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Preface

The Central Andean Altiplane, named Altiplane, (Bolivia and Peru), Atacama 
(Chile) or Puna (Argentine), represents a unique extreme environment since its 
locations are in high-altitude, closed basins that modulate salars and saline wetlands 
surrounded by deserts, largely influenced by volcanic activity. UV radiation, arsenic 
content, high salinity, alkalinity, and low dissolved oxygen content, together with 
extreme daily temperature fluctuations and oligotrophic conditions, shape an envi-
ronment that recreates the early Earth and, even more, extraterrestrial conditions. 
The discovery of living microbialites and microbial mats in 2009 has increased the 
interest in this area as an early Earth counterpart.

Extreme microbial ecosystems thrive in different central Andean environments, 
such as salars, wetlands, lakes, volcanoes, hydrothermal vents, geysers, and desert 
soils. In this book we present the state of knowledge of these amazing ecosystems 
as a basis of their integral protection.

The book is divided into chapters grouped into parts per environments and their 
main microbial ecosystems.

The first part (Part I) includes a geographic and geological description of the area 
and the general considerations of microbial systems in Andean lakes. From there, 
the book is divided into environments and the most relevant microbiological ecosys-
tems studied in each one. Part II starts with the lithobiontic microbial colonization 
found in the Atacama Desert, and its microbiology, biosignatures, and Vegas associ-
ated microbiology. Part III discusses the microbial life found at the highest Andean 
active volcanoes Socompa and Lluillaillaco (above 6000  m  a.s.l.) and the 
Metagenomics approaches performed in Gaylussyte attached biofilms at Diamante, 
an extreme alkaline arsenic content lake placed in the Caldera of the Galán 
Supervolcano (4650 m a.s.l.). Part IV involves microbial ecosystems found in Salar 
and Salars wetlands. It includes studies of the rare biosphere at Salar de Huasco 
(3800 m a.s.l.), followed by Salar de Atacama where endoevaporite and microbial 
mat systems formed mainly of Archaea at Laguna Tebenquiche (2000  m  a.s.l.). 
Updated knowledge of the endoevaporitic and mat systems and the metagenome 
analyses of Llamara (800 m a.s.l.) at Salar de Puquios is also included. The part will 
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finish with a general overview of the halophile diversity of the main Argentinean 
and Chilean Andean Salars.

Part V contains updated knowledge of the amazing modern microbialites at 
Altiplano lakes, including new findings about Laguna Negra’s Oncolites 
(4500 m a.s.l.) and Socompa and La Brava’s microbialites.

Part VI includes an integral prospection of the Andean microbial ecosystem 
project implemented during the past 10 years in Argentine, Chile, and Bolivia. In 
addition, strategies that these microbial ecosystems developed to cope with 
extreme conditions, such as arsenic resistance and resistant genes dispersion by 
mobile elements, are discussed.

Tucumán, Argentina María Eugenia Farías 
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Chapter 1
Origin and Evolution of the Central Andes: 
Deserts, Salars, Lakes, and Volcanoes

Ricardo N. Alonso and Walter Rojas

1.1  Introduction

The Central Andes region has received great attention since the plate tectonics para-
digm was introduced. Many international researchers have been attracted to investi-
gate this young and active orogen, which is still evolving and where exogenous and 
endogenous phenomena interact and can be analyzed in situ. This is a place of tec-
tonics and volcanism versus the climate. It is a natural laboratory in which to inves-
tigate oceanic plate subduction underneath a continental plate. This provides an 
analogous comparison with old range systems such as the Laramide in the USA or 
with modern collisional orogens such as the Himalaya and the great Himalayan 
Plateau in Tibet. French universities have preferentially worked in Bolivia and Peru, 
whereas Germans and Americans have worked generally in Chile and Argentina. 
Many congresses, symposia, and doctoral thesis have been published, along with 
thousands of articles in scientific journals. In the Andes in the north of Argentina 
and Puna, there were two main stages. The first one was run by Cornell University 
(Ithaca, NY, USA), through the Institute for the Study of the Continents (INSTOC), 
and the second one was run by Potsdam University (Potsdam, Germany). The turn-
ing point in the understanding of the origin and evolution of the Andes came in the 
classic paper by Isacks (1988), followed by a paper by Allmendinger et al. (1997). 
The German research is well represented by Oncken et al. (2006) and Strecker et al. 
(2007). Such publications and their references represent a synthesis of all that has 
been achieved.
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1.2  Noncollisional Orogen

The Central Andes is the result of the interaction between the Nazca oceanic plate 
and the South American continental plate. This interaction has produced subduc-
tion, which means the sinking of the oceanic plate underneath the continental plate. 
It is very interesting to note that the Central Andes conformation is due to the plate 
dipping angle, which is around 30°E. That angle drives the plate to reach deeper 
regions with a temperature of 1200 °C, where it is smelted, and the magma reaches 
the surface via volcanoes. Moreover, the crust is heated, so it can be easily deformed. 
This heating produces crust shortening, generating an orogenic formation 
(Allmendinger et al. 1983; Jordan et al. 1983; Jordan and Alonso 1987; Isacks 1988).

It is very different from other orogenic formations, such as the Himalaya, which 
is the result of a collision of two continents: India and Asia. Although it is true that 
today they are merged, in the past, India was a drift continent, which moved fast 
toward the north (by 16–19 cm/year) until it collided with Asia. From this tremen-
dous collision emerged the Himalaya, including Mount Everest and the extraordi-
nary high plateau of Tibet. So, whereas the Himalaya is the result of collisional 
orogenic building, the Central Andes is the result of noncollisional orogenic 
building.

The Himalayas were born from this amazing collision, and some of the peaks 
there reach a height of approximately 9  km above sea level (asl). Likewise, the 
Tibetan plateau was formed with large basins such as Qaidam, with an axis of 
1000 km. On the basis of its size, the Andes take second place in terms of both the 
height of its mountains and the extension of the Altiplano–Puna, which is about 
2000 km long. The Andean structure reaches 900 km at the latitude of Arica (Chile), 
where it has a deep inflection (an orocline or Arica elbow); this has led to all sorts 
of interpretations in search of an explanation for the peculiar tectonics (Fig. 1.1).

In the Pacific Ocean, there is an oceanic trench along the whole border of South 
America. The Peruvian–Chilean Ocean Trench reaches a depth of 8 km at the lati-
tude of Antofagasta, but approximately 200–300 km away, the Andean chain reaches 
around 7 km asl; thus, this is the biggest disruption of relief known on the Earth.

The continental crust reaches its maximum thickness (80  km) below Cerro 
Zapaleri, which is located between Argentina, Bolivia, and Chile. This is the thick-
est continental crust known on Earth. The depth at which earthquakes occur allows 
us to know the geometry of the subducted slab. The shallower hypocenters (at a 
depth of 60 km) are near the Pacific coast, while toward the center of the continent 
they are at a depth of above 400 km, giving the form of the sinking shape of the 
oceanic trench.

At the same time that the oceanic plate sinks, it heats up, and then it begins to 
evaporate and eventually melts. The formation of mineral deposits is linked to this 
process. Native sulfur appears through the sublimation of vapors in the volcanic 
crests, with belts of antimony, bismuth, and other metals from the internal circula-
tion of hydrothermal fluids. After erosion, many volcanoes show their old roots, 
which can contain copper deposits, such as Chuquicamata (the largest open-pit 
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mine in the world) or Cerro Rico de Potosí (a mountain that contains the largest 
geochemical concentration of silver in the world).

The oceanic plate sinking angle defines all of the genesis of the Andean forma-
tion. In the case of a lower angle, there is no plate melting, as occurs north and south 
of the Central Andes, where the subduction angle is almost horizontal, so volcanoes 
tend to disappear. There are shallow subduction zones or flat slab regions. For 

Fig. 1.1 The main morphotectonic units in the Andes and a cross-section of the Central Andes at 
25°S
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instance, if the angle were to steep, then the volcanoes would be very close to the 
Pacific coast and the rest of the Andean configuration would be very different.

1.3  Morphostructural Units

When observed from space, the Central Andes is a crescent-shaped chain, with the 
wider portion being in Bolivia and the narrowest areas being in Peru and Argentina. 
In a transversal cross-section of the Andes, from the Pacific coast to the eastern 
Gran Chaco, the following units can be recognized: the Cordillera de la Costa 
(Coastal Cordillera), Depresión Central (Central Depression), Cordillera de 
Domeyko (Domeyko Cordillera), Depresión del Salar de Atacama (Salar de Atacama 
Depression), Cordillera Volcánica (Volcanic Cordillera), Altiplano–Puna, Cordillera 
Oriental (Eastern Cordillera), Sierras Subandinas, and Llanura Chaco (Chaco Plain).

As described by the German geologist Werner Zeil, the Cordillera de la Costa is 
the greatest thickness of basaltic volcanic rocks in the world (15 km), formed during 
the Jurassic period. This is followed by the Central Depression, or Pampa de 
Tamarugal, containing deposits of nitrates and iodine in salt fields. Not only nitrates, 
but also large deposits of copper are found in this region. To the east is the Domeyko 
Cordillera and then the curious basin that contains the Salar de Atacama, which 
holds the largest concentration of common salt (sodium chloride) on the planet. 
Over millions of years, the natural concentration of salt water that was evaporated 
by the dry atmosphere has formed a thick layer of over 1 km of pure salt, which 
extends over an area of more than 3000 km2. The Atacama Basin also contains a 
lithium-rich deposit in the salt beds.

In the north of Argentina, there are some units between the Volcanic Cordillera 
and the Chaco Plain, which continues on to Paraguay. Another point to consider is 
that the Andean growth has blocked the access of eastern wet winds generated in the 
Amazon region, Mato Grosso, and the Gran Pantanal. This effect generates a wet 
face, with rainfall rates of thousands of millimeters per year (in the Bolivian Yungas 
and the Tucumano–Oranense rain forest), whereas to the west there is a diminution 
in the rainfall (Calchaqui Valley, Puna) until it reaches the Atacama Desert and the 
hyperarid desert of the Pacific coast, where exotic minerals are precipitated as 
nitrates. This conjunction of eastern wet regions and the aridity on the western side 
overlaps the orographic units and determines the relief and its evolution. To be more 
precise, the Central Andes region is a result of inner (endogenous) forces, which 
generate the growth and building of landforms (ranges, volcanoes), whereas exog-
enous forces (such as the climate) are responsible for its destruction. Because 
Andean building is modern on a geological scale, the relief is well conserved, mak-
ing it very attractive for scientific research (Lamb and Davis 2003; Alonso et al. 
2006; Strecker et al. 2007).
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The north of Argentina shows a particular geographic framework. That is a con-
sequence of several factors, including polychrome rocks covering almost all of the 
geological periods; the enormous diversity of its lithologies; the variety of morpho-
structural environments varying from high cordilleran volcanoes to shallow eastern 
plains through salars, mountains, valleys, and ranges; a sharp relief with summits 
passing through the ceiling of clouds and great canyons with deep rivers reaching 
deeper portions of the crust; and a wonderful variety of climate and microclimates, 
from tropical rain forests to dry and cold deserts. Also, a wide range of natural envi-
ronments feature in the physiography of northern Argentina.

Only some regions of the world are characterized by enormous elevation differ-
ences with mountains higher than 6 km asl, from which there are several steps occu-
pied by valleys and creeks until a shallow plain is reached. This situation occurs 
between high volcanic summits such as the Llullaillaco volcano (with a height of 
±7 km asl) and the Chaco Plain, with deep and shallow valleys in the middle.

1.4  Geological Provinces

The main cross-section of the Central Andes shows the following morphotectonic 
units from west to east: an oceanic trench, a coastal range, the Central Depression 
(Pampa de Tamarugal), the Domeyko Range, the Atacama–Punta Negra Depression, 
the main Volcanic Cordillera or Central Volcanic Zone, the Altiplano–Puna High 
Plateau, the Eastern Cordillera, the Subandean Belts, and the Chaco Plain.

1.4.1  The Peruvian–Chilean Trench

The Peruvian–Chilean Ocean Trench is 8–9 km deep (at the latitude of Antofagasta) 
and is one of the world’s deepest ocean trenches. There are two main reasons for 
this. The first one is related to the 30°E dip of the Wadati–Benioff plane on the 
Nazca plate. The second one is associated with a lack of sediments, as the coast is 
located in the most arid regions of the world. As a consequence, this holds detrital 
sediments back from the ocean trench as there are no transport elements such as 
fluvial transport. The shallow contact between the Nazca plate and the South 
American continental plate generates tensions that have produced the most power-
ful earthquakes and tsunamis in the Earth’s historical record.

1 Origin and Evolution of the Central Andes: Deserts, Salars, Lakes, and Volcanoes
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1.4.2  The Coastal Cordillera

The Coastal Cordillera is a low-elevation relief that runs parallel to the Pacific 
coast. This range is composed of granitic rocks and a complex of Jurassic lava 
flows and marine sedimentary rocks. The sediments contain a great quantity of 
ammonites, and sometimes fossil bones from marine reptiles are also found 
there, as are copper, gold, and mainly iron ore in the form of magnetite. On the 
flanks, some dunes are well developed. Along with the rest of the region, it is 
hyperarid, with scarce xerophyte vegetation. The Camanchaca is a very common 
phenomenon, characterized by a marine fog that covers the western slope of the 
Coastal Cordillera. Also, the famous guaneras and covaderas (guano deposits) 
are located on the coast and on the islands, where several meters of bird guano 
have accumulated over thousands of years.

1.4.3  The Central Depression

The Central Depression, or Pampa de Tamarugal, is a low zone at 500  m  asl, 
bounded by the coastal range in the west and the Domeyko Range in the east. The 
hyperaridity of this depressed belt has resulted in accumulation of great nitrate ores. 
These exotic salts, which have formed in hyperarid conditions, are interlayered with 
iodate and chromate mineralization. It is known also as the Pampa de Tamarugal 
because of the presence of Prosopis, which is commonly known as tamarugo. 
Sodium and potassium nitrate (nitratine and nitro) were intensively exploited from 
the middle of the nineteenth century until the first decades of the twentieth century. 
There are still some important vestiges of those old mining works, such as 
Humberstone. The possession of nitrateras (nitrates) and guaneras triggered the 
Pacific War in 1879, in which Chile defeated the Peruvian–Bolivian coalition, 
annexing the Antofagasta, Iquique, and Arica regions. At the end of the nineteenth 
century, the natural fertilizer triangle (phosphorus  (P), nitrogen  (N), and potas-
sium (K)) was considered strategic. The guaneras were the sources of P and the 
nitrateras provided N and K. Water resources are very scarce, and there is only one 
river (the Loa River) that flows from the Andean Ranges through the salitre (saltpe-
ter) plain. The brackish and confined underground water resources were pumped 
from wells to supply the nitrate mines. Also of note are the natural hot springs that 
form oases in the desert, such as the Pica and Mamiña Springs. One of the main 
archeological vestiges is geoglyph figures, drawn by the ancient inhabitants, which 
have been preserved for several centuries by the extreme aridity of the region. 
Similar preservation has happened with the old carriage and animal tracks that ran 
to the salitreras for use by the miners. The herd of bulls were provided from the 
northern region of Argentina, being carried on foot to the mines (Fig. 1.2).
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1.4.4  The Domeyko Cordillera

The Domeyko Cordillera is a physiographic feature marked mainly by Cretaceous 
rocks, which contain Paleogene porphyries. These are the source of the main cop-
per–molybdenum ores in Chile, such as at Chuquicamata. Most of those porphyries 
are interlayered in the West Fault—a megastructure that borders and raises the 
Domeyko Range in the west. This range and other important physiographic features 
have received the names of famous natural scientists such as Domeyko, Philippi, 
Gay, and Pissis.

The Atacama–Punta Negra basin is situated at 2600 m asl, being one of the tec-
tonic steps that gradually rise from the Pacific border to the highest mountains in the 
Volcanic Cordillera. The depression region is bounded by the Domeyko Range to 
the west and the Central Volcanic Zone to the east. Also, it contains the Salar de 
Atacama, one of the world’s biggest salars, which contains the highest punctual 
concentration of halite, with a 3000 km3 volume. It represents a mature salar, with a 
halite core 1.5 km thick. As this salar has a high concentration of lithium brine, it is 
considered the first world brine producer of this ore type. On the eastern side, there 
are some freshwater springs where the original atacameños (Atacama people) lived. 
The water comes from the snowmelt that occurs higher up in the main volcanic 
range. Many archeological objects have been unearthed and are now exhibited in the 
Le Paige Museum in the Atacama town of San Pedro.

The slopes that extend up to the Salar de Atacama are composed by volcanic tuff 
and ignimbrites, which come from the high Volcanic Cordillera. Some young volca-
nic cones, such as Lincancabur and Lascar, are visible, and they sometimes have 
fumaroles showing their recent volcanic activity. The cordillera volcanoes belong to 
the stratovolcano typology and are usually above 6000 m asl. The slopes, coming 
down from 4 km high, cover a megastructure of the Andean crust known as the 
Monocline Occidental, which is considered a magma pathway.

Fig. 1.2 The extreme aridity in the Salar de Atacama
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1.4.5  The Central Volcanic Zone

A relief analysis from the west shows firstly the impressive Volcanic Cordillera—
high ranges forming a natural boundary with Chile. It includes some of the highest 
world-class volcanic formations such as Ojos del Salado (6891  m  asl), Piscis 
(6882 m asl), Llullaillaco (6739 m asl), and Socompa (6051 m asl). The stratovol-
cano structure was formed by piling-up of lava and ashes. There are more than 1000 
volcanoes in the Central Andes region, with an interesting portion of them being 
distributed in Salta and Jujuy Provinces. There are many volcano types (stratovolca-
noes, basaltic cones, domes, etc.), showing their different stages (active, inactive, 
extinct, etc.). Some of them have collapsed in the past, generating enormous calde-
ras. An emblematic example is El Galán Caldera in the Puna of Catamarca, with a 
40  km diameter and ignimbrite flows extending to the Calchaqui Valley around 
100 km away. A small portion of that ignimbrite is represented in the Fuerte de 
Tacuil. In the Jujuy Puna region there is La Pacana Caldera, close to Jama, which is 
broken and deformed, with a diameter of approximately 60 km. In the same region 
can be found other calderas such as Pairique, Coranzuli, and Rachaite, among oth-
ers. All of these are associated with steep walls and white and pink flows, resulting 
from a high-energy eruption, known as pyroclastic flow, originating on the edge of 
the caldera ring after the collapse and sinking of the volcano superstructure. The 
collapse of these structures produced volcanic boilers and ignimbrites. The Central 
Andes region contains the biggest ignimbrite “province” in the world, covering 
more than 500 km2. The volcanic ash from this great volcanic eruption of the cordil-
lera was moved by the wind toward the east and was deposited for millions of years 
in inland South America. Besides the main chain of volcanoes, there are some trans-
verse branches that cross through the Puna to the east. In Jujuy, there is the 
Coyaguaima volcanic complex; in Salta, the Rincon–Tul-Tul–del Medio–Pocitos 
chain and El Quevar complex (Cerro Verde, Aguas Calientes, Azufre, Mamaturi, 
and Quironcolo); and in Catamarca, the Archibarca and Galán volcanic chains. 
Many of these volcanoes are higher than 6000 m asl and were formed during the 
Miocene epoch between 10 million and 5 million years ago. Also, some magnificent 
examples of isolated volcanoes can be found, such as Tuzgle (5560 m asl) in Jujuy 
Province, an old stratovolcano with an active magmatic chamber, which generated 
a young lava flow spread around 10,000 years ago because it was not affected by the 
last glaciation. This volcanic formation is surrounded by hot springs, providing very 
clear evidence of the still-active steam heating system. Many volcanoes have given 
way to glass trails, which, in the obsidian state, has been valued by native groups to 
produce projectiles and, as a hydrated material, has resulted in perlite, a rock that 
expands in heat, increasing its volume by up to ten times, and is widely used in the 
construction industry. In the last 1.3 million years, at least four catastrophic volca-
nic eruptions have buried northwestern region of Argentina (NOA) in ashes 
(1,300,000, 300,000, 100,000, and 5000 years ago). The remains of these ashes can 
still be found; they are known as puloil and are used by people as an abrasive to 
clean kitchen utensils. The last two eruptions were produced by Lascar (Fig. 1.3) 
(Coira et al. 1993; Kay and Kay 1993; Kay et al. 1994, 1999).
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1.4.6  The Altiplano–Puna High Plateau

The Puna (in Argentina) and the Altiplano (in Bolivia) are an elevated region rising 
to an average of 3700 m asl, characterized by an arid-to-semiarid climate and inte-
rior drainage that allows the formation of lacustrine environments of evaporation, 
resulting in salt lakes. The Uyuni Salt Flats in Bolivia (the biggest in the world) and 
the Arizaro in Argentina are two examples of this type of environment. Today, they 

Fig. 1.3 The Socompa and Antofalla volcanoes in the Puna region
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are mostly dry salt lakes, but in the Quaternary period, during glaciation and degla-
ciation, they were filled with water, forming enormous lakes; the only things left of 
them are the ancient high banks (Placzek et al. 2006). Deposits of diatomaceous 
earth, made up of siliceous microfossils, are common in these banks.

