précédemment étudiés. 

 

 L'ACP (Figure 4, gauche) montre que le sel dominant dans les Western Canyons Lakes 

est le chlorure de sodium, à l’instar du Lac Assalé, de la grotte et la plaine de sel (avec lesquels 

ils se regroupent). Seul l'échantillon de WCL3 est plus riche en sels de calcium et de 

magnésium que les autres échantillons de la même série. D'un point de vue physico-chimique, 

parce qu'ils ont un pH plus acide et une concentration en sel plus élevée que le Lac Assalé et 

Figure 3 | Histogramme comparant la présence/absence des phyla d’archées et de bactéries ainsi 
que leur abondance relative (en pourcentage de séquences/amplicons) des échantillons de 
bioaérosols de la zone de Dallol en comparaison avec les sites où la vie a été identifiée dans notre 
première étude.  Les phyla qui représentaient <1% du total des lectures ont été classés dans les 
catégories "autres". Les catégories "incertain" sont celles pour lesquels le premier hit dans les bases 
de données est ≤90% identique à l'OTU.  
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la grotte (et par conséquent une activité de l’eau plus faible), les échantillons WCL se 

regroupent plus proche des limites de la vie définies dans Belilla et al. (2019). 

 

 

Figure 4 | Analyses en composantes principales de la composition chimique et de paramètres 

physico-chimiques de Dallol et de ses environs (panneau supérieur) et histogramme de la 

présence/absence et de la proportion relative d'archées et de bactéries dans les environnements 

moins multi-extrêmes, basé sur les données de metabarcoding du gène ARNr 16S (panneau 

inférieur). WCL : Western Canyons Lakes ; GT/Gt : grotte ; PS/PS3 : plaine de sel et pleine de sel active 

respectivement ; Ass/ASS : Lac Assalé.   

Une fois normalisée et comparée à d'autres échantillons, la proportion d'archées 

semble plus élevée dans les échantillons WCL que dans les échantillons moins multi-extrêmes 

ou que la PS3 (Figure 4, bas). Au sein des archées, la composition des phyla est très similaire 

dans tous les environnements étudiés, avec une majorité des séquences appartenant aux 

Halobacteria, suivi les Nanohaloarchaeota. Toutefois, l’on observe une plus grande proportion 

de Nanohaloarchaeota dans les échantillons de WCL. Une proportion plus élevée d’archées 

(et en particulier de nanohaloarchées) a déjà été corrélé avec l'augmentation de la salinité 
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dans des milieux plus alcalins (Ventosa et al. 2015; Menéndez-Serra et al. 2020). On sait peu 

de choses sur l'effet des gradients d'acidité sur les deux phyla, mais nous supposons que 

l'acidité joue également un rôle dans les changements observés. Ces changements de 

proportion pourraient indiquer une plus grande spécialisation des nanohaloarchées aux 

conditions les plus hypersalées par rapport à un comportement plus polyvalent des 

haloarchées, comme le suggèrent Menéndez-Serra et al. (2020). Le potentiel mode de vie 

symbiotique (Hamm et al. 2019; Cono et al. 2019) ou parasitaire (section 5.3) des 

nanohaloarchées peut également jouer un rôle dans ces changements.  

Les résultats ci-dessus confirment que les Western Canyons Lakes (pH ~5, salinité 34-

41%) sont plus proches des limites de la vie que les autres sites présentant de la vie dans les 

environnements de Dallol et de ses environs. Ils suggèrent que plus on se rapproche des 

limites de salinité et d’acidité de la vie, plus la proportion d’archées (et en particulier de 

nanohaloarchées) augmente. Trouver des environnements aux paramètres similaires aux à 

ceux d’où proviennent les échantillons WCL/PS3 permettrait d’affiner d’avantage les limites 

de la vie. Des études de métagénomique, métatranscriptomique et/ou de métaprotéomique 

de ces environnements permettraient de mieux comprendre l’écologie des espèces présentes 

et leurs mécanismes d’adaptation aux conditions multi-extrêmes. Enfin, des co-cultures de 

haloarchées et des nanohaloarchées provenant des alentours de Dallol permettraient 

déterminer la réelle nature de leur association supposée. 

 

Conclusion 
 

Avant cette étude, l’on savait peu de choses quant à la possibilité pour les micro-organismes 

de se développer dans une combinaison de conditions hypersalines, hyperacides (et 

éventuellement de température élevée). Seules quelques études ont tenté de décrire la 

composition des communautés microbiennes le long des gradients de salinité et d'acidité, 

sans répondre entièrement à la question. Mon projet de doctorat s'est concentré sur la 

prospection de micro-organismes dans les environnements multi-extrêmes de Dallol et de ses 

environs dans la dépression de Danakil en Éthiopie, qui présentent dans un rayon de quelques 

kilomètres un large éventail de gradients de salinité-acidité-température. 