The Altiplano and Puna regions, which form a single unit limited by the Volcanic 
Cordillera and the Eastern Cordillera, are a high-elevation region, separated inter-
nally by blocks and crossed by isolated and chained volcanoes spreading as 
 transverse branches of the main volcanic chain. Among those volcanoes and ranges, 
some close and large depressions are formed, where water comes up to the surface 
and evaporates, creating the salars. More precisely, most of the salt content is due to 
leaching from the volcanic formation and the surrounding hot springs, and there is 
no relationship with the sea, as is usually thought. The Puna has a great variety of 
salars, saline lakes, playa muds, swamps, and other similar environments. The dry-
ness increases steadily to the west and also to the south. In accordance with this 
subdivision, in north Puna there are some lakes (Pozuelos, Guayatayoc, Vilama) and 
saline lakes (Olaroz, Salinas Grandes), whereas in south Puna there are salars such 
as Rincon, Pocitos, Arizaro, Antofalla, and Hombre Muerto West, among others. 
The salars are surrounded by tectonic blocks that are meridionally oriented, and by 
volcanic formations on the north and south edges. All of the surface water goes into 
the depressions, discharging all of its saline content, which, because of the dryness, 
can be converted into crystals. Also, the hot springs are considered direct sources of 
ions, represented by some enormous geysers, which are extinct today. On the basis 
of solubility, there is a salt precipitation order, called evaporites: calcium carbonate 
(travertine), calcium sulfate (gypsum), sodium–calcium borate (borax–ulexite), and 
sodium chloride (halite) near the center of the depression. Also, sodium carbonate 
(at the Santa Maria Lagoon) and sodium sulfate (at the Rio Grande and Pocitos 
Salars) can be found.

Associated with the volcanoes are hundreds of active and inactive hot springs. 
The active hot springs can be used for medicinal purposes, and the Incas used them 
well. A good example is the hot springs of Incachule (a Quechua word, which means 
“Inca bath”), located near San Antonio de los Cobres. The Inca road system 
(Caminos del Inca), besides joining strategic points of the empire, passed the ther-
mal springs and the copper, gold, salt, and obsidian mines, along with the sources of 
other products the Incas exploited. Many thermal fountains are related to formation 
of salts, which are found in the salt beds, borates being among them. The borates are 
formed by boron-rich thermal water, spilled into salt lakes. These lakes existed in 
the Puna about 14 million years ago, but they gave way to great concentrations of 
borates between 7 million and 5 million years ago during the Late Miocene. The 
beds of Tincalayu and Sijes in Salta and Loma Blanca in Jujuy rank third among the 
reserves of borates worldwide, after those in Turkey and the USA. Actually, 50 salt 
beds of the Altiplano, the Puna, and the Andean volcanic arc contain borates, ulexite 
being the most important.

The brine of the salt flats is rich in chemical elements such as lithium, potassium, 
magnesium, boron, cesium, and rubidium. Lithium is a light metal and is found as 
an ion in underground saline waters, exploited mainly in the Salar de Atacama in 
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Chile and Hombre Muerto (Salta–Catamarca) and Olaroz (Jujuy) in Argentina. The 
old salars formed in the Miocene and were completely deformed by the Andean 
structure, and they contain enormous quantities of rock salt and gypsum.

Climatically, the Puna is a cold region, with a mean annual temperature of 8 °C, 
a harsh winter season during which the temperature can reach −30 °C, great thermic 
amplitude showing sometimes 50 °C differences in a single day, cold and dry winds, 
high heliophany, intense solar radiation due to the absence of clouds and high 
 elevation, low oxygen partial pressure, strong reflectivity of the salars, scarce rain-
falls during the summer, and some snowfalls in winter (these can vary during 
El Niño–La Niña years), among other parameters, which make us consider the Puna 
as an inhospitable region with a rigorous climate and one of the smallest numbers of 
inhabitants per square kilometer (Turner 1972; Alonso et al. 1984, 1991; Marrett 
et al. 1994; Vandervoort et al. 1995; Allmendinger et al. 1997; Strecker et al. 2007; 
Gibert et al. 2009).

1.4.7  The Eastern Cordillera

The Eastern Cordillera is a morphotectonic region formed by a system of faulted 
mountain blocks cut by deep valleys and canyons spreading parallel to the Central 
Andes from Peru to the north of Argentina. The valleys lead to the Quebrada de 
Humahuaca, Calchaqui Valley, Escoipe, El  Toro, and others. These valleys have 
been routes for communication and transport on both sides of the Andes since 
ancient times. Paleo-Indians, Incas, and Spanish were mobilized by these natural 
access ways, which were used for transport, trading, or warring for control.

The Calchaqui Valley has a western flank composed mostly of igneous and meta-
morphic rocks, including the Sierra de Cajon o Quilmes, the Cachi–Palermo Range, 
and Acay Hill. The snowy hills of Chuscha, Cachi, and El Chani in Jujuy are part of 
the eastern border of the Puna, being formed by great granite bodies (Ramos 2008). 
To the east of Calchaqui Valley are the Cumbres Calchaquies, composed mostly of 
red Cretaceous sedimentary rocks.

Another Andean feature, Lerma Valley, situated around 1200  m  asl, includes 
Salta City and is flanked by Cordón de Lesser and the Mojotoro Range to the west 
and east, respectively. Both mountain blocks are composed of marine sedimentary 
rocks dating from the Precambrian, Cambrian, and Ordovician periods. To the east 
and at the same latitude as Salta City, there is the Siancas Valley, where the town of 
General Guemes is located. This is a wide valley with a lower elevation of around 
700 m asl, flanked by the Mojotoro Range to the west and the del Gallo Range and 
its southern extension (the San Antonio Range) to the east (Hain et al. 2011).

The Eastern Cordillera reaches its greatest expression in the mountains located 
just on the boundary with the Puna region in the form of the Cachi and Palermo, 
Acay, Chai, and El Aguilar Ranges, where some peaks reach 5000 or 6000 m asl. 
All of these mountains and their respective valleys have resulted from strong Andean 
pressure, which produced deep faulting that uplifted the rocks, with consequent 
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thick rock overlapping. Purmamarca Village and its Cerro de los Siete Colores 
(Seven-Color Hill) is a very good example of these different ages of rock overlap-
ping. The fragmentation feature predominates over folding. Among the great val-
leys and canyons of this unit can be outlined Humahuaca, Calchaqui, Toro, Escoipe, 
Lerma, Siancas, Jujuy, etc. The Eastern Cordillera is an extense unit that borders the 
Altiplano–Puna region on the eastern side. The Andes are a single unit until they 
reach the northwest of Argentina, where they bifurcate into two as the Volcanic 
Cordillera and the Eastern Cordillera to the east, leaving the Puna between both. So 
it is not correct to use the term “precordillera” (as in San Juan and Mendoza) when 
referring to the mountains located on the west flank of the cities of Salta and Jujuy, 
because they really belong to the Prepuna region, taking into account the fact that 
the Cordillera Principal location is situated much further west. The Eastern 
Cordillera ends around Tucumán City where the Pampean Ranges begin. Among 
the main ranges that contain the Eastern Cordillera can be mentioned Leon Muerto, 
Carahuasi, Cebilar, Metan, Zamaca, Lesser, Castillo, Mojotoro, Castillejo, Alta, 
Tilcara, Mal Paso, Aparzo, and Santa Victoria. With some exceptions, these ranges 
have elevations varying from 3000 to 4000 m asl (Jordan and Alonso 1987; Mon 
and Salfity 1995; Trauth et al. 2000; Hain et al. 2011).

1.4.8  The Subandean Ranges

The Subandean Ranges were originally named by Count Guido de Bonarelli, an 
Italian geologist who studied them in the early twentieth century. There, oil-bearing 
rocks dating back to the Devonian, Carboniferous, and Cretaceous periods lie under 
a thick bed of Neogene sediments. Gas and oil accumulated in the folds of the 
Earth’s crust were deformed by the thrust of the Andes. The giant gas fields discov-
ered in Bolivia include the fields of San Alberto and Sábalo.

The Subandean Ranges is a group of small ranges, with a continuous decrease in 
elevation until they disappear completely on the surface. This unit is bordered on the 
west by the Eastern Cordillera and by the extended Chaco Plain on the eastern side, 
and it is characterized by large folds crossed by faults. Folding predominates over 
faulting, so the deformed structures such as synclines and anticlines are becoming 
smoothed until they disappear completely under the eastern plain. This region has 
dense vegetation and is crossed by many rivers. In the north of Argentina, it is on the 
eastern side of the Eastern Cordillera until the latitude of Tucumán, but the names 
“the Santa Barbara System” and “the Southern Subandean Ranges” have also been 
proposed for the area immediately to the south of the Juramento River. This system 
includes many ranges such as Medina, La Candelaria, Cerro Colorado, Cuchuma, 
San Antonio, Lumbrera, del Gallo, Centinela, and Maiz Gordo. The northern 
Subandean System includes ranges such as Puesto Viejo, Zapla, Ledesma, Calilegua, 
Zenta, Caimancito, Porongal, Las Pavas, Candado, Ramos, San Antonio, Aguarague, 
Madrejones, Macueta, and others, which continue on to Bolivia, where they reach 
their greatest development. In general, they are no higher than 2500 m asl on the 
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eastern side and 3500 m asl on the western side (Jordan and Alonso 1987; Decelles 
et al. 2011).

1.4.9  The Chaco Plain

The Chaco Plain is an extended floodplain composed of materials derived from the 
volcanic formation that were deposited there afterward. This region is crossed by 
large rivers such as the Pilcomayo, Bermejo, and Juramento. As part of the foreland 
domain of the Central Andes, it is located in a wide region known as the Chaco–
Pampeana Plain, the Chaco–Saltena Plain, and the Chaco–Paranense Plain, among 
other names, which emphasizes its low and plain relief covering a big eastern por-
tion of the subtropical region. This plain environment is extended to the east from 
the last Andean features known as the Subandean Ranges. From a geodynamic point 
of view, this plain region constitutes an enormous basin of sedimentation, which is 
subsiding by sinking as a consequence of isostatic compensation by the Andean 
uplift. Its elevation decreases to the east, averaging 300 m asl. The Chaco–Saltena 
Plain is limited on the north side by the Pilcomayo River, the Formosa and Chaco 
Provinces to the east, and Santiago del Estero to the south. The semiarid Chaco is 
an extense plain located in the central portion of the South American Chaco, with 
rainfalls varying between 450 and 650 mm per year and maximum temperatures 
that are considered extreme (48.9 °C in Rivadavia is the highest temperature regis-
tered in the zone). This region is also well known as the “warm South American 
Pole.” The Chaco Plain is a relatively uniform relief where two main environments 
can be differentiated: the stabilized Chaco Plain and the spillage Chaco Plain. The 
fine materials on the surface, such as silt and clays, are the basis of the well- 
developed soils, which have good agricultural potential. If, someday, the excess of 
water that is discharged by large rivers into the Atlantic Ocean were to be channeled 
through the plain, this region could be transformed into a new Pampa Húmeda 
(Humid Pampas).

1.5  Climatic Extremes: Jungle and Deserts

The displacement of the Andes lifted the mountains and pushed them toward the 
east, to the point where today the deformed Andean front is found on the edge of the 
Chaco Plain. During this process, some valleys opened and others closed. The 
Amazonian moist winds find high mountains as they advance toward the west. The 
discharge of their moisture on the eastern slopes of the Andes results in significant 
biodiversity. Places such as Chapare in Bolivia are found, where the annual rainfall 
is almost 7000 mm, or the Sierra de Aconquija, with 3000 mm a year. This rainy 
area of Bolivia, on the eastern side of the Andes and in the deep valleys, gives rise 
to the hot and humid Yungas, where coca and other tropical plants grow.
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The winds gradually lose their moisture and become dry when they reach the 
Puna and the Altiplano. For this reason, the regions become deserts in the shadow 
of the rains. The aridity progresses more and more toward the west until it reaches 
extreme values on the Chilean–Peruvian coast. There, the Atacama Desert is known 
for its hyperdryness, which is a product of the eastern front of the Amazonian rain-
fall on one hand and the absence of evaporation of the cold oceanic waters of the 
Humboldt oceanic current to the west on the other. This extreme aridity has given 
way to the formation of nitrate and phosphate beds, which brought riches to Chile 
at the end of the nineteenth century and the beginning of the twentieth century. The 
phosphates were formed by the dry climate, which allowed the accumulation of 
marine bird droppings over hundreds of thousands of years.

The desert strip that runs along the Chilean–Peruvian coast explains the great 
depth of the oceanic trench, which is free of sediments. It is interesting to observe 
how one side of the Andes has 7000 mm of annual rains and the other side has 
almost 0 mm, although they are at the same latitude. The same thing occurs with the 
temperature. To the east of the Andes Rivadavia (Salta) is the warm South American 
Pole, with a maximum temperature of 50 °C, while at the same latitude during win-
ter in the Puna, there are temperatures of around −30 °C, with an annual average of 
8 °C (Fig. 1.4).

Fig. 1.4 Two faces of the Central Andes: rain forest to the east and deserts to the west
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1.6  Discussion and Conclusions

To give an idea of the magnitude of the deformation of the Andes, there is a good 
example of a well-known rock in northern Argentina. This is the Yacoraite Formation, 
a unit of limestone from the late Cretaceous period, with abundant dinosaur tracks. 
That rock was formed before the Andes in a large inland basin of South America, 
extending from Peru to Tucumán and from the north of Chile in the west to the base 
of the basement of Paraguay in the east (Marquillas et al. 2005). This calcareous 
plank, formed at sea level 66 million years ago, was split with the rupture of the 
Andes, and today it is 5000 m high in the mountains of the highlands and 6000 m 
deep in the oil fields of the Subandean Ranges. This is a result of stacking and defor-
mation measuring 11 km vertically.

The north of Argentina is a vast geography, modeled during the last millions of 
years by exogenous agents that have carved the rocks that form the South American 
foundation. The Andean crust has suffered several glaciations periods, whose con-
tents remain in some snow peaks. Also, it has been heated by magma rising from 
deeper zones, generating great volcanic formations loaded with metals. It has been 
torn into deep valleys and canyons, and has been folded into the low Subandean 
Ranges covered by tropical vegetation, whose cores hold precious reservoirs of 
hydrocarbons. This natural distribution means we can find salars at the same latitude 
in the west and abundant vegetation of tree ferns on the eastern side. In the north of 
Argentina, some places are named after icons of this architectonic brochure of land-
scape elements: the Llullaillaco volcano, Socompa volcano, Arizaro Salar, Calchaqui 
Valley, El Toro Canyon, Escoipe Canyon, Las Conchas Canyon, Cachi, Humahuaca 
Canyon, and Baritu National Park, among others.

The Central Andes and the Andes of northern Argentina are a single entity result-
ing from tectonic interaction between an oceanic plate and a continental plate. The 
Central Andes are a noncollisional orogene of a tectonovolcanic nature, formed by 
the subduction of the Nazca oceanic plate beneath the South American continental 
plate. Their evolution is the product of dynamic interaction between endogenous 
and exogenous forces, including the internal and external energies of the Earth.

The origin and evolution of the Central Andes and the high Andean plateau called 
Altiplano–Puna are studied by scientists who study the Earth in many countries. All 
of this is due to the fact that they have distinct elements related to tectonics, climate, 
volcanoes, physiography, mineral deposits, salars, and other phenomena that occur 
and interact dynamically. The Andes and the highlands are a mountainous part of a 
structure currently in formation. The Andes are growing vertically and pushing hori-
zontally. This has led to the development of a particular relief in the region of 
Argentina, Bolivia, and Chile, where volcanic peaks reach a height of around 
7 km asl to the west, while a plain lies to the east. On this plain, there is a huge basin 
in subsidence, where hundreds of meters of debris have been deposited, torn from 
the Andean structure. This chapter demonstrates the uniqueness and singularity of 
the Central Andean orogenic formation.
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Chapter 2
Modern Microbial Mats 
and Endoevaporite Systems in Andean 
Lakes: A General Approach

María Eugenia Farías and Luis Alberto Saona Acuña

2.1  Background

The area extending through the southwest of Bolivia and the north of Argentina and 
Chile (the Central Andes of South America) displays a geography of closed basins 
at high altitudes, where salt flats are very abundant (at Uyuni, Atacama, Arizaro, and 
Antofalla, among others). These high-altitude environments—also known as the 
Puna (in Argentina), the Altiplano (in Bolivia), and the Atacama Desert (in Chile)—
present not only salt deserts but also a large reservoir of high-altitude Andean lakes 
(HAALs) and active volcanoes, where inhabitants of both evaporitic deposits and 
different polyextremophilic microbial ecosystems flourish (Albarracín et al. 2015) 
(Fig. 2.1 [image 1]). Microbes inhabiting extreme environments face these condi-
tions with different strategies, including formation of complex extremophile micro-
bial communities driven by light and O2 availability. In that way, biofilms, mats, 
endoevaporitic mats, domes, and microbialites have been found to exist in associa-
tion with salars, lagoons, and even volcanic fumaroles in Central Andean extreme 
environments.

The interactions of microbes and minerals—together with the main concept of 
the microbial–mineral ecosystems that result from that interaction, and the impor-
tance of the Andean Puna as an early Earth or extraterrestrial environment counter-
part—are discussed in this chapter.
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2.2  Importance of Microbe–Mineral–Earth Changes

To reconstruct the sedimentary geological history of the Earth, it is essential to 
study the role played by microorganisms in organomineralization (Reid et al. 2000; 
Dupraz et al. 2004, 2009; Dupraz and Visscher 2005; Glunk et al. 2011). This pro-
cess has been key since the Precambrian era (Knoll and Golubic 1992; Gerdes 2007; 
Dupraz et al. 2009) because of microorganism metabolic activity interventions in 
(1)  stabilization of terrestrial sediments (Paterson 1994), (2) changes in both the 
morphology and the mineral content in sedimentary macrostructures (Braissant 
et al. 2004), and, consequently (3) changes in the forms of sedimentary macrostruc-
tures (Burne and Moore 1987; Reid et  al. 2000). In other words, through the 
organomineralization process, microorganisms can determine the geochemistry of 
their microenvironment (Visscher and Stolz 2005), impacting on mineral precipita-
tion (Beveridge 1981; Cody and Cody 1989; Gerdes et  al. 1994; Ludwig 2004; 
Douglas 2005; Ali-Bik et al. 2011). To perform these functions, microorganisms 
have different characteristics. The microbial surface has an anionic charge; through 
this, microorganisms act as nucleating agents for mineral precipitation (Beveridge 
1981; Douglas 2005; Dupraz and Visscher 2005). The production of exopolymeric 
substances (EPSs) is equally relevant. EPSs form an organic matrix with anionic 
functional groups that are able to bind metal ions such as Ca2+ (Braissant et  al. 
2007). Thereby, when EPSs are themselves degraded by microorganisms, carbonate 
minerals precipitate through a process referred to as organomineralization (Dupraz 

Fig. 2.1 Layered structure of Andean microbial ecosystems. (1) Endoevaporitic ecosystems asso-
ciated with gypsum domes in Llamara, Chile. (2)  Microbial mat in Tebenquiche, chile. (3) 
Thrombolites in Laguna La Brava, Chile. (4) Oncolites in Trs Quebradas Argentina
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and Visscher 2005; Dupraz et al. 2009). On the basis of evidence from silicified fos-
sil microbialites, it has been suggested that microorganisms have engaged in 
organomineralization for most of the Earth’s history (Awramik and Riding 1988). In 
this sense, investigations of modern microbialites, including endoevaporitic depos-
its, may aid the interpretation of ancient analogs and even provide a unique model 
for understanding of the origin of saline basins on Mars.

2.3  Extreme Conditions in the Andean Altiplano

The area extending through the southwest of Bolivia (the Western Andean flank) 
and the north of Argentina and Chile (the Central Andes of South America) has a 
geography of closed basins at high altitude, where salt flats are very abundant (e.g., 
at Uyuni, Atacama, and Antofalla). These high-altitude deserts—also known as the 
Puna (in Argentine), the Altiplano (in Bolivia), and the Atacama Desert (in Chile)—
present not only salt deserts but also a large reservoir of HAALs and active volca-
noes where evaporitic deposits and different polyextremophilic microbial 
ecosystems flourish (Albarracín et al. 2015) (Fig. 2.1 [image 1]). Because of the 
climatic conditions and their geographic characteristics, these ecosystems are 
exposed to a series of multiple extreme conditions such as high ultraviolet (UV) 
radiation, high dryness, low oxygen pressure, large thermal fluctuations, and volca-
nic eruptions, among others (Vuille et al. 2000; Vuille and Keimig 2004; Garreaud 
et al. 2009).

In terms of UV radiation, the Central Andes, and especially the Puna–Altiplano, 
have recorded the highest solar radiation levels in the world (Duffie and Beckman 
2013; Albarracín et al. 2015). To survive these conditions, microbial communities 
have developed and acquired strategies such as (1)  expression of photolyases to 
minimize damage from direct exposure to UV radiation (Sancar 2003; Albarracín 
et al. 2013), (2) repair of accumulated damage in cyclobutane pyrimidine dimers 
(CPDs) (Fernández Zenoff et al. 2006; Albarracín et al. 2012), (3) synthesis of anti-
oxidant enzymes to avoid oxidative stress damage (Albarracín et al. 2011; Di Capua 
et  al. 2011), (4) pigment production (Weber 2005; Kurth et  al. 2015; Albarracín 
et al. 2016b), and (5) biofilm associations with minerals and rocks to avoid direct 
exposure to UV (Albarracín et al. 2016b; Rascovan et al. 2016).

The microbial communities inhabiting the HAALs are also influenced by the 
aquatic conditions, which are characterized by a high pH and salinity. In most 
lagoons studied in Argentina, Chile, and Bolivia, the pH remains alkaline; this is 
because of the alkalinity of the salt flats (called soda or carbonate salars) (Oremland 
et al. 2009; Albarracín et al. 2015), which coincides with the presence of carbonates 
and calcium.

In addition to UV radiation, a high pH, and salinity, these lagoons have high 
concentrations of heavy metals and metalloids; among them, arsenic is the one most 
studied (Demergasso et al. 2007; Escudero et al. 2013; Kurth et al. 2017; Rascovan 
et al.  2016). The presence of arsenic in HAALs is due to geological activity, mainly 
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of volcanic origin (Smedley and Kinniburgh 2002), and its average concentration 
varies between 0.8 and 11.8 mg L−1 (Albarracín et al. 2015). The highest recorded 
As concentration is in Laguna Diamante, located in the crater of the Galán volcano, 
which has an arsenic concentration of 230 mg L−1 (Rascovan et al. 2016)—almost 
ten times greater than the concentration present in Mono Lake, a lagoon that has 
also been studied for its high concentration of arsenic (Oremland et al. 2009; Wolfe- 
Simon et al. 2011). The implications of the arsenic in Andean microbial ecosystems 
(AMEs) are discussed in Chap. 19 of this book.

2.4  The Andean Altiplano: A Counterpart of the Early 
Earth, Where the Oldest Forms of Life on the Planet 
are Still Alive

To compare these environments as being analogous to the early Earth and, more 
specifically, analogous to the conditions in which life originated, it is necessary to 
take into account the physical, geological, chemical, and mineralogical conditions, 
in addition to the energy sources existing at that time (Russell et al. 2013) (Table 2.1). 
It is widely assumed that life originated in the oceans at least 3.8 billion years ago 
(Mojzsis et al. 1996; Rosing 1999; Watanabe et al. 2000; Kempe and Kazmierczak 
2002), while the oldest fossil records (stromatolites) date back 2.7  billion years 
(Fischer 1965). The early oceans had 1.5–2 times higher salt concentrations than the 
oceans do today (Knauth 1998; Knauth et al. 2005; Cullum et al. 2016). This high 
salinity lasted for billions of years, during which no biological evolution toward 
more complex life-forms was evident (Knauth 1998). It was not until the Cambrian 
explosion that the salt started to come out of the oceans through evaporation pro-
cesses (Fischer 1965; Knauth 1998; Cullum et  al. 2016); in that moment, large 
evaporitic deposits were formed, accumulating about 50% of the salt present 
(Knauth 1998). At present, the Atacama region contains the largest and most exten-
sive salt flats in the world, where closed basins with large evaporitic deposits are 
abundant, at Uyuni, Salinas Grandes Atacama, Arizaro, Antofalla, etc. (Díaz del Río 
et al. 1972; Rosacher 2002; Fricker et al. 2005). It is commonly assumed that the 
early Earth’s alkaline oceans favored biogenesis (Kempe and Kazmierczak 2002), 
whereas an acid composition would have favored hydrolysis of proteins (Kempe 
and Kazmierczak 2002), making accumulation of larger molecules—and thereby 
also the origin of membranes and other organelles that allow life—impossible. In 
this sense, the current hypersaline lakes of the Altiplano region, the great majority 
of which present alkaline conditions (soda lakes) (Albarracín et al. 2016a), acquire 
greater interest as models analogous to the primitive Earth (Table 2.1).

Another key issue is obtaining energy from free sources in the highly reducing 
environment where life originated. One of the engines for obtaining energy that is 
assumed to have been present even before the last unique common ancestor (LUCA) 
is the arsenite oxidase (Aio) system for oxidizing As (Duval et al. 2008). Thus, what 
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initially started as an independent electrochemical transformation between As(III) 
and As(V) today is defined as bioenergetic metabolism through which bacteria can 
obtain energy, using arsenic molecules (Newman et al. 1998; Oremland and Stolz 
2003; Kulp et  al. 2008; Kulp 2014). This bioenergetic mechanism has been evi-
denced in lakes in the Altiplano region, which are characterized by their high arse-
nic concentrations, such as Mono Lake and Searles Lake, among others. They are 
inhabited by resistant microorganisms that are able to breathe through redox 

Table 2.1 Environmental conditions of modern Central Andes Puna vs early Earh

Condition

Primitive Earth conditions 
(Archean eon, 3.2–
3.4 billion years ago)

Extant Atacama 
conditions References

Saline water Continents had not yet 
formed, and all of the 
currently accumulated salt 
was diluted in the sea, 
which was 1.5–2 times 
more saline than it is now

Closed basins 
accumulate salt, 
forming extensive salt 
flats and hypersaline 
lagoons; they are 
3–8 times more saline 
than the sea

Benedetto 
(2010); Knauth 
(1998); Knauth 
et al. (2005)

Highs arsenic and 
sulfur concentrations

Because of volcanic activity, the primitive Earth was 
4 times hotter than Earth is today; sulfur and arsenic 
are compounds in the Earth’s mantle and were 
released in massive amounts during Archean volcanic 
activity; at present, the Andes have huge volcanic 
activity, which influences the chemical composition 
of underground waters, filling them with arsenic, 
sulfur, and other compounds

Olsen et al. 
(1999); 
Hamaguchi et al. 
(1969); Oremland 
et al. (2009); 
Bundschuh et al. 
(2008)

High pH (alkalinity) pH was high (alkaline) 
because of the close 
contact of ocean waters 
with mantle rocks 
(peridotite) and the 
influence of hydrothermal 
springs

pH is high because of 
the composition of the 
water, which is full of 
compounds such as 
carbon and sulfur, 
coming from 
underground waters

Bundschuh et al. 
(2008); 
Albarracín et al. 
(2015); Oremland 
et al. (2009)

Life ruled by 
microorganisms

Last unique common 
ancestor (LUCA)

Bacteria, archaea, 
cyanobacteria, and 
diatoms

Rascovan et al. 
(2016); Delaye 
(2011)

High 
ultraviolet radiation

Due to the absence of the 
ozone layer

Due to the high altitude 
and desert environment

Holland (1994); 
Pla-Garcia and 
Menor-Salván 
(2017); 
Albarracín et al. 
(2013, 2015)

Due to volcanoes
Low O2 pressure Early earth atmosphere had 

no free O2; photosynthesis, 
the primary process that 
generates O2, had not 
started happening yet

O2 pressure is lower at 
high altitude than at sea 
level; saline waters 
contain less O2 than 
freshwater

Holland (1994); 
Pla-Garcia and 
Menor-Salván 
(2017); Wetzel 
et al. (2001)

2 Modern Microbial Mats and Endoevaporite Systems in Andean Lakes…



26

 reactions of arsenic molecules, using Aio and Arr enzymes (see Chaps. 8, 15, and 19 
of this book) (Albarracín et al. 2016a; Kurth et al. 2017; Rascovan et al. 2016).

In this sense, the evaporitic basins of the Puna region—formed in an environ-
ment with a high volcanic incidence; lagoons that present high salinity, an alkaline 
pH, and very high concentrations of arsenic (as discussed below); and high UV 
radiation exposure (Albarracín et al. 2011, 2016a, b)—are the best current analogs 
of the early Earth, where the first forms of life arose. Without going any further, the 
presence of modern living stromatolites—the same kind of life that inhabited the 
Earth 3.6 billion years ago—supports this concept (Farías et al. 2013).

2.5  The Andean Altiplano and the Red Planet

Today, the conditions on Mars are extremely hostile to life as we know it (Lederberg 
and Sagan 1962; Sagan and Lederberg 1976). Nevertheless, discoveries of liquid 
water in brine from Mars (Fischer et al. 2014) have increased interest in the study of 
Andean lakes, not only because they are a window to the origin of life but also 
because they represent an analog of the planet Mars on Earth. They are a unique 
thalassic environment over 4000 m above sea level (asl) with high UV incidence 
and temperatures under 40° C, among other relevant characteristics (Whittaker et al. 
1997; Cabrol et al. 2007; Wierzchos et al. 2011). It is estimated that Mars—before 
it lost its atmosphere—had a geological history similar to that of the primitive Earth 
(Rothschild 1990); thus, if the conditions of that time allowed the origin of life on 
Earth, it can be hypothesized that life could also have originated on the early Mars 
(Sagan 1971, 1973; Sagan and Lederberg 1976).

As was discussed earlier, the Andean Altiplano region contains the driest desert 
in the world (Davila et  al. 2008). Despite the scarcity of water, many endolithic 
microorganisms are able to colonize different soil types (Friedmann et  al. 1967; 
Warren-Rhodes et al. 2006; Wierzchos et al. 2006), including those rich in sulfate 
(gypsum soils) and halite—minerals that are also present on Mars (Rothschild 1990; 
Parnell et al. 2004; Dong et al. 2007). Examination of gypsum soils of the Atacama 
region has shown that they are inhabited mainly by cyanobacteria, which have man-
aged to settle in the maximum-humidity area (Dong et al. 2007). The crusts of salt 
(halite) can be considered the last available niche for life in hyperarid environments 
on Earth (Davila et al. 2008).

Evaporitic minerals such as sulfate and halite (which are present in the Atacama 
and on Mars) are the best candidates to use in the study of the hypothetical habit-
ability of Mars (Farmer and Des Marais 1999; Szynkiewicz et al. 2010; Summons 
et al. 2011; Glamoclija et al. 2012). In this sense, endolithic microbial communities 
inhabiting evaporitic rocks in extreme environments, such as the Andean Altiplano 
region, have been described as the main counterparts of life on Mars (Davila and 
Schulze-Makuch 2016).

These life-forms have become established in conditions similar to those on Mars 
(dryness, UV radiation, and salinity). Study of these mechanisms of adaptation and 
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evolution is key to determining what kind of life could exist or could have existed 
on Mars. Finally, a new concept has been proposed recently: “follow the salt” (Jones 
2018). This emphasizes that life on Mars could occur in shallow water brines; there-
fore, the search for life on Earth—analogous to Mars—would have to be focused on 
that which subsists under hypersaline conditions (Jones 2018).

2.6  Biofilms, Mats, Evaporitic Mats, and Microbialites

Biofilms, mats, endoevaporitic mats and domes, and microbialites are microbial 
ecosystems, formed by microbial communities, where the availability of light and 
O2 creates a decrease in stratification that promotes functional group diversity 
(Fig. 2.1). This microbial diversity, together with the geochemistry, may favor the 
precipitation of minerals. Below, we review the characteristics of different types of 
ecosystems. Biofilms have been described as a collection of microorganisms and 
their extracellular products, bound to a solid surface (Marshall 1984) such as rock, 
plastic, wood, etc. The bacterial colonization of the surface is dependent on the 
formation of EPSs, and the EPSs can trap inorganic and abiotic compounds, as well 
as immobilizing water. In that respect, biofilms are similar to microbial mats. 
Biofilms may also be involved in the formation of mineral precipitates. The species 
composition may vary from a single species to complex communities. When these 
microbial communities are distributed in layers in terms of their light and O2 require-
ments, then we have a microbial mat. Microbial mats are fibrillar, slime-supported, 
coherent coatings on sedimentary and rocky surfaces, which—by their morphology, 
physiology, and arrangement in space and time—interact with the physical and 
chemical environment to produce a laminated pattern (Krom and Berner 1983). The 
term “stromatolite” was coined after the discovery of fossil records of these lami-
nated buildups (Kalkowsky 1908). Cyanobacteria constitute the predominant organ-
isms in most microbial mats, although diatoms and fungi may also be present. 
Microbial mats form on bedding surfaces. Most have a characteristic filamentous 
morphology; the filaments have rigid cell walls and polymeric sheaths. Laminations 
develop from interaction of the microbes with the environment in which they are 
deposited. Of main importance is the capacity of the mat-constructing biota to 
migrate vertically to escape burial by sediments and to recolonize the newly depos-
ited surface. Such biolaminated slicks can reach several centimeters and even deci-
meters in thickness. Microbial mats develop in a wide variety of shallow aquatic 
environments, ranging from freshwater to hypersaline water, and even within a 
halite or gypsum crust (Stivaletta and Barbieri 2009). The microbial mats associated 
with halite and gypsum crusts have been referred to as endoevaporitic mats 
(Rothschild et  al. 1994). Precipitation and evaporation are proposed as the main 
mechanisms in the formation of endoevaporitic mats, including gypsum crusts, 
some forming “stromatolite-like” domal structures (Babel 2004; Stivaletta et  al. 
2010). The exact roles of microbial metabolic activity and growth in the formation 
of these gypsum domes are not well established. In fact, the domes have also been 
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described as evaporites with an associated laminated endolithic microbial commu-
nity, also referred to as endoevaporites (Rothschild et al. 1994; Spear et al. 2003; 
Canfield et al. 2004; Sahl et al. 2008). These photosynthetic microbial ecosystems 
should therefore be present in evaporitic environments where the precipitating salts, 
such as gypsum, have favorable physical properties, such as translucency and 
hygroscopy (Rothschild et al. 1994; Oren et al. 1995; Stivaletta and Barbieri 2009).

Extant continental evaporites are found on all continents and originate from the 
evaporation of saline water in the shallow areas of hypersaline lakes. Evaporites 
typically consist of chloride-, sulfate-, and potassium-containing minerals.

The most widely studied types of microbial-induced organomineralization are 
those of carbonate with calcium (as calcite and/or aragonite; see Reid et al. (2000)), 
calcium and magnesium (as magnesium calcite, or dolomite; see Glunk et al. (2011) 
and Vasconcelos and McKenzie (1997)), and magnesium (magnesite; see Sanz- 
Montero and Rodríguez-Aranda (2008) and Thompson and Ferris (1990)). Lithifying 
microbial mats can form microbialites, which are preserved in the rock record.

Microbialites are organosedimentary deposits accreted by sediment trapping, 
binding, and in situ precipitation due to the growth and metabolic activities of 
microorganisms (Walter 1976; Burne and Moore 1987). Geological records indicate 
that microbialites first appeared 3.5 billion years ago and were the main evidence of 
life on Earth for the next 2  billion years (Allwood et  al. 2006; Schopf 2006). 
Stromatolites are layered forms of microbialites. As the first communities perform-
ing significant oxygenic photosynthesis, they are thought to have played a major 
role in oxygenation of the Earth’s atmosphere (Kasting 1991; Holland 1994).

Most microbialites can be classified into one of three main categories based on 
their macroscopic features (Dupraz and Strasser 1999; Riding 1991): stromatolites, 
showing a laminated macrofabric (Monty 1977; Semikhatov et al. 1979); thrombo-
lites, displaying a clotted (mesoclot) macrofabric (Aitken 1967; Kennard and James 
1986; Shapiro 2000; Turner et al. 2000); and leiolite, without a well-defined macro-
fabric (structureless) (Braga et al. 1995). These three types of microbialites can dis-
play a wide range of microstructures, including micropeloidal, densely micritic, or 
agglutinated microfabrics (Riding 1991; Dupraz and Strasser 1999).
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3.1  Introduction

According to the Dutch botanist and microbiologist Lourens Baas-Becking, 
“Everything is everywhere, but, the environment selects” (Baas-Becking 1934). His 
idea was that while microbial life occurs worldwide, in a given environmental set-
ting, most microbial species are only latently present (De Wit and Bouvier 2006). 
The combined extreme environmental conditions of hyperarid deserts give rise to 
perhaps the harshest setting faced by microbial life. As such, desert microbial eco-
systems are excellent models to address the environmental selection of a terrestrial 
biome and the limits of life on our planet. The aridity of the desert environment 
implies a scarcity of water. Water is the single most important requirement for life 
on Earth, and theoretically, there is a threshold in the natural environment—the dry 
limit—where liquid water is too scarce for the full range of necessary functions 
required to sustain viable populations of organisms. In fact, there are some known 
environments with multiple and/or simultaneous forms of stress that determine the 
limits of life on Earth. While these environments can be considered polyextreme, 
surprisingly, they may be inhabited by microbiota able to survive such multiple 
extreme conditions. Hence, polyextreme environments are excellent microbial ecol-
ogy models to study the biochemical resistance mechanisms of microorganisms.

This chapter describes the endolithic microbial communities discovered in the 
past decade within the hyperarid zone of the Atacama Desert (north Chile). 
Considering the scope of this book, we focused our attention on the Preandean and 
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Andean zones of the Atacama Desert, excluding zones of the hyperarid core 
(Longitudinal Valley) harboring endolithic microbial communities colonizing the 
interior of halite (NaCl) rocks (Wierzchos et al. 2006; Robinson et al. 2015). After 
a description of the polyextreme environment of this part of the desert, we focus on 
its lithobiontic microbial habitats and their characteristics.

3.2  Characterizing the Polyextreme Environment 
of the Atacama Desert

While polyextremophilic/polyextremotolerant microorganisms as a group can sur-
vive individual extreme conditions, there are some effects of polyextreme stress 
combinations that have yet to be characterized. Where do we find one of the most 
polyextreme environments on Earth? Arid and hyperarid environments comprise 
over 30% of the Earth’s land and as such represent the most extensive terrestrial 
biome (see Pointing and Belnap 2012). Among the deserts, the Atacama Desert is 
perhaps the most challenging polyextreme environment on Earth and is the most 
barren region imaginable. Its hyperarid climate is the result of the confluence of a 
subtropical high-pressure zone, the cold Humboldt Current on the coast, offshore 
winds, the Andean rain-shadow effect, and the latitudinal position of the region 
(Houston and Hartley 2003).The Longitudinal Valley of the Atacama Desert is the 
driest place on Earth (Hartley et al. 2005; Houston and Hartley 2003) with scarce 
precipitation of about 3 mm year−1 (McKay et al. 2003; Wierzchos et al. 2012a) and 
an extremely low mean annual relative humidity (RH) of 17.3% reported by Azúa- 
Bustos et al. (2015). Figure 3.1 shows the general physiography of the central part 
of the Atacama Desert.

The Preandean Depression of the Atacama Desert (up to 3300 m a.s.l.) represents 
a unique environment where there is synergy among various extreme climate and 
physical factors. The region’s geological setting is also diverse, spanning from vol-
canic to evaporitic rocks that evolved during a long-lasting period of aridity (Hartley 
et al. 2005; Bull et al. 2018). The Preandean Atacama Desert experiences extremely 
dry conditions, with a mean annual RH of 16.5% in the Cordón de Lila area 
(Wierzchos et  al. 2015), which is even lower than the humidity recorded in the 
Longitudinal Valley. Precipitation is extremely scarce, the mean annual value being 
24–27 mm year−1. Although this level of precipitation might seem higher than for 
the Longitudinal Valley of the Atacama Desert, Aridity Index (AI = annual rainfall 
precipitation/mean annual potential evapotranspiration) values have been calculated 
at around 0.0093 and 0.0075 for the Valle de la Luna and Cordón Lila areas, respec-
tively (DiRuggiero et al. 2013; Wierzchos et al. 2013, 2015). These values are far 
below the threshold of 0.05 used to define the world’s hyperarid zones (Houston and 
Hartley 2003). The extreme aridity of this location is also reflected by long time- 
spans between scarce precipitations.

As expected, rainfall in the Western Cordillera, Altiplano, and Andean “Puna” 
areas is higher and has been reported below 200  mm  year−1 for altitudes above 

J. Wierzchos et al.



39

4000 m a.s.l. and below 150 mm year−1 for altitudes between 3000 and 4000 m a.s.l., 
respectively, for latitudes between 27°S and 21°S (Tapia et al. 2018). Nevertheless, 
the vegetation in these areas is extremely sparse, with a maximum of 30% cover 
from 3800 to 4000 m (Núñez et al. 2002). Springs and a few perennial creeks are 
focal points for any life present. These parts of the Atacama Desert show mean 
annual temperatures of 12–17.3  °C (Meslier et  al. 2018) and about 0  °C for the 
Preandean Depression and Western Cordillera, respectively.