 

Les principaux résultats de notre travail sont énumérés ci-dessous : 

 

1. Les communautés microbiennes dans les environnements hypersalés (≥30%) et 

légèrement acides (pH 4,2 à 6) sont dominées par une diversité étonnamment grande 

d'archées halophiles (Halobacteria, Nanohaloarchaeota) lorsque le sel dominant est le NaCl, 

comme c’est le cas pour le Lac Assalé, la plaine de sel, le réservoir de la grotte, les Western 

Canyons Lakes. Plus la salinité et l'acidité sont élevées, plus la proportion d'archées (en 

particulier de nanohaloarchées) parmi les procaryotes est importante. 
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2. Sur la base de leur co-occurrence et d’observations au microscope, nos études 

soutiennent l’hypothèse la dépendance des nanohaloarchées à des hôtes haloarchées et 

suggère qu'il pourrait s'agir d'une interaction parasitaire.  

 

3. Indépendamment de la température, il n’y a pas ou peu d'ADN détectable dans les 

échantillons provenant des sites les plus polyextrêmes de la dépression de Danakil (salinité de 

20% à >50% avec une forte concentration de sels Fe2+/Fe3+ ou Ca2+/Mg2+ et pH de -1,5 à 3,5). 

 

4. Deux barrières physico-chimiques limitant la vie sont identifiées malgré la présence 

d'eau liquide (condition nécessaire à la vie) dans la région de Dallol : 1) la combinaison de 

l'hyperacidité et de l'hypersalinité (éventuellement associées à la forte concentration en 

métaux lourds et à certains composants chimiques stérilisants) pour le dôme de Dallol lui-

même, et 2) les valeurs de chaotropicité, d’activité de l'eau et de force ionique pour le Yellow 

Lake et le Black Lake. 

 

5.  Cela montre que la présence d’eau, même si elle est une condition nécessaire à la vie, 

n’est pas une condition suffisante à sa présence. 

 

6. L'absence de vie dans les bassins hydrothermaux les plus multi-extrême (dôme de 

Dallol et des Yellow et Black Lakes) les rend particulièrement sensibles à la biocontamination 

(par les bioaérosols sur place et lors des expériences en laboratoire) pour l'interprétation des 

résultats, bien que leurs propriétés physico-chimiques puissent en éliminer la plus grande 

partie. 

 

7. Nous proposons, à travers nos différentes études, un protocole rigoureux pour 

discriminer l'ADN endogène et exogène, ainsi que les cellules et les biomorphes. 
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Parmi toute la diversité microbienne des trois domaines du vivant, une fraction des microorganismes (en particulier certaines Archées) s’est adaptée 

aux conditions les plus extrêmes. La plupart des environnements extrêmes se caractérisant par de multiples facteurs de stress, une partie des 

extrêmophiles sont en réalité polyextrêmophiles. Néanmoins, il n’y a pas de microorganismes connus adaptés simultanément à un pH très faible 

(<1.5) ainsi qu’une très forte salinité (et éventuellement une forte température). Soit il n'existe pas d'adaptations moléculaires capables de supporter 

certaines combinaisons de pH et de salinité, soit ces incertitudes sont liées au fait que les environnements hyperacides et hypersalés (et chauds) 

sont rares et inexplorés. Le désert de sel de la dépression de Danakil en Ethiopie se situe à la confluence de trois plaques tectoniques dans le rift Est 

Africain. Au milieu de cette zone géologiquement active, le dôme géothermal de Dallol et ses environs offrent une rare combinaison de paramètres 

physicochimiques, alliant forts taux de sels (20 à 78%, riches en Mg2+/Ca2+ ou en Na+(/Fe2+/3+)) et des pH neutres à négatifs (~6 à -1.5). Par 

conséquent, l'ensemble de ces sites constitue un bon modèle pour étudier les communautés microbiennes le long de ces gradients rares et uniques. 

Au cours des quatre dernières années, nous avons collecté 235 échantillons au niveau des différents sites de Dallol et ses alentours. Des mesures 

physicochimiques in situ et ex situ nous ont permis de caractériser chaque environnement et d’estimer son habitabilité théorique. Nous avons ensuite 

procédé à la purification d’ADN des échantillons, amplifié et séquencé les gènes d'ARNr 16S/18S afin de caractériser la diversité microbienne que 

nous avons comparée à des bases de données et classée phylogénétiquement. Nous avons également complété notre étude par des 

analyses/observations au cytomètre de flux au microscope (optique, électronique à balayage et confocal). Les environnements hypersalés (~30% de 

NaCl) et légèrement acides (pH 4-6) ont montré une diversité de microorganismes très élevée, dominée par les Archées (80% du total des séquences) 

en particulier des phyla Halobacteria et Nanohaloarchaeota, fréquemment associés dans les milieux hypersalés. Nous avons pu constater que 

l’augmentation de l’acidité et la salinité s’accompagnait de l’augmentation de la proportion d’archées (en particulier de Nanohaloarchaeota). Une 

meilleure adaptation d’archées halophiles par rapport aux bactéries pourrait expliquer leur prévalence. Quant aux nanohaloarchées, leur 

augmentation pourrait être lié à leur rôle suspecté d’ectosymbiontes de haloarchées : dans le cas d’une relation mutualiste, ils pourraient favoriser 

l’adaptation de leur hôte aux conditions plus extrêmes ; dans le cas d’une relation parasitaire, des conditions environnementales plus difficiles pour 

l’hôte pourrait favoriser le parasitisme. Aucune trace de vie microbienne n'a été trouvée dans les environnements les plus polyextrêmes (salinité 20-

78%, pH -1 à 3). Pour certains sites, nous interprétons que les valeurs de chaotropicité, d'activité de l'eau et de force ionique liés à la composition et 

concentration de sels (minimum 50%, riches en Mg2+/Ca2+) sont limitantes pour la vie microbienne. Pour d'autres, comme le dôme de Dallol, la 

combinaison d'hypersalinité et d'hyperacidité (pH~0) pourraient le rendent inhospitalier, sans exclure d’éventuels composés chimiques stérilisateurs. 

Les environnements avec une biomasse faible ou absente étant sensibles à la biocontamination, nous avons tâché d’estimer l’impact de cette 

biocontamination sur l’étude des sites multi-extrême de Dallol et de ses environs. Nous proposons ainsi un protocole rigoureux, basé sur l’utilisation 

d’analyses croisées et de témoins positifs/négatifs dans toutes nos expériences afin de séparer l’ADN endogène et exogène, et de distinguer les 

cellules des biomorphes abiotiques dans nos échantillons. 
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From the vast microbial diversity of the three domains of life, a fraction of microorganisms (in particular some Archaea) have adapted to the most 

extreme conditions. Since extreme environments are usually characterised by multiple stressors (e.g. hot and acidic hydrothermal springs, saline and 

alkaline lakes, etc.), some extremophiles are in fact polyextremophiles. Nevertheless, there is no microorganism known to be adapted simultaneously 

to a very low pH (<1.5) and high salinity (and possibly high temperature). Either there are no molecular adaptations capable of withstanding certain 

combinations of pH and salinity, or this absence is related to the rarity of hyperacidic and hypersaline (and hot) environments, leaving them 

unexplored. The salt desert of the Danakil Depression (Afar region) in Ethiopia lies at the confluence of three tectonic plates in the East African Rift. 

In the middle of this geologically active zone, the Dallol geothermal dome and its surroundings offer a rare combination of physicochemical 

parameters, with high salt levels (20 to 78%, rich in Mg2+/Ca2+ or Na+(/Fe2+/3+)) and neutral to negative pH values (~6 to -1.5). Therefore, these 

sites provide a good model for studying microbial communities along these rare and unique gradients. Over the last four years, we have collected 

235 samples (solids, liquids, plankton biomass) from the different sites on the Dallol dome and around it. In situ and ex situ physicochemical 

measurements enabled us to characterise each environment and estimate their theoretical habitability based on previously known life-limiting 

conditions. We proceeded to DNA purification of the samples and then amplified and sequenced 16S/18S rRNA genes in order to characterize the 

microbial diversity, which we compared with databases and classified phylogenetically. We also completed our study by using a flow cytometer (for 

multiparametric analysis), and microscope observations (optical, scanning electron and confocal laser scanning). Hypersaline (~30% salts, dominated 

by NaCl) and slightly acidic (pH 4-6) environments showed a very high diversity of microorganisms, dominated by Archaea (at least 80% of the total 

sequences) in particular Halobacteria and Nanohaloarchaeota, frequently associated in hypersaline environments. We observed that the increase in 

acidity and salinity was associated with an increase in the proportion of Archaea (especially Nanohaloarchaeota). A better adaptation of halophilic 

archaea compared to bacteria could explain their prevalence. Concerning nanohaloarchaea, their higher proportion could be linked to their suspected 

role as haloarchaea ectosymbionts: in the case of a mutualistic relationship, their association could favour the adaptation to more extreme conditions; 

in the case of a parasitic relationship, the rise of acidity and salinity may weaken the host and increase the parasite prevalence. No trace of microbial 

life has been found in the most polyextreme environments (salinity 20-78%, pH -1 to 3). For some sites, we interpret that the chaotropicity, water 

activity and ionic strength values related to the composition and concentration of salts (minimum 50%, rich in Mg2+/Ca2+) are limiting for microbial 

life. For others, such as the Dallol dome, it could be the combination of hypersalinity and hyperacidity (pH~0) that make it inhospitable, without 

excluding the possible presence of sterilising chemical compounds. As environments with low or absent biomass are sensitive to biocontamination 

(local or laboratory), we have also tried to estimate the impact of this biocontamination on the study of the multi-extreme sites of Dallol and its 

surroundings. We thus propose a rigorous protocol, based on the use of cross-analyses and positive/negative controls in all our experiments in order 

to separate endogenous and exogenous DNA, and to distinguish cells from abiotic mineral biomorphs in our samples. 
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