The Atacama Desert, including Preandean, Western Cordillera, and Altiplano 
areas, holds other word records for an extreme environment. These zones are known 
as the places on Earth with the highest surface UV irradiance, where ground-based 
measurements have shown the UV index to exceed 20 (Cordero et al. 2014) and 
43.3 (Cabrol et al. 2014), respectively. However, this last value was questioned by 
McKenzie et al. (2015). Annual UV-B (UV-A) doses have been estimated at about 
5 kWh/m2 (160 kWh/m2) on the Andean plateau (Cordero et al. 2018). Moreover, 
the most extreme values for total solar and UV irradiances (1528 W m−2) have been 
reported for “Puna de Atacama” by Piacentini et al. (2003). All these mentioned 
zones of the Atacama Desert are characterized by their locations (relatively close to 
the equator), high altitudes, relatively low total ozone column values, low relative 
humidity, prevalent cloudless conditions, and low aerosol loading (McKenzie et al. 
2015). Further, UV enhancement was observed through the cloud-scattering effect 
(Piacentini et al. 2003; Cordero et al. 2014). While solar radiation is essential for 
phototrophic life, extremely high levels of UV radiation are harmful to cellular 
components (Jeffrey et al. 1996; Phoenix et al. 2006), and excessive photosynthetic 
active radiation (PAR) leads to photo-inhibition through damage to the reaction 

Fig. 3.1 General physiography of the central part of the Atacama Desert (Chile): CC Coastal 
Cordillera, LV Longitudinal Valley, CP Chilean Precordillera, PD Preandean Depression, WC 
Western Cordillera. Key field locations: black triangle = Valle de la Luna area, black square = Cordón 
de Lila area
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center of photosystem II in photosynthetic microorganisms (Häder et al. 1986). In 
effect, the combination of hyperaridity and extreme solar irradiance means the 
Preandean area virtually lacks any life form on its rock and soil surfaces.

3.3  Endolithic Microbial Colonization of the Preandean 
Depression and Western Cordillera

In this inhospitable polyextreme desert, microbial life has found a refuge in very 
specific endolithic (inside rocks) microhabitats, which consist of a network of pores 
and fissures connected to the surface within semi-translucent rock (rev. by Wierzchos 
et al. 2012b, 2018). Three different rock positions of these endolithic habitats have 
been described within rocks of the Atacama Desert (see Chap. 5): cryptoendolithic 
(occupying pore spaces in the rock), chasmoendolithic (living within cracks and 
fissures in the rock), and hypoendolithic (living inside the rock but close to the soil 
interface at the bottom). Endolithic colonization can be viewed as a stress avoidance 
strategy, whereby the overlying mineral substrate provides certain protection from 
incident lethal UV and PAR radiation and also offers enhanced moisture availability 
(Walker and Pace 2007; Wierzchos et al. 2012b). We would like to emphasize our 
discovery, characterization, and detailed description of novel endolithic microbial 
communities and their habitats in the hyperarid zone of the Preandean Depression 
of the Atacama Desert. These habitats are as diverse as the insides of gypsum 
(DiRuggiero et  al. 2013; Ziolkowski et  al. 2013), gypcrete (Meslier et  al. 2018; 
Vítek et al. 2016; Wierzchos et al. 2015), calcite (Meslier et al. 2018; DiRuggiero 
et  al. 2013), volcanic rocks (ignimbrite and rhyolite) (Meslier et  al. 2018; Vítek 
et al. 2017; Crits-Christoph et al. 2016; Cámara et al. 2015; Wierzchos et al. 2013; 
DiRuggiero et al. 2013), and granite (Meslier et al. 2018). Communities are chloro-
phototrophic-based, with primary producers supporting a diversity of heterotrophic 
microorganisms (rev. in Wierzchos et al. 2018). Molecular and microscopy charac-
terization of these endolithic microbial communities shows that the interior of the 
majority of rocks is colonized by communities dominated by Cyanobacteria, mostly 
of the Chroococcidiopsis genus, and Actinobacteria, Proteobacteria, Chloroflexi, 
Bacterioidetes, Euryarchaeota phyla and other heterotrophic microorganisms 
(Meslier et al. 2018). Eukaryotic algae have only been found in the gypcrete sub-
strate (Wierzchos et al. 2015). Fungi as representative of another Eukaryotic biota 
were isolated from the Western Cordillera region close to the Sairecabur volcano 
(Pulschen et al. 2015). These fungi were described as Cryptococcus friedmannii, 
Exophiala sp., Holtermanniella watticus, Rhodosporidium toruloides. Despite 
higher rainfall in the Western Cordillera, unexpectedly, endolithic colonization is 
extremely scarce. We found very few examples of endolithic habitats within ignim-
brite harboring fungi, phototrophic and heterotrophic bacteria in the Los Moaís de 
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Tara area and close to the Miscanti volcano (J. Wierzchos, pers. com.). The explana-
tion for this paradox could be high weathering and exfoliation rates of rock surfaces 
induced by moisture and strong winds. We can hypothesis that endolithic coloniza-
tion will thrive even in this very harsh polyextreme environment provided lithic 
substrates are stable over long time periods. Lower rates of weathering and exfolia-
tion of rock surfaces can be expected in more arid environments, such as the 
Preandean Depression, when climate turned from relatively humid conditions dur-
ing late glacial and early Holocene times to  hyperarid conditions. In northern Chile, 
this change began around 14,000  year  B.P. and culminated between 13,000 and 
9500 year B.P. (Núñez et al. 2002).

3.4  Drivers of Endolithic Microbial Colonization: Rock 
Physical Properties and Their Architecture

3.4.1  Rock Porosity

The porosity of rocks connected to rock surface pores and fissures is an essential 
condition for endolithic colonization. However, absolute values of porosity mea-
sured by mercury intrusion porosimetry (MIP) or porosity measured by total immer-
sion of rocks in water (TIW) gives only general information about the total volume 
of pores. For instance, reported porosity measured by MIP is 25.6–56% for gypcrete 
(Wierzchos et al. 2015) and 14.4% for ignimbrite (Wierzchos et al. 2013). The TIW 
method gives total porosity values of 12.15% for gypcrete, 17% for ignimbrite, 
1.65% for calcite, and 0.3% for granite (Meslier et al. 2018). This span of absolute 
values of porosity clearly indicates that not only the total volume of pores should be 
taken into account for a better description of the bioreceptivity of endolithic habitats 
and rocks but also the pore shape, pore size distribution, pore distribution within the 
rock, and pore connectivity. X-ray computed tomography (CTScan) is a promising 
method that allows for porosity quantification within a whole piece of rock and also 
three-dimensional (3-D) distribution and visualization of the pore system within 
rocks (Needham et al. 2013). Figure 3.2 shows some examples of this approach for 
the above-mentioned endolithically colonized lithic substrates. All rocks show a 
porosity, and it plays an important role in water retention capacity, water absorption, 
and capillary condensation (Wierzchos et al. 2012a) acting as a moisture reservoir. 
Of note, in CTScan images, all these rocks displayed a significantly lower porosity 
close to the rock surface, which in the case of gypcrete was also confirmed by MIP 
(Wierzchos et al. 2015). This feature might indicate what we call the “eggshell” 
shield effect in which moisture within the rocks is protected against rapid evapora-
tion rates, promoting endolithic colonization.
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3.4.2  Water

Water is the most important resource for endolithic microbial communities and the 
most significant factor shaping community structure and composition (Meslier et al. 
2018). Precipitation in the form of rain seems to be an essential source of liquid 
water for endolithic ecosystems. However, in the Preandean Depression area, rain-
fall is scarce (up to 27 mm year−1) with long intervals between rain and evaporation 
rates as high as 2920 mm year−1 (Houston 2006). Our results indicate that water 
availability might depend on sources other than rainfall. One of the most important 
moisture sources for endolithic communities is water vapor condensation at night, 
namely dewfall, and absorption of this liquid water by the pore system. It is com-
monly accepted that dewfall can be a substantial source of moisture in many of the 
world’s deserts (Büdel et al. 2008; Kidron et al. 2000; Kidron and Temina 2013). 
The frequency, duration, and water abundance of dewfall depends on atmospheric 
conditions such air T and air RH (air dew point conditions). However, dewfall on 
rock surfaces also depends on rock surface thermal conductivity (DiRuggiero et al. 
2013). This property may induce a significantly lower rock surface temperature than 
air temperature and the formation of dewfall. This phenomenon for calcite colo-
nized by chasmoendolithic microbial communities was reported by (DiRuggiero 
et  al. 2013). These authors found microkarstic features on calcite rock surfaces 
attributed to frequent dewfall, as a common and important source of liquid water. 
Recently, through electrical conductivity measurements of the calcite surface (from 
VL) over a 2 year period, we were able to clearly show the presence of liquid water 
formed by dew during more than 1400  h  year−1 (J.  Wierzchos, pers. comm.). 

Fig. 3.2 Cross sections of endolithically colonized rocks (a–d) and corresponding CTScan 3-D 
reconstruction images (a′–d′). (a) calcite (close to VL) with black arrow, chasmoendolithic habitat 
and blue arrow, cryptoendolithic habitat; (b) gypcrete with arrow, cryptoendolithic habitat (CL); (c) 
ignimbrite with arrows, cryptoendolithic habitat (CL); (d) granite with arrows chasmoendolithic 
habitat (CL). (a′–d′) CTScan images for calcite, gypcrete, ignimbrite, and granite, respectively, 
where yellow signal shows the 3-D distribution of pores and fissures. CTScan images were obtained 
using Nikon Xtech 160 equipment (MNCN-CSIC, Madrid, Spain). Scale bar = 1 cm for all images
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Similarly, more than 300 h year−1 liquid water was deposited by dew on the surface 
of endolithically colonized gypcrete (CL) (J. Wierzchos, pers. comm.).

Because water is essential for endolithic microorganisms, they also suffer the 
most serious stress for all organisms—dehydration stress. These microorganisms 
can be considered as poikilohydric, as they faithfully combine features of poikilo-
hydrous microorganisms such as: (1) the capacity to tolerate extreme and prolonged 
desiccation; (2) the capacity to enter into an anabiotic state when desiccated; (3) 
extreme heat resistance in the anabiotic state; and (4) the capacity to take up water 
as vapor, or liquid and instantaneously switch on metabolic activity (and vice versa).

3.4.3  Rock Light Properties

Extremely high UV and PAR irradiance along with desiccation could arrest the 
growth and proliferation of epilithic (inhabiting the rock surface) communities in 
extremely dry deserts (Cockell et  al. 2008; Quesada et  al. 1999) such as the 
Preandean Depression zone of the Atacama Desert. In such an environment, endo-
liths are better adapted to tolerate UV radiation by virtue of their strategic location 
and production of UV-screening compounds such as scytonemin and carotenoids 
(Cockell et al. 2003; Vítek et al. 2014a, b, 2016, 2017). Within endolithic habitats, 
the significantly attenuated solar irradiance allows for photosynthetic cyanobacteria 
to thrive as primary producers of these ecosystems. The position of the photosyn-
thetic endolithic habitat is conditioned by light penetration, which depends on rock 
transparency, light reflection, absorption and dispersion by minerals, as well as by 
the presence, thickness, and optical properties of rock varnish. According to Walker 
and Pace (2007) and Matthes et al. (2001), no significant relationship exists between 
light penetration and depth of colonization. However, recent comprehensive studies 
of this relationship indicate clear correlation between rock transmittance (data based 
on light transmission spectra) and the depth of endoliths within the endolithically 
colonized rocks of the Preandean Depression (Meslier et al. 2018). These authors 
reported that spectral transmission varied greatly across substrates with values rang-
ing from 7% to less than 0.001% of incident solar light at 2 mm below the rock 
surface. Calcite emerged as the most translucent substrate, with an average depth of 
the photosynthetic endolithic zone of 7 mm, followed by granite, gypsum and by 
ignimbrite as the least translucent, with a 2  mm deep photosynthetic endolithic 
zone. In addition, significantly higher transmission was reported in the red and 
infrared part of the spectrum (>700 nm) than for blue wavelengths (400–500 nm) 
(Meslier et al. 2018). It was also noted that all lithic substrates blocked UV radiation 
at a 2 mm depth. These data reinforce the hypothesis that light is the major driver 
for the localization of the endolithic colonization habitat but does not affect com-
munity richness or diversity. Similar avoidance of UV exposures relying on coloni-
zation of deeper positions by cyanobacteria in aragonite (CaCO3) composed 
benthonic stromatolites from high-altitude volcanic lakes (Andes) was reported by 
Farías et al. (2013) and Toneatti et al. (2017).
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3.4.4  Rock Thermal Properties

Several authors consider endolithic colonization as a strategy to avoid thermal stress 
by ameliorating or buffering the effects of temperature fluctuations within the endo-
lithic microenvironment (Walker and Pace 2007; Gómez-Silva 2018; Wierzchos 
et al. 2012b; Nienow 2009). Perhaps this is true for polar deserts, but in the light of 
our recent measurements of air and endolithically colonized rock surface tempera-
tures, the endolithic habitats of the Preandean Atacama Desert are extremely hot 
during mid-day solar irradiance, significantly warmer than the environmental tem-
perature. Figure  3.3a–d shows two-dimensional (2-D) mid-day austral summer 

Fig. 3.3 Gypcrete (a, b), ignimbrite (c, d), and calcite (e, f) images and 2-D temperature distribu-
tions on rock surfaces measured by infrared radiation; FLIR, E40 camera system
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 temperature distributions on endolithically colonized gypcrete (CL) and ignimbrite 
(CL), and early morning temperature distributions on endolithically colonized cal-
cite (VL). Note that maximum recorded temperatures for gypcrete and ignimbrite 
were 54.4 and 58.3  °C, respectively, when the ambient air temperature recorded 
was 34 °C.

These data clearly demonstrate that even in the temperate Atacama Desert, tem-
peratures in the endolithic habitat are extremely high, much higher than air T, and 
rocks seem unable to mitigate such high temperatures. Although desert microorgan-
isms can tolerate temperature extremes in excess of 60 °C when dormant (Schlesinger 
et al. 2003; Tracy et al. 2010), high temperatures could be an important limiting 
factor for endolithic growth, as temperatures in excess of 50 °C can quickly vapor-
ize all the available water. Cooler early morning hours may be favorable for the 
metabolic activities of such endolithic communities, as host rocks could absorb 
water formed by the condensation of dew. This scenario is illustrated in Fig. 3.3e, f, 
where the calcite (VL) rock surface temperature was measured at 6  a.m. At this 
time, air temperature was 17 °C, air RH was 35%, and the dew point was 1.4 °C, 
meaning that any material with a temperature lower than 1.4 °C should condensate 
liquid dewfall water. The minimum T of this rock surface was −0.1 °C and T ranged 
between 1.4 °C and −0.1 °C, shown in blue in Fig. 3.3f. These 2-D blue spots reveal 
the presence of liquid water available for endolithic communities due to dewfall. 
Note that the mid-day T of this rock was 39 °C (data not shown) when air tempera-
ture was 32 °C, clearly indicating no buffering effect of the calcite rock. In sum-
mary, the extremely high temperatures of the endolithic habitat in the Atacama 
Desert could be another extreme factor for microbial life. However, the high thermal 
conductivity of colonized rocks might facilitate water vapor condensation due to 
dewfall condensation.

3.4.5  Rock Architecture

Rocks may be characterized by several physical properties such as: porosity, pore 
shape, pore size distribution, pore distribution within the rock, pore connectivity, 
thermal conductivity, permeability, density, water retention capacity, light transmit-
tance, light absorbance, light reflectance, light scattering, dissolution, and mineral-
ogical and chemical properties. Synergy among all these properties could promote 
the rock’s bioreceptivity to endolithic colonization in the polyextreme environment 
of the Atacama Desert. We suggest the term “rock architecture” (sensu (Wierzchos 
et al. 2015) rather than “rock structure” to emphasize the functional role of the rock 
interior as a complex but realistic driver of the success of endolithic colonization. 
All porous rocks have structure, yet very few show a suitable architecture for endo-
lithic microbial colonization, even in the polyextreme environment of the 
Atacama Desert.
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3.5  Concluding Remarks

The hyperarid Preandean Depression of the Atacama Desert and its arid Western 
Cordillera is one of the most abiotic places on Earth with life-threatening polyex-
treme conditions. Despite water scarcity, extreme UV and PAR radiation, and the 
high temperatures of its rock substrates, microbial life, mostly represented by pri-
mary producers, has survival strategies that enable it to colonize endolithic habitats 
within porous rocks. Microbial life in these microhabitats thrives because of the 
maximum availability of scarce water and adaptive strategies to avoid excess solar 
irradiance and extreme evapotranspiration rates. This is made possible by the com-
plex structural and mineralogical characteristics of the lithic substrate conceptually 
called the rock’s “habitable architecture”. Atacama’s endolithic microbial commu-
nities are ubiquitous and provide tractable model systems for extreme environment 
microbial ecology studies.

References

Azúa-Bustos A, Caro-Lara L, Vicuña R (2015) Discovery and microbial content of the driest site 
of the hyperarid Atacama Desert, Chile. Environ Microbiol Rep 7(3):388–394. https://doi.
org/10.1111/1758-2229.12261

Baas-Becking LGM (1934) Geobiologie of Inleiding tot de Milieukunde. WP Van Stockum & 
Zoon, The Hague, The Netherlands

Büdel B, Bendix J, Bicker FR, Allan Green TG (2008) Dewfall as a water source frequently acti-
vates the endolithic cyanobacterial communities in the granites of Taylor Valley, Antarctica1. J 
Phycol 44(6):1415–1424. https://doi.org/10.1111/j.1529-8817.2008.00608.x

Bull AT, Andrews BA, Dorador C, Goodfellow M (2018) Introducing the Atacama Desert. Antonie 
Van Leeuwenhoek 111(8):1269–1272. https://doi.org/10.1007/s10482-018-1100-2

Cabrol NA, Feister U, Häder DP, Piazena H, Grin EA, Klein A (2014) Record solar UV irradiance 
in the tropical Andes. Front Environ Sci 2. https://doi.org/10.3389/fenvs.2014.00019

Cámara B, Suzuki S, Nealson KH, Wierzchos J, Ascaso C, Artieda O, de los Ríos A (2015) 
Ignimbrite textural properties as determinants of endolithic colonization patterns from hyper- 
arid Atacama Desert. Int Microbiol 17(4):235–247. https://doi.org/10.2436/20.1501.01.226

Cockell CS, McKay CP, Warren-Rhodes K, Horneck G (2008) Ultraviolet radiation-induced limi-
tation to epilithic microbial growth in arid deserts-dosimetric experiments in the hyperarid core 
of the Atacama Desert. J Photochem Photobiol B 90:79–87

Cockell C, Rettberg EP, Horneck EG, Scherer K, Stokes EMD (2003) Measurements of microbial 
protection from ultraviolet radiation in polar terrestrial microhabitats. Photochem Photobiol 
26:62–69

Cordero RR, Damiani A, Jorquera J, Sepúlveda E, Caballero M, Fernandez S, Feron S, Llanillo PJ, 
Carrasco J, Laroze D, Labbe F (2018) Ultraviolet radiation in the Atacama Desert. Antonie Van 
Leeuwenhoek 111(8):1301–1313. https://doi.org/10.1007/s10482-018-1075-z

Cordero RR, Seckmeyer G, Damiani A, Riechelmann S, Rayas J, Labbe F, Laroze D (2014) 
The world’s highest levels of surface UV. Photochem Photobiol Sci 13(1):70–81. https://doi.
org/10.1039/c3pp50221j

Crits-Christoph A, Robinson CK, Ma B, Ravel J, Wierzchos J, Ascaso C, Artieda O, Souza-Egipsy 
V, Casero MC, DiRuggiero J (2016) Phylogenetic and functional substrate specificity for 

J. Wierzchos et al.

https://doi.org/10.1111/1758-2229.12261
https://doi.org/10.1111/1758-2229.12261
https://doi.org/10.1111/j.1529-8817.2008.00608.x
https://doi.org/10.1007/s10482-018-1100-2
https://doi.org/10.3389/fenvs.2014.00019
https://doi.org/10.2436/20.1501.01.226
https://doi.org/10.1007/s10482-018-1075-z
https://doi.org/10.1039/c3pp50221j
https://doi.org/10.1039/c3pp50221j


47

 endolithic microbial communities in hyper-arid environments. Front Microbiol 7:301. https://
doi.org/10.3389/fmicb.2016.00301

De Wit R, Bouvier T (2006) ‘Everything is everywhere, but, the environment selects’; what 
did Baas Becking and Beijerinck really say? Environ Microbiol 8(4):755–758. https://doi.
org/10.1111/j.1462-2920.2006.01017.x

DiRuggiero J, Wierzchos J, Robinson CK, Souterre T, Ravel J, Artieda O, Souza-Egipsy V, Ascaso 
C (2013) Microbial colonisation of chasmoendolithic habitats in the hyper-arid zone of the 
Atacama Desert. Biogeosciences 10(4):2439–2450. https://doi.org/10.5194/bg-10-2439-2013

Farías ME, Rascovan N, Toneatti DM, Albarracín VH, Flores MR, Poiré DG, Collavino MM, 
Aguilar OM, Vazquez MP, Polerecky L (2013) The discovery of stromatolites developing at 
3570 m above sea level in a high-altitude volcanic Lake Socompa, Argentinean Andes. PLoS 
One 8(1):e53497. https://doi.org/10.1371/journal.pone.0053497

Gómez-Silva B (2018) Lithobiontic life: “Atacama rocks are well and alive”. Antonie Van 
Leeuwenhoek 111:1333. https://doi.org/10.1007/s10482-018-1033-9

Häder DP, Watanabe M, Furuya M (1986) Inhibition of motility in the cyanobacterium, Phormidium 
uncinatum, by solar and monochromatic UV irradiation. Plant Cell Physiol 27(5):887–894

Hartley AJ, Chong G, Houston J, Mather AE (2005) 150 million years of climatic stability: evi-
dence from the Atacama Desert, northern Chile. J Geol Soc 162(3):421–424. https://doi.
org/10.1144/0016-764904-071

Houston J (2006) Variability of precipitation in the Atacama desert: its causes and hydrological 
impact. Int J Climatol 26(15):2181–2198. https://doi.org/10.1002/joc.1359

Houston J, Hartley AJ (2003) The central Andean west-slope rainshadow and its potential contri-
bution to the origin of hyper-aridity in the Atacama Desert. Int J Climatol 23(12):1453–1464. 
https://doi.org/10.1002/joc.938

Jeffrey WH, Aas P, Lyons MM, Coffin RB, Pledger RJ, Mitchell DL (1996) Ambient solar radiation- 
induced photodamage in marine bacterioplankton. Photochem Photobiol 64(3):419–427

Kidron GJ, Barzilay E, Sachs E (2000) Microclimate control upon sand microbiotic crusts, western 
Negev Desert, Israel. Geomorphology 36(1–2):1–18

Kidron GJ, Temina M (2013) The effect of dew and fog on lithic lichens along an altitudinal gradi-
ent in the Negev desert. Geomicrobiol J 30(4):281–290. https://doi.org/10.1080/01490451.20
12.672542

Matthes U, Turner SJ, Larson DW (2001) Light attenuation by limestone rock and its constraint 
on the depth distribution of endolithic algae and cyanobacteria. Int J Plant Sci 162(2):263–270. 
https://doi.org/10.1086/319570

McKay CP, Friedmann EI, Gómez-Silva B, Cáceres-Villanueva L, Andersen DT (2003) 
Temperature and moisture conditions for life in the of observations including the El Niño of 
1997–1998. Astrobiology 3:393–406

McKenzie RL, Bernhard G, Madronich S, Zaratti F (2015) Comment on “Record solar UV irradi-
ance in the tropical Andes, by Cabrol et al.”. Front Environ Sci 3:26. https://doi.org/10.3389/
fenvs.2015.00026

Meslier V, Casero MC, Dailey M, Wierzchos J, Ascaso C, Artieda O, McCullough PR, 
DiRuggiero J (2018) Fundamental drivers for endolithic microbial community assem-
blies in the hyperarid Atacama Desert. Environ Microbiol 20(5):1765–1781. https://doi.
org/10.1111/1462-2920.14106

Needham AW, Abel RL, Tomkinson T, Grady MM (2013) Martian subsurface fluid pathways and 
3D mineralogy of the Nakhla meteorite. Geochim Cosmochim Acta 116:96–110. https://doi.
org/10.1016/j.gca.2012.07.004

Nienow JA (2009) Extremophiles: dry environments (including Cryptoendoliths). In: Encyclopedia 
of microbiology. Elsevier, Oxford, pp 159–173

Núñez L, Grosjean M, Cartajena I (2002) Human occupations and climate change in the Puna de 
Atacama, Chile. Science 298(5594):821–824. https://doi.org/10.1126/science.1076449

Phoenix VR, Bennett PC, Engel AS, Tyler SW, Ferris FG (2006) Chilean high-altitude hot-spring 
sinters: a model system for UV screening mechanisms by early Precambrian cyanobacteria. 
Geobiology 4(1):15–28

3 The Desert Polyextreme Environment and Endolithic Habitats

https://doi.org/10.3389/fmicb.2016.00301
https://doi.org/10.3389/fmicb.2016.00301
https://doi.org/10.1111/j.1462-2920.2006.01017.x
https://doi.org/10.1111/j.1462-2920.2006.01017.x
https://doi.org/10.5194/bg-10-2439-2013
https://doi.org/10.1371/journal.pone.0053497
https://doi.org/10.1007/s10482-018-1033-9
https://doi.org/10.1144/0016-764904-071
https://doi.org/10.1144/0016-764904-071
https://doi.org/10.1002/joc.1359
https://doi.org/10.1002/joc.938
https://doi.org/10.1080/01490451.2012.672542
https://doi.org/10.1080/01490451.2012.672542
https://doi.org/10.1086/319570
https://doi.org/10.3389/fenvs.2015.00026
https://doi.org/10.3389/fenvs.2015.00026
https://doi.org/10.1111/1462-2920.14106
https://doi.org/10.1111/1462-2920.14106
https://doi.org/10.1016/j.gca.2012.07.004
https://doi.org/10.1016/j.gca.2012.07.004
https://doi.org/10.1126/science.1076449


48

Piacentini RD, Cede A, Bárcena H (2003) Extreme solar total and UV irradiances due to cloud 
effect measured near the summer solstice at the high-altitude desertic plateau Puna of Atacama 
(Argentina). J Atmos Sol Terr Phys 65(6):727–731

Pointing SB, Belnap J (2012) Microbial colonization and controls in dryland systems. Nat Rev 
Microbiol 10(8):551–562

Pulschen AA, Rodrigues F, Duarte RTD, Araujo GG, Santiago IF, Paulino-Lima IG, Rosa CA, 
Kato MJ, Pellizari VH, Galante D (2015) UV-resistant yeasts isolated from a high-altitude 
volcanic area on the Atacama Desert as eukaryotic models for astrobiology. Microbiologyopen 
4(4):574–588. https://doi.org/10.1002/mbo3.262

Quesada A, Vincent WF, Lean DRS (1999) Community and pigment structure of Arctic cyano-
bacterial assemblages: the occurrence and distribution of UV-absorbing compounds. FEMS 
Microbiol Ecol 28(4):315–323. https://doi.org/10.1016/s0168-6496(98)00114-7

Robinson CK, Wierzchos J, Black C, Crits-Christoph A, Ma B, Ravel J, Ascaso C, Artieda O, 
Valea S, Roldan M, Gomez-Silva B, DiRuggiero J (2015) Microbial diversity and the pres-
ence of algae in halite endolithic communities are correlated to atmospheric moisture in 
the hyper-arid zone of the Atacama Desert. Environ Microbiol 17(2):299–315. https://doi.
org/10.1111/1462-2920.12364

Schlesinger WH, Pippen JS, Wallenstein MD, Hofmockel KS, Klepeis DM, Mahall BE (2003) 
Community composition and photosynthesis by photoautotrophs under quartz pebbles, south-
ern Mojave Desert. Ecology 84(12):3222–3231

Tapia J, González R, Townley B, Oliveros V, Álvarez F, Aguilar G, Menzies A, Calderón M (2018) 
Geology and geochemistry of the Atacama Desert. Antonie Van Leeuwenhoek 111(8):1273–
1291. https://doi.org/10.1007/s10482-018-1024-x

Toneatti DM, Albarracín VH, Flores MR, Polerecky L, Farías ME (2017) Stratified bacterial diver-
sity along physico-chemical gradients in high-altitude modern stromatolites. Front Microbiol 
8:646. https://doi.org/10.3389/fmicb.2017.00646

Tracy CR, Streten-Joyce C, Dalton R, Nussear KE, Gibb KS, Christian KA (2010) Microclimate and 
limits to photosynthesis in a diverse community of hypolithic cyanobacteria in northern Australia. 
Environ Microbiol 12(3):592–607. https://doi.org/10.1111/j.1462-2920.2009.02098.x

Vítek P, Ascaso C, Artieda O, Casero MC, Wierzchos J (2017) Discovery of carotenoid red- 
shift in endolithic cyanobacteria from the Atacama Desert. Sci Rep 7(1):11116. https://doi.
org/10.1038/s41598-017-11581-7

Vítek P, Ascaso C, Artieda O, Wierzchos J (2016) Raman imaging in geomicrobiology: endolithic 
phototrophic microorganisms in gypsum from the extreme sun irradiation area in the Atacama 
Desert. Anal Bioanal Chem 408(15):4083–4092. https://doi.org/10.1007/s00216-016-9497-9

Vítek P, Jehlička J, Ascaso C, Mašek V, Gómez-Silva B, Olivares H, Wierzchos J (2014a) 
Distribution of scytonemin in endolithic microbial communities from halite crusts in the 
hyperarid zone of the Atacama Desert, Chile. FEMS Microbiol Ecol 90(2):351–366. https://
doi.org/10.1111/1574-6941.12387

Vítek P, Jehlicka J, Edwards HGM, Hutchinson I, Ascaso C, Wierzchos J (2014b) Miniaturized 
Raman instrumentation detects carotenoids in Mars-analogue rocks from the Mojave and 
Atacama deserts. Philos Trans R Soc A Math Phys Eng Sci 372(2030):20140196

Walker JJ, Pace NR (2007) Endolithic microbial ecosystems. Annu Rev Microbiol 61:331–347. 
https://doi.org/10.1146/annurev.micro.61.080706.093302

Wierzchos J, Ascaso C, McKay CP (2006) Endolithic cyanobacteria in halite rocks from the hyper-
arid core of the Atacama Desert. Astrobiology 6(3):415–422

Wierzchos J, Casero MC, Artieda O, Ascaso C (2018) Endolithic microbial habitats as refuges 
for life in polyextreme environment of the Atacama Desert. Curr Opin Microbiol 43:124–131. 
https://doi.org/10.1016/j.mib.2018.01.003

Wierzchos J, Davila AF, Artieda O, Cámara-Gallego B, de los Ríos A, Nealson KH, Valea S, Teresa 
García-González M, Ascaso C (2013) Ignimbrite as a substrate for endolithic life in the hyper- 
arid Atacama Desert: implications for the search for life on Mars. Icarus 224(2):334–346. 
https://doi.org/10.1016/j.icarus.2012.06.009

J. Wierzchos et al.

https://doi.org/10.1002/mbo3.262
https://doi.org/10.1016/s0168-6496(98)00114-7
https://doi.org/10.1111/1462-2920.12364
https://doi.org/10.1111/1462-2920.12364
https://doi.org/10.1007/s10482-018-1024-x
https://doi.org/10.3389/fmicb.2017.00646
https://doi.org/10.1111/j.1462-2920.2009.02098.x
https://doi.org/10.1038/s41598-017-11581-7
https://doi.org/10.1038/s41598-017-11581-7
https://doi.org/10.1007/s00216-016-9497-9
https://doi.org/10.1111/1574-6941.12387
https://doi.org/10.1111/1574-6941.12387
https://doi.org/10.1146/annurev.micro.61.080706.093302
https://doi.org/10.1016/j.mib.2018.01.003
https://doi.org/10.1016/j.icarus.2012.06.009


49

Wierzchos J, Davila AF, Sánchez-Almazo IM, Hajnos M, Swieboda R, Ascaso C (2012b) Novel 
water source for endolithic life in the hyperarid core of the Atacama Desert. Biogeosciences 
9(6):2275–2286

Wierzchos J, de los Ríos A, Ascaso C (2012a) Microorganisms in desert rocks: the edge of life on 
Earth. Int Microbiol 15(4):173–183

Wierzchos J, DiRuggiero J, Vitek P, Artieda O, Souza-Egipsy V, Skaloud P, Tisza M, Davila AF, 
Vilchez C, Garbayo I, Ascaso C (2015) Adaptation strategies of endolithic chlorophototrophs 
to survive the hyperarid and extreme solar radiation environment of the Atacama Desert. Front 
Microbiol 6:934. https://doi.org/10.3389/fmicb.2015.00934

Ziolkowski LA, Wierzchos J, Davila AF, Slater GF (2013) Radiocarbon evidence of active 
endolithic microbial communities in the hyperarid core of the Atacama desert. Astrobiology 
13(7):607–616. https://doi.org/10.1089/ast.2012.0854

3 The Desert Polyextreme Environment and Endolithic Habitats

https://doi.org/10.3389/fmicb.2015.00934
https://doi.org/10.1089/ast.2012.0854


51© Springer Nature Switzerland AG 2020
M. E. Farías (ed.), Microbial Ecosystems in Central Andes Extreme 
Environments, https://doi.org/10.1007/978-3-030-36192-1_4

Chapter 4
Preandean Atacama Desert Endolithic 
Microbiology

María Cristina Casero, Victoria Meslier, Jacek Wierzchos, 
and Jocelyne DiRuggiero

4.1  Introduction

Desert microbial communities are adapted to extreme environmental conditions and 
are particularly sensitive to climate change (IPCC 2012). In both hot and cold des-
erts, these communities are subjected to high ultraviolet (UV) and solar radiation, 
scarcity of water, intense desiccation, strong temperature fluctuations, and oligotro-
phic conditions (Wierzchos et al. 2012; Billi et al. 2017). As such, they are highly 
sensitive to perturbation and therefore of great interest for predicting the impacts of 
today’s changing climate. Microorganisms from desert communities are known as 
extremophiles. They have been used as model systems to investigate the limits of 
life (Dassarma 2006; Pikuta et al. 2007), and a number of studies have addressed 
their metabolic diversity and survival strategies (Dassarma 2006; Pointing and 
Belnap 2012; Wierzchos et al. 2018). Additionally, because the most arid deserts 
around the world (Atacama, Antarctica, Mojave, The Qaidam Basin) are analogues 
for Mars’ environment, the study of desert extremophiles might help guide our 
search for life elsewhere (Fairén et al. 2010; Foing et al. 2011; Smith et al. 2014; 
Xiao et al. 2017; Bull et al. 2018). More recently, extremophiles have gained interest 
in applied research as potential sources for high-value bioactive compounds due 
to their ability to resist extreme environmental conditions (Finore et  al. 2016; 
Stan- Lotter and Fendrihan 2017; Neifar et al. 2015).
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In the world’s arid and hyperarid deserts, microorganisms find refuge inside rock 
substrates as a survival strategy, colonizing what is known as the endolithic habitat 
(Golubic et  al. 1981; Wierzchos et  al. 2012). There are many examples of these 
endolithic microbial communities (EMCs), which are photosynthetic-based with 
primary producers supporting a diversity of heterotrophic microorganisms 
(Friedmann 1980; Friedmann et al. 1988; De Los Ríos et al. 2005, 2014; Dong et al. 
2007; Schmidt et al. 2011; Wei et al. 2015) and more specifically in the Atacama 
Desert (Wierzchos et al. 2006, 2011, 2013, 2015; DiRuggiero et al. 2013; Robinson 
et al. 2015; Crits-Christoph et al. 2016a, b; Meslier et al. 2018).

Several ecological properties of EMCs, initially proposed by (Friedmann and 
Ocampo-Friedmann 1984) and summarized by (Walker and Pace 2007) include:

 (a) EMCs are among the simplest microbial ecosystems.
 (b) EMCs are characterized by a core group of microorganisms that co-occur 

within a defined habitat.
 (c) The extreme endolithic environment is seeded from a relatively small reservoir 

of microorganisms highly adapted to this unique environment.
 (d) The composition of EMCs is influenced by biogeography and environmental 

factors such as the physical and chemical properties of substrates and climate.

Most studies of EMCs from the Preandean Depression of the Atacama Desert 
have focused on the determination of (1) the diversity, structure, and composition of 
the communities (who is there?) (Crits-Christoph et al. 2016b; Meslier et al. 2018; 
DiRuggiero et  al. 2013), (2) the physicochemical structure of the substrate, also 
called the architecture, and the spatial organization of the community within that 
substrate (where are they?) (Wierzchos et  al. 2018; Meslier et  al. 2018; Cámara 
et al. 2015), and (3) adaptation strategies at the community and/or cellular levels 
(how are they able to survive?) (Wierzchos et al. 2015; Vítek et al. 2016, 2017).

In this chapter we will focus on the diversity, structure, and composition of 
EMCs from the Preandean zone of the hyperarid Atacama Desert, emphasizing the 
need to comprehensively address the diversity of these communities while consider-
ing the principles underlying their assembly, such as low-complexity, highly adapted 
microbiota, and influences of the biogeography, climate, and rock properties.

4.2  A Multidisciplinary Approach for Describing EMCs 
Structure, Composition, and Spatial Arrangement

The first reports on EMCs from hyperarid deserts involved the use of direct micros-
copy methods to visualize the microbe-rock interface and the endolithic settings 
(Wierzchos and Ascaso 2001 and references therein). At the time, EMCs were 
mostly characterized by their phototrophic members (prokaryotic- or eukaryotic- 
based communities), because of the difficulty in identifying heterotrophic members 
solely based on their morphology (Friedmann et al. 1988; De Los Ríos et al. 2014). 
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Early identifications of the heterotrophic component of EMCs were performed 
using culture-based methods (Hirsch et  al. 1988; Siebert and Hirsch 1988), but 
because of the limitations of these methods, their diversity remained largely unex-
plored at the time. The emergence of high-throughput sequencing tools has deeply 
changed our view of microbial diversity across ecosystems, including that of the 
endolithic habitat (Walker and Pace 2007). Nowadays, characterization of EMCs, 
including those found in the Preandean area of the Atacama Desert, is routinely 
done with a multidisciplinary approach that involves sophisticated microscopy and 
molecular tools (Fig. 4.1).

The main contributions of microscopy and microanalytical tools to the study of 
EMCs have been the visualization and characterization of the microhabitat, includ-
ing the spatial distribution of the microorganisms within. Scanning electron micros-
copy in backscattered electron mode (SEM-BSE) was essential in defining the 
different endolithic microhabitats and type of colonization, enabling one to distin-
guish (1) the cryptoendolithic habitat (Golubic et al. 1981), where microorganisms 
colonized the pore spaces of the lithic substrate, (2) the chasmoendolithic habitat 
(Golubic et al. 1981) characterized by colonized cracks and fissures, and (3) the 
hypoendolithic habitat (Wierzchos et al. 2011), where the colonization is located 
underneath the lithic substrate. This method has also provided invaluable informa-
tion on the distribution of the microorganisms within each of these microhabitats 
(Wierzchos et  al. 2011, 2013, 2018; Cámara et  al. 2015; Crits-Christoph et  al. 
2016b; DiRuggiero et al. 2013; Meslier et al. 2018) and, together with computed 
tomography scanning (CT-Scan), allowed the description of the substrate’s architec-
ture (Wierzchos et al. 2018). The concept of the substrate’s architecture has been 
defined as the space available for colonization and includes the pores, fissures, and 
cracks of the substrate and how they are connected to the surface (Wierzchos et al. 
2015). The use of SEM at low temperatures (LTSEM) brought additional informa-
tion, such as cytological identification of cells in situ and the characterization of 
their ultrastructural features (Wierzchos and Ascaso 2001). Other microscopy meth-
ods such as bright field microscopy provided the identification of the major photo-
trophic members (Wierzchos and Ascaso 2001; Wierzchos et al. 2013, 2015), while 
fluorescent microscopy and confocal laser scanning microscopy (CSLM) gave us 
essential information about the metabolic status of the microorganisms inhabiting 
EMCs. In particular, these methods revealed assemblages of live and intact dead 

Fig. 4.1 Research tools used to study EMCs classified by techniques and specific goals
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cells (Wierzchos et al. 2011) and the spatial organization of cyanobacterial aggre-
gates surrounded by extracellular polymeric substances (EPSs) (Crits-Christoph 
et al. 2016a, b; Robinson et al. 2015) and embedded in a matrix of heterotrophic 
microorganisms (Wierzchos et al. 2011). Microanalytical tools such as SEM-BSE 
and energy dispersive X-ray spectroscopy (EDS) have revealed the spatial 
 arrangements of microbial cells around sepiolite nodules in gypsum rocks 
(Wierzchos et al. 2015; Meslier et al. 2018). This is of great significance because 
sepiolite is a mineral with high efficiency for water retention. X-ray powder diffrac-
tion (XRD) has also provided the mineral composition of many different lithic sub-
strates, such as calcite, ignimbrite, and gypsum (Wierzchos et  al. 2015; Meslier 
et al. 2018), and Raman spectroscopy has been used to characterize the distribution 
of pigments in the endolithic microhabitat of gypsum, ignimbrite, and halite (Vítek 
et al. 2010, 2013, 2014a, b, 2016, 2017).

Microscopy tools combined with culture-independent methods such as denatur-
ing gradient gel electrophoresis (DGGE) (Wierzchos et  al. 2013; Cámara et  al. 
2015) and, more recently, next generation sequencing (NGS) (DiRuggiero et  al. 
2013; Meslier et al. 2018; Crits-Christoph et al. 2016b; Wierzchos et al. 2015) have 
been used to characterize the phylogenetic diversity of EMCs. Pioneer studies 
revealed the discrepancies of biomass estimates between microscopy and molecular 
methods. For example, Dong et al. (2007) reported that cyanobacteria in gypsum 
endolithic communities represented 95% of the community when using micros-
copy, whereas the number fell to 40% when molecular methods were used. They 
suggested that those differences were potentially the result of contamination, the 
difficulty in isolating DNA from cyanobacteria, and the bias introduced by amplifi-
cation of the DNA by PCR (Dong et  al. 2007). Today, molecular tools such as 
amplicon sequencing of marker genes (i.e., 16S rRNA gene) and whole genome 
shotgun sequencing (WGS), combined with microscopy methods, have led to a 
more complete description of the endolithic microbiome. Habitats for these micro-
biomes include (1) the chasmoendolithic habitat of calcite (DiRuggiero et al. 2013; 
Meslier et al. 2018; Crits-Christoph et al. 2016b) and granite (Meslier et al. 2018) 
and (2) the cryptoendolithic habitat found in gypsum (Wierzchos et al. 2015; Dong 
et al. 2007; Meslier et al. 2018) and ignimbrite (Wierzchos et al. 2012; Cámara et al. 
2015; Crits-Christoph et al. 2016b; Meslier et al. 2018) (Table 4.1).

Some of the most diverse EMCs found in the Preandean Atacama Desert are that 
of gypsum from Cordón de Lila and Tilocalar (Table  4.1). Phototrophs in these 
communities included Cyanobacteria (36–83%) and algae belonging to the 
Chlorophyta class. The algae were only detected at very low abundance, first by 
microscopy (Wierzchos et al. 2015), and their occurrence was later confirmed by 
cloning of the 18S rRNA gene and by metagenome sequencing (Meslier, pers. 
com.). Major heterotrophic bacteria of the gypsum EMCs included Actinobacteria 
(10–25%) and Proteobacteria (13–30%) and at lower relative abundance Chloroflexi 
(0–11%) and Gemmatimonadetes (0–6%) (Table 4.1).

Another high diversity EMC of the Preandean area of the Atacama Desert is the 
chasmoendolithic community of calcite from the nearby Valle de la Luna area. In 
this substrate, primary producers were exclusively Cyanobacteria with a relative 
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abundance of 50 to 60%, while the heterotrophs included Actinobacteria (10–20%), 
Proteobacteria (3–5%), Chloroflexi (0–11%), and Gemmatimonadetes (0–15%) 
(Table 4.1). Using WGS Crits-Christoph et al. (2016b) identified additional hetero-
trophic bacteria with significant occurrence, such as Deinococcus–Thermus and 
Bacteroidetes.

EMCs from ignimbrite and granite were found to harbor significantly less diverse 
communities than other EMCs of the Preandean Atacama. In these substrates, 
Cyanobacteria were the only primary producers, reaching relative abundances of 
80% and 77% in ignimbrite and granite, respectively, while Proteobacteria relative 
abundances dropped below 5% in the ignimbrite community and below 1% in the 
granite community (DiRuggiero et al. 2013; Crits-Christoph et al. 2016b; Meslier 
et al. 2018). The low relative abundance of heterotrophic bacteria in these EMCs 
might be the result of phototrophs’ low metabolic activity in the harshest environ-
ments, leading to a reduced amount of fixed inorganic carbon and limiting, in turn, 
the abundance and diversity of the heterotrophic component of the community 
(Wierzchos et al. 2018; Meslier et al. 2018).

Abiotic factors promoting the diversity and composition of EMCs in the 
Preandean Atacama have been investigated by a number of multidisciplinary 
approaches (DiRuggiero et al. 2013; Wierzchos et al. 2015; Crits-Christoph et al. 
2016b; Meslier et al. 2018). These studies have shown that the rock architecture, 
i.e., the space available for colonization, embodied by the size of the cracks, fis-
sures, and pores and their connection to the surface, which is tightly linked to sub-
strate water retention capacities, were the main drivers of community structure and 
diversity. In addition, specific properties of the substrates were also found to confer 
beneficial advantages to the EMCs; these include sepiolite nodules in gypsum, 
which considerably increase the water retention capability of the substrate, or the 
high thermal conductivity of calcite, promoting dewfall formation (DiRuggiero 
et al. 2013; Wierzchos et al. 2015; Crits-Christoph et al. 2016b; Meslier et al. 2018).

By colonizing rock substrates, EMCs find protection from the extremely intense 
solar irradiance found in hyperarid deserts (Rondanelli et  al. 2015). Additional 
adaptation strategies, in particular against the deleterious effects of UV, include 
protective cell-layering, an array of screening pigments, and lipid production by 
phototrophs (see below; Vítek et al. 2013, 2016, 2017; Wierzchos et al. 2015, 2018). 
While UV can be significantly attenuated by the substrate, the decline in visible 
light transmission occurs at a much lower rate, providing sufficient light for photo-
synthesis (Hughes and Lawley 2003; Amaral et al. 2006). Meslier et al. (2018) mea-
sured the light transmittance in several substrates from the Preandean Atacama and 
found a direct relationship between the spectral properties of the substrate and the 
depth of the colonization zone; higher light transmitting substrates (calcite, gypsum, 
and granite) showed EMCs located deeper in the substrate, while EMCs from 
ignimbrite were located closer to the surface (Meslier et al. 2018).

The recent use of metagenomics has brought insights into the adaptation of 
EMCs to their unique environment. The functional analysis of calcite and ignim-
brite EMCs revealed a broad diversity of stress response pathways, especially linked 
to survival under harsh conditions (Crits-Christoph et al. 2016b). These pathways 
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were involved in (1) carbon starvation and low-nutrient stress, (2) cold shock genes, 
(3) oxidative stress genes related to osmotic stress/desiccation tolerance, and (4) 
secondary metabolites production (Crits-Christoph et al. 2016b). Using compara-
tive metagenome analysis, the authors found that the ignimbrite community was 
significantly enriched in non-ribosomal peptide synthase (NRPS) and polyketide 
synthase (PKS) genes, suggesting a highly competitive environment for resources 
and space. The large number of gene clusters related to iron acquisition in the 
ignimbrite community also suggested iron starvation, while the presence of 
mycosporine- like gene clusters in the calcite community, but not in the ignimbrite 
community, indicated possible differences in UV radiation exposure of the EMCs 
(Crits-Christoph et al. 2016b). The differential abundances of secondary metabo-
lites demonstrate the key role played by the substrate in the molecular adaptations 
of community members. Surprisingly, pathways for nitrogen fixation were not 
found in the metagenome of any of the Atacama EMCs investigated so far (Crits- 
Christoph et al. 2016a, b; Finstad et al. 2017). It is likely that the long-term accumu-
lation of nitrate in the Atacama Desert, via atmospheric deposition, provides a major 
source of nitrogen to microbial communities in the form of nitrate and ammonium 
(Michalski et al. 2004; Crits-Christoph et al. 2016b; Finstad et al. 2017).

As demonstrated by the discussion above, only a comprehensive approach to the 
study of EMCs, using a combination of methods and tools, will allow for the eluci-
dation of the mechanisms that generate and maintain their diversity.

4.3  Supporting the Microbial Community: Photoautotrophs 
as Primary Producers

Phototrophs are essential for the survival of EMCs because they are the only pri-
mary producers in a system where the import of exogenous organic carbon is negli-
gible. As such, Cyanobacteria and microalgae carry essential functions in EMCs.

Phototrophic microorganisms perform oxygenic photosynthesis via two photo-
systems, PSI and PSII, connected by an electron transfer chain, similar to plants 
(Falkowski and Raven 2013). In oxygenic photosynthesis, photons collected by 
antenna complexes coupled to photosystems are transferred to chlorophyll mole-
cules located in the photosystem core. This photon energy is used to break water 
molecules producing reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) with oxygen as a by-product. In a subsequent step, NADPH is used to 
synthesize organic carbon from carbon dioxide via the Calvin cycle. The two main 
elements required for oxygenic photosynthesis, liquid water and light, are often 
limiting factors for the chlorophototrophs inhabiting endolithic substrates in hyper-
arid deserts. Endolithic phototrophs can only perform photosynthesis during peri-
ods of time when liquid water is available and, because of high solar and UV 
radiations, they also need to use strategies to prevent photo-inhibition and photo- 
oxidative damage to their photosystems (Vítek et al. 2013, 2016, 2017; Wierzchos 
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et al. 2015, 2018). While substrate colonization at greater depths inside the rock 
might give access to more retained water and increase protection against damaging 
UV irradiation, it might also decrease essential requirements for photosynthesis 
such as photosynthetic active radiation and CO2 exchange (Boison et  al. 2004; 
Rothschild et al. 1994). An example of such a strategy is the spatial arrangement of 
Cyanobacteria within Preandean EMCs habitats (Meslier et al. 2018) and will be 
discussed below.

4.3.1  Cyanobacteria

Cyanobacteria are found in most types of illuminated environment and were 
responsible for the “Great Oxidation Event” 2.4–2.1 billion years ago (Lyons et al. 
2014). Their success as primary producers is due to several essential features 
(Whitton and Potts 2000).

 (a) Their temperature optimum is higher by several degrees than that of most 
eukaryotic algae (Castenholz and Waterbury 1989), allowing them to colonize 
warmer environments.

 (b) Desiccation and water stress tolerance made them some of the most successful 
organisms in hypersaline environments (Hu et al. 2012; Oren 2012).

 (c) They display high tolerance to high levels of UV light radiation (Castenholz 
and Garcia-Pichel 2012).

 (d) They can perform efficient photosynthetic CO2 reduction with low concentra-
tions of inorganic carbon (Pierce and Omata 1988; Raven 2012).

Most of the Cyanobacteria in EMCs from the Atacama Desert are members of 
Chroococcidiopsis (Wierzchos et  al. 2011, 2015, 2018; Vítek et  al. 2013, 2016, 
2017; DiRuggiero et  al. 2013; Cámara et  al. 2015; Crits-Christoph et  al. 2016b; 
Meslier et  al. 2018). This cyanobacterial genus from the Chroococcidiopsiales 
order (Komarek et al. 2014) is the most abundant cyanobacteria in hyperarid envi-
ronments where its adaptability to extreme conditions has been widely demon-
strated (Smith et  al. 2014). Chroococcidiopsis are often accompanied by other 
cyanobacterial taxa including members of other unicellular orders such as 
Chroococales and Synechococcales, and even members from filamentous orders 
such as Oscillatoriales and Nostocales (Table 4.2). Despite the detection of other 
cyanobacterial genus, Chroococcidiopsis is the only genus that has been consis-
tently detected in all EMCs using microscopy approaches (Table 4.2). This discrep-
ancy between molecular and microscopy methods with regard to cyanobacterial 
diversity is the result of a number of factors.

First, there is a technical factor associated with the evolution of research tools 
over the past decade, from DGGE to clone libraries and more recently to high- 
throughput sequencing platforms (454 pyrosequencing, Illumina-MiSeq, Illumina 
HiSeq). Additionally, all these methods have intrinsic limitations with DNA isola-
tion, the selection of marker genes and their primers, library preparation, read 
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length, and sequencing depth. Each of these steps can introduce significant biases 
that make it very difficult to compare studies (Rastogi and Sani 2011). The analysis 
of the sequencing data may also introduce significant biases with, in particular, the 
choice of parameters in defining unique taxa and the type of database (and its ver-
sion) used for taxonomic annotation. While culture-independent methods have 
 provided a large amount of sequencing information, especially during the past few 
years with NGS platforms, the increasing number of sequences in databases that 
belong to “uncultured cyanobacterium clone” seriously hinders accurate taxonomi-
cal assignments of this phylum. On the other hand, taxonomical assignment using 
microscopic methods is limited to morphologically different Cyanobacteria, their 
relative abundances in the sample, and requires a great deal of experience.

Another issue is the fact that the taxonomy and phylogeny of Cyanobacteria is 
an ongoing discussion, especially because of their antiquity, existing fossil repre-
sentatives with very similar morphology to present-day species (William Schopf 
1974; Knoll 2008), and a complex evolutionary history. Several features, in addition 
to genetic sequences, should be taken into account when defining cyanobacterial 
taxa, including morphological characteristics, ultrastructural details such as thyla-
koid structure, and type of cell division (Komarek et al. 2014). This is essential for 
accurate Cyanobacteria taxonomy assignment but is not always practical, in par-
ticular, in studies with large numbers of samples.

Several adaptation strategies to water stress have been described for 
Chroococcidiopsis. For one, Chroococcidiopsis belongs to the group of anhydrobi-
otic cyanobacteria. These cyanobacteria cope with the lack of water by entering an 
ametabolic state involving structural, physiological, and molecular changes 
(Feofilova 2003). Another adaptation to the scarcity of water is the production of 

Table 4.2 Cyanobacterial taxa in endolithic microbial communities from the Preandean area of 
the Atacama Desert and the approaches used for their detection

Order Genus
Tools used for 
cyanobacterial detection Substrate References
Molecular Microscopy

Chroococcidiopsiales Chroococcidiopsis X X Gyp Ca 
Ign Gr

[1] [2] [3] [4] 
[5] [6] [7]

Chroococcales Gloeocapsa X Ca [2]
Halothece X Gyp Ca [1]

Synechococcales Acaryochloris X Ca [2]
Synechococcus X Gyp Ca [1]

Oscillatoriales Aerosakkonema X Gyp Ca 
Ign Gr

[1]

Phormidium X Ca [5]
Nostocales Anabaena X Gyp Ca [5]

Abbreviations: Gyp gypsum, Ca calcite, Ign ignimbrite, Gr granite. [1] Meslier et al. (2018), [2] 
Crits-Christoph et al. (2016b), [3] Cámara et al. (2015), [4] Wierzchos et al. (2015), [5] DiRuggiero 
et al. (2013), [6] Wierzchos et al. (2012) [7] Dong et al. (2007)
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EPSs providing a depository for water and stabilizing desiccation-related enzymes 
and molecules (Wright et al. 2006).

To protect themselves from the damaging effects of UV radiation, 
Chroococcidiopsis from EMCs of the Preandean Depression synthesize 
UV-absorbing and/or screening compounds. One such compound, the sunscreen 
pigment scytonemin, has been detected in the EPS sheath of EMCs from gypsum 
from the Preandean Depression and other hyperarid regions of the Atacama Desert 
(Wierzchos et al. 2015; Vítek et al. 2014a, 2016). It has also been hypothesized that 
the simultaneous exposure to both desiccation and UV radiation may further induce 
scytonemin biosynthesis (Fleming and Castenholz 2007). Recently, a novel light- 
adaptation strategy was discovered in Cyanobacteria inhabiting ignimbrite rocks 
(Vítek et al. 2017). The authors attributed the shift in carotenoid composition (red- 
shift of ʋ1 (C=C) band) in the cyanobacteria to a light-dependent change in carot-
enoid conjugation that would mediate a non-photochemical quenching mechanism 
(Kirilovsky and Kerfeld 2016). Since Cyanobacteria are major components of 
EMCs, and are most often located in the upper part of the endolithic microhabitat, 
the strategies developed by this phylum to deal with extreme environmental condi-
tions constitute a benefit for the entire community.

4.3.2  Eukaryotic Phototrophs

Eukaryotic microalgae constitute a basic component of the world’s ecosystems as 
they contribute to about 40% of global productivity (Andersen 1992). Apart from 
their important role in marine ecosystems, they are found as important primary 
producers in desert soils (Lewis and Lewis 2005) and in lithic microhabitats as free- 
living organisms (Meyer et al. 1988; Robinson et al. 2015; Wierzchos et al. 2015; 
Vítek et  al. 2016) or as photobionts of lichens (Palmer Jr and Friedmann 1990; 
Wierzchos et al. 2011).

While most endolithic communities in the Preandean Depression do not harbor 
microalgae, their occurrence has been reported in gypsum from the Cordón de Lila 
depression (Wierzchos et al. 2015). The authors suggested that while these algae 
have morphological similarity with three genera of Chlorophyta (Spongiochloris, 
Deasonia, and Neochloris), they also have novel features, in situ and in culture, and 
therefore should be classified as a new genus of the Chlorophyceae class. Similar to 
Cyanobacteria, EMCs’ algae show special strategies to deal with environmental 
stresses such as the accumulation of photoprotective carotenoids and storage lipids 
(Wierzchos et al. 2015; Vítek et al. 2016). In gypsum, both carotenoid and storage 
lipids increased in algal cells with their closeness to the surface of the substrate 
where solar radiation is the highest (Wierzchos et  al. 2015; Vítek et  al. 2016). 
Carotenogenesis has also been attributed to photoprotection against high solar radi-
ation (Oren et al. 1995) and also as a strategy to mitigate high salinity and nutrition 
stresses in other aerial microalgae (Aburai et al. 2015; Oren et al. 1995; Hanagata 
and Dubinsky 1999). In gypsum of Cordón de Lila, the algae were located in the 
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upper part of the substrate (with first red and then green cells) followed by 
Cyanobacteria. This very special arrangement suggests that they may act as a pro-
tective barrier for the community against the harmful effects of high levels of solar 
radiation because of their high carotenoids content (Vítek et al. 2017).

4.4  Diversity of Heterotrophs in Communities 
of the Preandean Depression of the Atacama Desert

Before the use of molecular tools to characterize EMCs, heterotrophic members of 
these communities received little attention compared to their phototrophic counter-
parts. This was most likely because of the difficulty in characterizing heterotrophic 
bacteria morphologically and also because of the idea that the main contributors to 
the activity and resilience of EMCs were primary producers. Indeed, heterotrophic 
microorganisms benefit from photosynthetic conversion of CO2 into organic carbon, 
provided either by Cyanobacteria or microalgae. Nonetheless, investigations of the 
diversity and community structure of EMCs have since revealed far more diverse 
heterotrophic assemblages than previously thought (Walker and Pace 2007; Dong 
et al. 2007; Lacap et al. 2011; DiRuggiero et al. 2013; Crits-Christoph et al. 2016b; 
Meslier et al. 2018), emphasizing the idea that primary producers can nurture and 
support the development of a high diversity of heterotrophic microorganisms.

In EMCs of the Preandean Atacama Desert, the most abundant heterotrophic 
phyla have been assigned to Actinobacteria, Chloroflexi, and Proteobacteria, 
although additional phyla such as Bacteroidetes, Gemmatimonadetes, Deinococcus–
Thermus, Firmicutes, Planctomycetes, and Verrucomicrobia have also been consis-
tently reported in several lithic substrates (Table 4.3) (Dong et al. 2007; DiRuggiero 
et al. 2013; Rasuk et al. 2014; Wierzchos et al. 2015; Crits-Christoph et al. 2016b; 
Meslier et al. 2018). In contrast, arid and hyperarid soils are typically dominated by 
sparse heterotrophic microorganisms with mostly members of the Actinobacteria 
phylum (Costello et al. 2009; Bull 2011; Lynch et al. 2012, 2014; Neilson et al. 
2012; Crits-Christoph et al. 2013; Schulze-Makuch et al. 2018). While the recent 
sequencing of the genome of Pseudonocardia sp. from a volcanic soil showed that 
chemoautotrophic microbes may provide organic carbon to a community, it was a 
rather specific case where trace gases from volcanic activity provided the energy 
sources for carbon fixation (Lynch et al. 2014).

In the Actinobacteria phylum, the main identified taxa included Blastococcus, 
Geodermatophilus, Modestobacter, Jatrophihabitans, Marmoricola, Microlunatus, 
Pseudonocardia, Euzebya, Solirubrobacter, Conexibacter, and Rubrobacter gen-
era, for which the relative abundances could vary greatly between substrates 
(Table 4.3). For the most part, these genera were also consistently recovered in lithic 
substrates and soils of hyperarid deserts around the world (Connon et  al. 2007; 
Lacap et  al. 2011; DiRuggiero et  al. 2013; Crits-Christoph et  al. 2013, 2016b; 
Wierzchos et al. 2015; Meslier et al. 2018; Bull et al. 2018) and recognized for their 
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ability to resist extreme desiccation (Geodermatophilus, Blastococcus, Rubrobacter), 
high UV and ionizing radiation (Geodermatophilus, Rubrobacter, Modestobacter), 
oligotrophic conditions (Modestobacter, Rubrobacter), temperature fluctuations 
(Modestobacter, Rubrobacter), high salinity (Marmoricola, Pseudonocardia), and 
high concentrations of metals (Rubrobacter) (Bull 2011; Mohammadipanah and 
Wink 2016; Idris et al. 2017; Schulze-Makuch et al. 2018; Bull et al. 2018). The 
identification and characterization of Actinobacteria from the extreme biosphere 
have been of particular interest over the past decade because of their incredible 
potential as sources of novel bioactive compounds for agricultural, pharmaceutical, 
and industrial applications (Bull 2011; Mohammadipanah and Wink 2016; Idris 
et al. 2017; Rateb et al. 2018). Indeed, some researchers argue that most of the novel 
chemical diversity will likely be discovered in the rare actinobacterial biosphere 
(Mohammadipanah and Wink 2016). Although culture-dependent methods are chal-
lenging, and only reveal a fraction of the microbial diversity in any given environ-
ment, they are necessary for the discovery and production of bioactive compounds.

Members of the Chloroflexi phyla, such as Thermobaculum and Thermomicrobia, 
and various genera of Proteobacteria, mainly from the alpha-, beta-, and gamma- 
proteobacteria (Methylobacterium, Ensifer, Sphingomonas, and Burkholderia) are 
known to be anoxygenic photosynthesizers (Table 4.3). However, no anoxygenic 
photosynthesizers have been found so far in EMCs from the Preandean area of the 
Atacama Desert (Crits-Christoph et al. 2016b; Frigaard 2016; Meslier et al. 2018). 
Chloroflexi relative abundances in various desert soils and lithic habitats are highly 
variable (Lacap et al. 2011; Neilson et al. 2012) and, although unique adaptive traits 
have been reported, such as atypical peptidoglycan contents, their functional role 
remains to be elucidated (Neilson et al. 2012).

Variations in the detection and relative abundances of members of the 
Proteobacteria have also been reported in desert soils and lithic communities, yet, 
some genera display several putative functional advantages for survival in hyperarid 
deserts (Drees et al. 2006; Dong et al. 2007; Connon et al. 2007; Neilson et al. 2012; 
Crits-Christoph et  al. 2013; Rasuk et  al. 2014; Makhalanyane et  al. 2015; Van 
Goethem et al. 2017). Some examples include (1) members of the Methylobacterium 
genus known to use methanol as both carbon and energy source (Makhalanyane 
et al. 2015), (2) members of the Burkholderia genus, a common soil inhabitant that 
promotes plant growth via nitrogen fixation (Coenye and Vandamme 2003; Suárez- 
Moreno et al. 2012; Stopnisek et al. 2016), and (3) members of the Ensifer genus 
that harbor mineral weathering activity, such as potassium feldspar-solubilization, 
and potential nitrogen fixation (Rogel et  al. 2001; Wang et  al. 2016; Peng et  al. 
2017). Recently, the combined use of metagenomics and metatranscriptomics in 
hypoliths from the Namib Desert demonstrated the close relationship between 
active members of Cyanobacteria and alpha-Proteobacteria and their key role in 
maintaining and facilitating nutrient cycling in the community (Van Goethem et al. 
2017). While the functional contribution of Proteobacteria in EMCs of hyperarid 
deserts needs to be further investigated, it is likely that their characterization and 
isolation will be of great interest, notably for their potential production of secondary 
metabolites (Suárez-Moreno et al. 2012).
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4.5  Future Directions of Research

Endolithic microbial communities are excellent models for microbial ecology stud-
ies because of their low complexity and containment. However, they are challenging 
to study because of the difficulties in collecting samples and because of their low 
biomass. Nevertheless, the combination of state-of-the-art microscopy and molecu-
lar methods has revealed novel and diverse communities with unique adaptations to 
their extreme environments. Despite this progress, many knowledge gaps still remain.

In particular, very little is known about the interactions between the biotic and 
abiotic components of these unique ecosystems. Greater efforts, using sophisticated 
microscopy, are needed to characterize substrate architecture, define the different 
microhabitats within each substrate, and how these are colonized by different mem-
bers of the community. Interactions between functional groups in the community 
and the role of viruses in shaping these communities should also be investigated to 
obtain a holistic picture of EMCs.

Cultivation efforts and single cell genomics will provide the opportunity to study 
the genetic diversity of EMCs members, refine taxonomic annotations, and investi-
gate the potential role of biogeography in shaping these communities. Additionally, 
having isolates at hand will allow for the production of secondary metabolites for 
agricultural, pharmaceutical, and industrial applications.

Finally, the use of omics strategies and longitudinal studies will give us insights 
into the functioning of these communities at the ecosystem level, their response to 
environmental stresses, and help us predict how resistant and resilient these micro-
bial communities might be to climate change. Because arid and hyperarid deserts, 
at the dry limit for life, are fragile ecosystems, their inhabitants will be on the front 
line of the major changes in climate ahead of us.
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Chapter 5
Desert Biosignatures

Petr Vítek and Jacek Wierzchos

5.1  Introduction

Some biomolecular structures are known to exclusively originate through biological 
processes, such as the group of carotenoids. Conversely, the origin of some biomol-
ecules (e.g., amino acids) can be either biogenic or abiogenic. The major group of 
biosignatures that are the subject of this chapter are characterized as biomolecules 
of living organisms or the molecular remnants of extinct biota stemming from the 
endolithic microbial communities harboring inside rocks from the Preandean 
Depression (Chile) (for a review, see Wierzchos et al. 2018 and references therein). 
For a detailed description of the polyextreme environment of this part of the Atacama 
Desert and the endolithic habitats found there, see Chap. 4 of this book; for charac-
terization of the endolithic microbiota and their microbial ecology, see Chap.  5. 
This chapter includes identifications and descriptions of “biomarkers” that, from an 
organic geochemistry point of view, can be characterized as molecular compounds 
derived from organisms from all three domains of life, having the ability to be pre-
served in the sedimentary record (Vandenabeele et al. 2012).

Biomolecules in the geological environment can be detected using various ana-
lytical techniques, one of them being the conventional destructive “wet” techniques, 
such as analyses based on high-performance liquid chromatography (HPLC). On 
the other hand, Raman spectroscopic detection of biosignatures, as described in the 
following text, represents a nondestructive vibrational spectroscopic method based 
on the interaction of an incident laser beam with the sample. Moreover, it allows 
both organic and inorganic compounds to be detected at the same time. The  pigments 
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associated with phototrophic endolithic microorganisms that represent these kinds 
of molecular biosignatures are valuable targets for Raman spectroscopic analysis 
(Jehlička et al. 2014). Apart from microbial pigments, the method has been applied 
for the detection of osmotic solutes in extremophilic bacteria (Jehlička et al. 2012). 
Raman spectroscopy allows nondestructive spectral discrimination between cyano-
bacteria and algae (Vítek et  al. 2013) and a better understanding of the survival 
strategies of organisms in response to the harsh desert environment (Vítek et  al. 
2010, 2014; Wierzchos et al. 2015). Recently, relatively fast Raman imaging (map-
ping) has allowed the spatial distribution of microbially associated pigments in the 
rock matrix to be imaged (Vítek et al. 2014, 2016, 2017; Morillas et al. 2015). It is 
currently planned to integrate miniaturized Raman counterparts into the scientific 
payloads of robotic rovers that are part of both the 2020 ExoMars mission (European 
Space Agency (ESA)/Roscosmos) and the Mars 2020 mission (National Aeronautics 
and Space Administration (NASA)).

Specifically, the Atacama Desert environment is used as a model (analog) for 
testing of the instrumentation being suggested as a part of future payloads in astro-
biologically targeted missions to Mars, including Raman spectroscopy (Vítek et al. 
2012; Wei et al. 2015; Wilhelm et al. 2017). Single-point Raman detection, as well 
as the spatial imaging of these biosignatures, is presented here.

5.2  Microbial Pigments as Biosignatures

Organic pigments are compounds that cannot be abiotically synthesized in nature. 
Thus, their presence and identification in terrestrial sediments (and perhaps eventu-
ally in extraterrestrial sediments) unambiguously point to biological activity. All 
known photosynthetic organisms use either some form of chlorophyll for their oxy-
genic photosynthesis or bacteriochrorophyll for anoxygenic photosynthesis. The 
chlorophyll molecule is formed by a porphyrin (tetrapyrrole) ring with an Mg2+ ion 
in the middle and an alcohol (phytol) side chain.

Phycobiliproteins are accessory pigments that enable coverage of a broader spec-
trum of visible sunlight (and thus more efficient photosynthesis). Their molecular 
structure is formed by an open tetrapyrrole chain bonded to proteins. These blue or 
reddish pigments can be found in cyanobacteria (cyan = blue; the name of the fam-
ily is derived from the blue pigmentation caused by phycobilins) and in some algae 
(though not in green algae and higher plants). Three types of phycobiliproteins can 
be found in the photosynthetic apparatus of these organisms: allophycocyanin, phy-
cocyanin (blue), and phycoerythrin (reddish).

Carotenoids are also accessory pigments involved in photosynthesis, photopro-
tection, and membrane stabilization. The characteristic feature of carotenoid struc-
tures lies in the long conjugated double-bond system composed of isoprenoic units. 
As part of the photosynthetic apparatus, carotenoids play an important role in the 
harvesting of energy and the transfer of this energy to the chlorophyll.
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There are a variety of ultraviolet (UV)-protective screening pigments. Two major 
groups of biomolecules (i.e., mycosporine-like amino acids and scytonemins) are 
described as UV-screening compounds in cyanobacteria (Cockell and Knowland 
1999). Scytonemin is well known as a UV radiation–screening pigment and is char-
acteristic of cyanobacteria (Proteau et  al. 1993; Garcia-Pichel 1998; Dillon and 
Castenholz 1999; Edwards et al. 2000).

Other UV-protective substances can be found within lichens and have been 
described, for example, from Antarctic habitats (Edwards et al. 2004) or from the 
Atacama Desert (Villar et al. 2005), where parietin, usnic acid, and a few other pro-
tective compounds in lichens have been described.

5.3  Protective Role of Pigments

5.3.1  Stratification of Pigments in Preandean Depression 
Rocks

In studying cryptoendolithic phototrophic colonization, our team, to date, has rec-
ognized a variety of substrates in the Preandean Depression of the Atacama Desert, 
which have revealed different types of colonization patterns. These are interpreted 
as different adaptation strategies, reflected by specific stratification of the pigments, 
depending on the composition of the community (being dominated by algae, cyano-
bacteria, or a combination of both).

On the basis of Raman spectroscopy, three different adaptation strategy models 
were revealed in gypsum and ignimbrite (Fig. 5.1). The gypcretes from which the 
data originate come from the Cordon de Lila area (23°53′S, 68°08′W; 2720  m 
above sea level). The gypcretes are predominantly colonized by cyanobacteria, het-
erotrophic bacteria, and algae (Wierzchos et  al. 2015). They were subjected to 
Raman imaging by Vítek et al. (2016). Imaging of the cryptoendolithic community, 
which is dominated by algae, revealed a gradient of an enhanced carotenoid Raman 
signal with closer proximity to the surface (Fig. 5.1a). Ubiquitous carotenoids, with 
nine or more conjugated double bonds, absorb in the range corresponding to blue- 
green irradiation (440–520  nm) (Cockell and Knowland 1999). These longer- 
chained carotenoids are able to cope with toxic reactive oxygen species, which can 
be formed during photosynthesis or as a result of UV irradiation, and would other-
wise destroy the biomolecules forming the photosynthetic apparatus. The key pho-
toprotective mechanism in algae (and higher plants) is dissipation of excess 
excitation energy in the xanthophyll cycle (Lunch et al. 2013). Hence, the increased 
carotenoid content at the upper positions is interpreted as a shield-like photoprotec-
tive function of the carotenoids (Wierzchos et al. 2015; Vítek et al. 2016).

Within some transects of the gypcrete (from the same area in the Cordon de 
Lila), cyanobacteria occur in greater numbers in cryptoendolithic positions. In 
those cases, the scenario depicted in Fig. 5.1b occurs. Stratification of the colo-
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nized zone may be both visually and spectrally described as follows: the color-
ation from the top to the bottom changes as brown–red–green. Carotenoids were 
detected within all of the layers studied by strong corroborative Raman bands 
around 1515 cm−1 due to ν(C=C) vibration, a ν(C–C) band at 1155 cm−1, and a 
weak band at 1003 cm−1, corresponding to the in-plane rocking modes of the CH3 
groups attached to the polyene chain (Fig. 5.1b). Features of chlorophyll at 1326, 
910, and 745 cm−1 were also detected within all three layers. Strong scytonemin 
features were detected in the brown (uppermost) layer in the hypoendolithic col-
onization zone and represent the typical spectral feature of the uppermost layer. 
The underlying red layer is dominated only by carotenoids, with weaker features 
of chlorophyll. Below it is the green layer, which is rich in phycobiliproteins 
(Fig. 5.1b). The detection of scytonemin and phycobiliproteins points to a colony 
rich in cyanobacteria. Phycobiliprotein Raman features are enhanced toward the 
lower position, characterized by bands at 1635, 1585, 1373, 1285, 1239, 1112, 
1055, 823, and 667 cm−1. This is attributed to the effect of decreasing amounts of 
light getting into the deeper positions. The light- dependent occurrence of spec-
troscopic features of phycobiliproteins were previously observed by Villar et al. 
(2006), who examined Raman spectroscopic features of phycocyanin within cya-
nobacteria inhabiting volcanic rocks in the arctic environment of Svalbard 
(Norway).

Another pattern of stratification in the pigment composition (Fig.  5.1c) was 
observed within the cyanobacterial community from ignimbrites from a distinct 

Fig. 5.1 Three different model situations, representing different strategies of adaptation to higher 
doses of light (including ultraviolet (UV) light), recognized by Raman spectroscopy. a  Depth- 
dependent change in the carotenoid content in algae. b Depth-dependent vertical stratification of 
the composition of cyanobacterial pigments, including scytonemin. c Depth-dependent change in 
the carotenoid composition in cyanobacteria
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location within the Cordon de Lila area, as studied by Vítek et al. (2017). A 1- to 
2-mm-thick colonization zone, dominated by Chroococcidiopsis sp., was 
described, with a Raman spectroscopic record that points to changes in carotenoid 
composition within the transect through the colonization zone. A gradient of the 
carotenoid ν(C=C) band position was observed, with the lower wavenumber posi-
tion detected closer to the surface. This is interpreted as the result of a change in 
carotenoid conjugation, with larger relative amounts of long-chained carotenoids 
increasing with proximity to the surface. This may possibly be related to nonpho-
tochemical quenching (NPQ) of cyanobacteria via the orange carotenoid protein 
(OCP) transition to the red form of OCP. Carotenoids are also key molecular 
structures in this photoprotective mechanism of cyanobacteria, which works in a 
completely different manner from the xanthophyll cycle in algae and plants (see 
Kirilovsky and Kerfeld (2016)). The gradient of carotenoid composition was 
accompanied by an enhanced signal of phycobiliproteins toward deeper positions 
(Vítek et al. 2017). The Raman bands due to molecular biosignatures detected in 
this study are summarized in Table 5.1.

5.3.2  Scytonemin

Scytonemin is a yellow-brown lipid-soluble pigment that is produced as an extra-
cellular sheath exclusively by certain strains of cyanobacteria. It acts as an effec-
tive UV radiation screening compound. Cyanobacterial pigmentation was first 
described by Nägeli in 1849 (Nägeli 1849) and was later named “scytonemin” 
(Nägeli and Schwenderer 1877). However, its exact structure was determined 
much later in 1993 (Proteau et al. 1993). It is widespread within cyanobacteria 
and may have originated in a common ancestor or in an early member of this lin-
eage (Garcia- Pichel and Castenholz 1991). A genomic study revealed that the 
biosynthetic genes of scytonemin are highly conserved among evolutionarily 
diverse strains (Soule et  al. 2009). It was demonstrated that the key parameter 
controlling the biosynthesis of scytonemin by cyanobacteria is the amount of 
UV-A irradiance (Garcia-Pichel and Castenholz 1991). Together with the UV 
radiation stress, other stress factors can affect the synthesis of this screening pig-
ment (Dillon et al. 2002).

Table 5.1 Major Raman bands detected in this study

Biomolecules Wavenumbers (cm−1)

Carotenoids 1515–1527, 1155–1157, 1003
Chlorophyll 1555, 1326, 910, 745
Phycobiliproteins 1635, 1585, 1373, 1285, 1239, 1112, 1053, 823, 667
Scytonemin 1605, 1592, 1555, 1325, 1176, 1098, 1081, 985, 754, 577
Lipids 1657, 1445

Key corroborative bands are in bold
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The Raman signal of scytonemin is characterized by bands at 1595 and 1554 
due to ν(CCH) vibrational modes; at 1326 (the ν(C=N) indole ring); and at 
1173 cm−1 due to vibration of the ν(C=C–C=C) system (Edwards et al. 2000). 
Scytonemin has been detected in a variety of rock substrates in the Atacama 
Desert. Varnali and Edwards (2013a, b, 2014) presented the Raman spectroscopic 
features of iron(III) complexes, methoxy derivatives of scytonemin, and its 
reduced and oxidized forms. To date, scytonemin has been found to be associated 
with cyanobacterial communities in distinct areas of the Atacama Desert, and it 
was first detected within halite- inhabiting cyanobacteria (Chroococcidiopsis sp.) 
in the Yungay region (Vítek et  al. 2010). A comprehensive Raman and micro-
scopic study of scytonemin in Yungay halites has previously been presented by 
Vítek et al. (2014). More recently, the pigment was detected within cryptoendo-
lithic cyanobacteria (close to the rock surface) and hypoendolithic cyanobacteria 
(close to the rock base) occupying gypcrete from the Cordon de Lila area (Vítek 
et al. 2016). There, the Raman imaging method revealed the spatial distribution 
of the pigment within the gypsum microhabitat.

Here we detail another two examples of cyanobacterial biosynthesis of scyto-
nemin, detected by Raman spectroscopy (both in the classical point analysis 
mode and in the imaging mode) from the Preandean region of the Atacama 
Desert—specifically, from the Valle de la Luna and Cordon de Lila areas. 
Chasmoendolithic colonization is described from two different substrates: cal-
cite and gypcrete. Calcium carbonate colonized by chasmoendolithic photo-
trophs was displayed in the Valle de la Luna area. The microscopic observations 
revealed large cyanobacterial aggregates, which is in accord with the work of 
DiRuggiero et al. (2013) and Meslier et al. (2018). The Raman imaging of these 
aggregates confirmed the presence of scytonemin through the entirety of the cell 
aggregates studied (see Fig. 5.2). The imaging acquisition was performed using 
the point-to-point mode. The Raman map is based on direct classical least squares 
(DCLS) analysis, showing the distribution of the two main spectral components: 
the cyanobacterial spectral record (purple color) including strong bands of scyto-
nemin (corroborative bands at 1605, 1592, 1555, 1325, and 1176 cm−1) and car-
bonate. The carbonate matrix around the cell aggregates is represented by a gray 
color and is characterized by the strong ν1 carbonate band at 1087  cm−1. The 
position of the weak carbonate ν4 band around 712 cm−1 points to calcite, a trigo-
nal form of CaCO5. The Raman signal due to carotenoids is dominated by strong 
corroborative bands at 1510 cm−1 (the broader band probably splits from more 
carotenoid bands due to ν(C=C) vibration), at 1156 cm−1, and at 1004 cm−1 (see 
Fig. 5.2f). The signal due to carotenoid ν(C=C) vibration is depicted by a red 
color separately in Fig.  5.2e. The calcite matrix around the cell aggregates is 
represented by a gray color. As chasmoendolithic colonization does not allow 
preparation of an absolutely flat surface without destruction of the colony, the 
relative intensity of the signal within the map is also slightly affected by the 
morphology of the sample.  The detection of scytonemin within various endo-
lithic positions in gypcrete is presented in Fig. 5.3. 
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5.4  Algal Lipids

Algae are known to contain lipid storage bodies, which can comprise a significant 
portion of the algal mass (e.g., see Hanagata and Dubinsky (1999)). In Raman 
spectra, lipids are characterized by a couple of corroborative Raman bands in the 
1000–1800  cm−1 range, with the strongest bands located around 1657  cm−1 
(assigned to the C=C stretching vibrational mode), as well as at 1445 cm−1 (because 
of scissoring of CH2). The two bands are used as indicators of lipid unsaturation 
(C=C) or saturation (vibration of CH2 groups), respectively (Samek et al. 2010; Wu 
et  al. 2011). After correction of the carotenoid contribution to the band around 
1445 cm−1, the ratio of the unsaturated/saturated band indicator can be correlated 
with the number of double bonds in the lipid structure (see Samek et al. 2010; Wu 
et al. 2011).

Fig. 5.2 a, b Calcite from the Valle de la Luna, with macroscopically visible chasmoendolithic 
colonization. c Optical microscopy image of cyanobacterial aggregate. d Raman image using point 
Raman imaging based on direct classical least squares (DCLS) analysis, showing two components: 
scytonemin (magenta) and calcite (gray). e Signal of carotenoid ν(C=C) band (red) and calcite 
(gray). f Raman spectra of calcite matrix and the cyanobacterial spectral record, which comprises 
strong scytonemin and carotenoids bands
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Here, both of the bands assigned to lipids were detected as weak features in the 
spectral record, obtained on algae in gypcrete, dominated by strong carotenoid fea-
tures. The observed algal cells morphologically resemble the algae described previ-
ously by Wierzchos et al. (2015) from the Cordon de Lila area.

5.5  Raman Spectroscopic Approaches to Desert Biosignature 
Detection

5.5.1  Some Aspects of Point Raman Analysis of Biomolecules 
in Preandean Depression Rocks

The strong advantage of conventional Raman spectroscopy lies in the minimal (if 
any) necessity for sample preparation, which favors the technique for applications 
in robotic instrumentation for planetary explorations as one of the first analytical 
tools to touch the selected samples.

It is generally known that the sensitivity of the Raman spectroscopic method is 
highly dependent on the particular molecular structure of the analyte being detected. 
Pigments are prominent molecular compounds to be detected by Raman spectro-
scopic analysis of phototrophic biota. Among these, carotenoids are unique and excel-
lent Raman scatterers because of their polyenic structure. Very low concentrations of 

Fig. 5.3 Scytonemin detected at three different endolithic positions, together with carotenoids
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this biomarker can be detected by Raman microspectrometry (e.g., 0.1–1 mg kg−1 in 
resonance using a 514.5 nm laser, and 1–10 mg kg−1 using a 785 nm laser for excita-
tion) with a randomly targeted laser beam (Vítek et  al. 2009a,  b). Employing the 
instrumentation with a larger laser spot diameter may even slightly improve the per-
formance of the instrumentation during analysis of low concentrations of a solid ana-
lyte in a solid matrix (Vandenabeele et  al. 2012). This aspect was found to be an 
advantage of the miniaturized Raman systems working with a large laser spot diam-
eter in comparison with their benchtop counterparts (see the next paragraph).

On the other hand, objects focused at the micrometer level allow microorganisms 
to be analyzed in the context of the surrounding rock matrix. Moreover, selection of 
the appropriate area for analysis (e.g., cell, cell aggregate, accumulation of decayed 
biomass) leads to acquisition of the spectral record from the area of greater concentra-
tions of the molecular compounds of interest. These may not otherwise be detectable 
when a highly dispersed biomolecule occurs in the surrounding matrix (for a more 
detailed discussion about the limits of detection, see Vandenabeele et al. (2012)).

5.5.2  Miniaturized Raman Spectrometers and Desert Mars 
Analogs

Desert rock materials are used for the testing of instrumentation aimed at detecting 
molecular traces of life as part of future payloads in astrobiological missions to 
Mars (e.g., the ExoMars or NASA mission in 2020). A miniaturized Raman spec-
trometer is planned as part of the complement of instrumentation on these missions, 
and representative instrumentation is tested for the detection of various biosigna-
tures, including microbial pigments (Culka et al. 2014; Malherbe et al. 2017).

It has been demonstrated that miniaturized instruments using 532 and 785 nm 
excitation sources provide a more stable signal than their benchtop counterparts at 
the lowest concentrations of β-carotene in an evaporitic matrix. It was 0.1 mg kg−1 
in the case of 532 nm (Vítek et al. 2014) and 1 mg kg−1 in the case of 785 nm (Vítek 
et al. 2011). In this case, comparable or slightly better performance than that of the 
benchtop counterparts is interpreted as the result of a larger sample volume being 
measured during use of a larger laser spot size. This may be a key factor during 
remote analysis of a solid analyte dispersed in a solid matrix, which can be inhomo-
geneous at the microscale (Vandenabeele et  al. 2012). Recently, miniaturized 
Raman instrumentation using 532 nm for excitation was successfully applied for 
detection of carotenoids of halophilic prokaryotes in synthetic inclusions of NaCl, 
KCl, and various sulfates (Jehlička et al. 2018).

Scytonemin and carotenoids were detected during the analytical testing of min-
iaturized Raman spectrometers on a natural Atacama halite sample in the context of 
the future planned robotic missions mentioned above (Vítek et al. 2012). In another 
study, the carotenoids associated with different halophilic microbes were unique 
molecular compounds detected within different types of desert evaporites (i.e., 
 gypsum, halite, thenardite, burkeite, and trona) with use of a miniaturized Raman 
system with a 532 nm excitation wavelength (Vítek et al. 2014).
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5.5.3  Raman Imaging

Raman imaging brings yet another dimension to Raman spectroscopic analysis, 
allowing the two- or even three-dimensional distribution of an analyte within the 
scanned area to be obtained (Nasdala et al. 2012; Foucher et al. 2017). Contrary 
to conventional single point Raman analysis, there is the necessity for some more-
or- less complex sample preparation for most of the Raman imaging applications. 
There is the need for the scanned surface to be as flat as possible to minimize bias 
of the signal intensity, caused by varying laser focus. The duration of the imaging 
acquisition is predominantly of the order of hours. Raman imaging of geomicro-
biological samples of gypcrete and ignimbrite from the Preandean Cordon de Lila 
area has been applied by Vítek et al. (2016, 2017) and helped to reveal the signifi-
cant biomolecular adaptations of algae and cyanobacteria to stress conditions in 
the Preandean region of the Atacama Desert. Apart from a conventional Raman 
imaging technique, coherent anti-Stokes Raman scattering (CARS) microscopy 
was used to obtain high-resolution images of scytonemin in the cyanobacterium 
Nostoc commune (Venckus et al. 2018).

There are various approaches on how to perform the imaging acquisition (Lee 
2012; Wang et al. 2015). One of the rapid imaging methods uses line focus, where 
the laser beam is focused as a prolonged elliptical-shaped spot in combination with 
a microscopic stage that is synchronized with the continuous charge-coupled 
device (CCD) readout. Here (Fig. 5.2), point-to-point mapping was applied. It is 
more time consuming; nevertheless, a better signal-to-noise ratio can be obtained.

The spatial resolution of the method equipped with a confocal Raman micro-
scope is diffraction limited; hence, only those objects that are not smaller than about 
half of the value of the excitation wavelength can be displayed (the Abbe limit). The 
modern benchtop Raman spectroscopic setups, combined with atomic force micros-
copy (AFM), allow for spatial resolution that is not diffraction limited, ranging from 
λ/10 to λ/50 (for more information, see Prats-Mateu and Gierlinger (2017)).

5.6  Conclusions

Pigments are molecular structures that are good Raman scatterers and that dominate 
the Raman signal of molecular biosignatures from phototrophic desert microorgan-
isms. In addition, spectral signs of lipids have been recorded in algal cells in gyp-
cretes from the Cordon de Lila area. The technique allowed observation of the 
spatial distribution of pigments within the microbial colonies. Accordingly, three 
different adaptation strategies were observed and defined within different rock habi-
tats. Spatially resolved and depth-dependent changes in Raman features were 
observed and interpreted as:

• Changes in the relative carotenoid content
• Changes in the relative intensities of scytonemin, carotenoids, chlorophyll, and 

phycobiliproteins
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• Changes in the composition (structure) of carotenoids

The imaging capability of Raman spectroscopy has played an important role in 
revealing some microbial adaptation strategies, and its development in the future 
represents a promising tool for in  vivo detection of molecular biosignatures 
within rocks.
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Chapter 6
Microbial Characterization of Andean 
Peatland’s Soil

Carolina Belfiore, Ana Paula Santos, Alejandra Leonor Valdez, 
Manuel Contreras Leiva, and María Eugenia Farías

6.1  Introduction

Wetlands are defined as one of the most important terrestrial ecosystems, and they 
are distributed in all regions throughout the world from the tundra to the tropics 
(Jungblut et al. 2012). They serve as a focus of human activity in arid lands and sup-
port much of the region’s biodiversity (Nicholas 1998; Ashley 2001; Ruthsatz 1993; 
Squeo et al., 2006b), maintain vertebrate populations (Halloy 1991; Seimon et al. 
2007), and regulate hydrological resources (Reboratti 2006).

These aspects of wetland value led to the Ramsar Convention (Turner 2014). 
The Ramsar Convention is an international treatise for the conservation and sus-
tainable use of wetlands; Article 1.1 defines wetlands, as “areas of marsh, fen, 
peatland or water, whether natural or artificial, permanent or temporary, with 
water that is static or flowing, fresh, brackish or salt, including areas of marine 
water the depth of which at low tide does not exceed six metres”. This definition 
includes all lakes and rivers, swamps and marshes, wet grasslands, peatlands, 
oases, estuaries, deltas and low tides, mangroves and other coastal areas, coral 
reefs, and artificial sites such as fish ponds, rice fields, reservoirs and salt pans 
(Izquierdo et al. 2018). A particular case is the vegas or bofedales, which, although 
they originate from outcrops of the aquifer, are kept near or on the surface because 
the characteristic vegetation promotes the accumulation of organic matter and 
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modifies the hydrology of the place with its ability to retain and regulate the flow 
of water. If the vegetation did not keep the water under its cover, it could circulate 
and form another type of wetland or aquatic system (Izquierdo et al. 2018).

6.2  Andean Wetlands: The Importance

Wetlands are found throughout the world, except in Antarctica. The world has 
7–9 million km2 of wetlands, which is 4–6% of the land surface. Approximately 
56% of the 4–6% of the land surface is found in the tropical and subtropical regions; 
nevertheless, the wadis of southern Africa, the oases of the Middle East, and the 
billabongs of Australia are examples of arid land wetlands. Much less known are the 
peatlands in the high Andean arid zone of the central Andes, which have been 
referred to as bofedales, vegas, cushion bogs, and wet grasslands (Fig. 6.1). These 
wetlands of arid and semi-arid zones are strategic; annual rainfall is exclusively dur-
ing the summer and on average less than 400 mm per year (Cabrera 1976; Morales 
et  al. 2018). Despite hyper-aridity, intense solar radiation, high-velocity winds, 
hypoxia, daily frost, and a short growing season, bofedales are near the hydrological 
and altitudinal limits for plant life in the cold and arid grasslands of Perú, Bolivia, 
Chile, and Argentina (Ruthsatz 1993, 2000; Squeo et al. 1994, 2006a; Villagran and 
Castro 1997). These peatlands are like no other in the world; they have been referred 
to as “highland bogs” (Wilcox et al. 1986; Ruthsatz 1993).

Fig. 6.1 Tocorpuri peatland in different states of conservation (I) dead and (II) active peatland, 
and comparison of the microbial soil diversity. (Adapted from Belfiore et al. (2018))
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Wetlands are vital for human survival; they are among the world’s most produc-
tive environments, are cradles of biological diversity, and provide water for count-
less species of plants and animals.

Wetlands reduce the impacts of floods, absorb pollutants, and improve water 
quality, and, in addition, an immense variety of species of plants, insects, amphibi-
ans, reptiles, birds, fish, mammals, and microbes can be a part of them. The  complex, 
dynamic relationships among the organisms inhabiting the wetland environment are 
the reason they differ from one another.

With regard to plants, several thousand species grow in wetlands, ranging from 
mosses and grasses to shrubs and trees. Submerged plants, plants that float on the 
water’s surface, and emergent plants can grow in the wetlands. In Andean peatlands, 
members of the Juncaceae are the most common species, Oxychloe andina and 
Patosia clandestina being the community dominants and primary peat-formers 
(Ruthsatz 1993, 2000; Squeo et al. 2006b).

The vegetation of each peatland is in close relation to the available water resource 
and contrasts sharply with surrounding terrestrial communities by having plant 
cover usually greater than 70% and high plant productivity (Squeo et al. 1993, 1994, 
2006b). It is controlled by four main interacting ecological factors: (a) water quan-
tity and seasonal availability, especially during dry periods, (b) favorable ambient 
temperatures and occurrence of frost events that control the duration of the growing 
season, (c) water pH, availability of nutrients (mainly, N, P, K, Ca, and Mg), and 
exposure to toxic elements such as As, B, Fe, and Al in the water, and (d) biotic fac-
tors, such as seed dispersion by animals, grazing, and human impacts (Villagran 
et al. 1983, 2003; Ruthsatz 1993, 2000; Squeo et al. 2006a, b).

With regard to wildlife, mammals that might live in wetlands include beavers, 
otters, bobcats, deer, and minks. Alligators, snakes, turtles, newts, and salamanders 
are among the reptiles and amphibians. Invertebrates, such as crayfish, shrimp, mos-
quitoes, snails, and dragonflies, also live in wetlands, along with birds, including 
plover, grouse, storks, herons, and other waterfowl (Gambrel 2017). The wetlands 
play a critical role in preservation of the diversity of the Cordillera de los Andes. 
They are areas of valuable threatened species conservation, including for vicuña, 
guanaco, llama, alpaca, among others, which depend upon the peatlands for grazing 
and water (Calvo et al. 2000). Migratory birds, such as Phoenicopterus andinus, Ph. 
jamesi, Netta erythropthalma, Theristicus melanopis, Gallinula melanops, and fish 
and amphibians, such as Atelopus muisca (http://ramsar.rgis.ch/pdf/cop9/cop9_
doc26_s.pdf), use wetlands. They are refuge and reproduction areas.

6.3  Impact on Water Resource

Wetland areas are not only important to our environment but also directly benefit 
our society (Knutsen 2014). The peatlands have cultural, environmental, and eco-
nomic social importance, since they are the livelihood for communities. Wetlands 
are formed and maintained with the conjunction and interaction of three elements: 
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water, soil, and plant or animal organisms. Since the 1970s, wetlands have been 
considered as the kidneys of the planet; however, during the past century, these valu-
able ecosystems were destroyed. The most relevant culprits responsible for wetland 
degradation and loss are: the extraction of water for agricultural and mining uses, 
overgrazing, burning, pollution, intense urbanization processes, the construction of 
large infrastructure works, sectionized and incomplete developmental planning, in 
addition to the rapid growth of the human population (Abramovitz 1996; Rangel 
2000; Canevari et al. 2001; Hofstede 2003; Calvo et al. 2000; Holden et al. 2004). 
According to the Intergovernmental Panel on Climate Change (IPCC) of the United 
Nations, wetlands are among the ecosystems most vulnerable to climate change. It 
is mentioned, for example, that continental wetlands will be affected by changes in 
precipitation and experience increased frequency and intensity of droughts, storms, 
and floods. It is important to mention that in the case of the Andean wetlands, the 
surveys indicate that the state of conservation is vulnerable (WWF 2014).

6.4  Microbiology of the Soils

The loss of wetlands raises the need for their recovery; however, a problem arises 
when irrigation is not enough, and thus the present microbiota could be relevant. Soil 
is known as a complex habitat with a large number of microbial populations (Reyes 
et al. 2006). The microbial diversity in soil ecosystems exceeds, by far, that of the 
eukaryotic organisms. Less than 1% of the billion microorganisms of the soil can be 
cultivated and characterized; soil ecosystems are, generally, uncharted (Torsvik and 
Øvreas 2002). There are several studies about the flora and fauna of these wetlands; 
however, very few are about the microbiota and its role in these ecosystems. The 
activities of microorganisms in wetlands play an important role in biogeochemical 
processes, and they are key to the functions of wetlands (Farias et al. 2014; Hartman 
et al. 2008; van den Heuvel et al. 2010, 2012; Hu et al. 2014). The soil is considered 
ecologically to be an extremely stable habitat (Kloepper and Beuchamp 1992). The 
number and types of microorganisms present in a soil depend on various environ-
mental factors, such as nutrients, moisture, aeration, temperature, pH, and agricul-
tural practices (Chao et al. 1986). The populations and the structure of the community 
tend to remain constant; however, this homeostasis and dominance of certain popu-
lations can be disrupted when environmental conditions are altered.

The microbial diversity in peatlands is characterized by organisms that have 
developed physiological and metabolic adaptations to cope with the constraining 
conditions found in these ecosystems, such as low oxygen availability, cold tem-
perature, acidity, and oligotrophy. Proteobacteria, Bacteroidetes, Acidobacteria, 
Actinobacteria, Firmicutes, and Chloroflexi seem to be the most relevant genera in 
wetlands (Belfiore et al. 2018; Hartman et al. 2008; Lv et al. 2014; Niederberger 
et al. 2015).

While there is not much knowledge on the subject, the response of the microbial 
communities to the disturbances could be the key to the recovery of these ecosys-
tems, since the microbial activities influence the growth and performance of plants 
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(Lamers et al. 2012). The understanding of the microorganisms living in wetland 
ecosystems is far from complete and necessitates a more intensive and comprehen-
sive assessment. A first contribution is given by Belfiore et al. (2018), who described 
that the loss of water in Andean peatland causes great changes in the  physicochemical 
characteristics of the soil, which leads to a decrease of the microbiota Proteobacteria 
indicating it is more sensitive to extreme conditions. This phylum decreases in 
abundance with desiccation (Zhou et al. 2016). Acidobacteria, Actinobacteria, and 
Gemmatinoidetes increased in these samples showing a better adaptation to the 
change of conditions (low soil moisture) (Fig. 6.1). They have the ability to survive 
in adverse condition (Goodfellow and Williams 1983; Potts 1994; Griffin 1977), for 
example, Acidobacteria produce exopolysaccharides and Firmicutes produce endo-
spores under stressful environmental conditions (Lv et al. 2014). Although cyano-
bacteria dominate the bacterial populations of many extreme environments (Witton 
and Potts 1999), and many studies reveal the ability of this phylum to withstand 
large periods of drying (Lange et al. 1989; Potts 1994, 2001; Kranner et al. 2003, 
2008; Potts et al. 2005), its presence in Salar de Atacama is scarce (Farias et al. 
2013, 2014; Rasuk et al. 2014, 2016; Fernandez et al. 2016).

Soil is considered an ecologically stable habitat; nevertheless, this homeostasis 
and dominance of certain populations can be disrupted when environmental condi-
tions are altered. Available data about microbial communities in different types of 
wetlands is scarce, and therefore it is impossible to make any general conclusions 
about the dynamics of microbial community structure in each one of them.

Deeper knowledge of microbial communities for each particular wetland is 
required because the recovery of the wetland could depend not only on hydration of 
soils but also on the bioinoculation of the native organisms.
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Chapter 7
Of Microbes and Mummies: Tales 
of Microbial Activity and Inactivity 
at 6000 m a.s.l.

Steven K. Schmidt, Preston Sowell, Zachary R. Schubert, Lara Vimercati, 
Adam J. Solon, Dorota L. Porazinska, Pacifica Sommers, John L. Darcy, 
and Eli M. S. Gendron

7.1  Introduction

In this chapter, we review recent microbiological studies of the highest elevation 
sites in the Atacama region. Whereas studies of lower elevations of the hyper-arid 
region of the Atacama Desert have illuminated our understanding of how microbial 
life has adapted to extremely dry conditions (see Chaps. 3–6), much less work has 
been done at high elevations. The work reviewed in this chapter focuses on areas 
above 6000 m a.s.l. on volcanoes in the southern portion of the Andean Central 
Volcanic Zone (14–28°S) near where Bolivia, Argentina, and Chile meet (around 
24°S, 68°W) in the high-elevation region known as the Altiplano or the Puna de 
Atacama (Costello et al. 2009). The Puna is dry (0–50 mm annual precipitation), 
cold (0  °C mean annual air temperature), and has a mean elevation of about 
4400 m a.s.l. (Allmendinger et al. 1997). Rising from the Puna are the highest vol-
canoes on Earth, some of which are just under 7000  m  a.s.l. in elevation 
(Allmendinger et al. 1997; Lynch et al. 2012). Figure 7.1 shows one of the highest 
volcanoes in this region, Volcán Llullaillaco (elevation 6739 m a.s.l.).

In many respects, conditions above 6000 m a.s.l. are even more extreme than 
lower elevation regions of the Atacama (Solon et al. 2018). As one ascends in eleva-
tion from the arid core of the Atacama, the climate initially becomes slightly wetter 
allowing for the existence of sparse plant communities at elevations between 3500 
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and 5000 m a.s.l. Above about 5000 m a.s.l. there are no plants (except some mosses 
near fumaroles) and even hardy macro-organisms such as lichens are very rare. 
Therefore, most of the surface area of the massive stratovolcanoes in this region is 
completely devoid of plant life (Fig. 7.1). Besides extreme dryness, organisms at 
high elevations must contend with a thin atmosphere and extreme cold—and more 
importantly—the highest UV radiation (Cabrol et al. 2014; Pulschen et al. 2015) 
and the most extreme daily freeze–thaw cycles (Lynch et al. 2012; Vimercati et al. 
2016) yet measured on Earth. In addition, all soil-like material (tephra) so far stud-
ied above 6000 m a.s.l. has very low pH values ranging from 4.2 to 4.8 (Schmidt 
et al. 2017a, b).

We start this chapter by reviewing some archaeological studies which demon-
strated that mummies buried for 500 years at high elevations on Volcán Llullaillaco 
did not decay even in the absence of preserving chemicals. This finding was our 
original inspiration for visiting this volcano, because from a microbiological per-
spective it indicated an environment where microbes were completely inhibited 
from growing despite the presence of an abundant food source. Such a situation is 
rare within the biosphere and indicated an unusually extreme environment. Our 
examination of the environmental conditions that completely inhibited microbial 
growth on the mummies of Llullaillaco is followed by a discussion of evidence (pro 
and con) for the presence of active microorganisms in surface soils elsewhere on 
Llullaillaco and other volcanoes in the region. We end with a discussion of oases of 
life, such as fumaroles and ice fields (Nieves Penitentes), at extreme elevations on 
Volcán Llullaillaco and Volcán Socompa and the implications of our findings for the 
fields of microbiology and astrobiology.
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Fig. 7.1 Photo taken in March of 2016 from the vegetated zone northwest of Volcán Llullaillaco 
showing that most of the prominence of the mountain lies above the vegetated zone. (Photo credit 
D. Porazinska)
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7.2  Preservation of Human Remains at Extreme Elevations

Mountains have played a prominent role in the Andean cultures for millennia, a 
tradition that extends to the present day (Bastien 1978). The view of mountains as 
deities (Apus) likely originated from their perceived control of meteorological phe-
nomena. Life in the Andes has long been ruled by climactic extremes resulting in 
drought or flooding (D’Altroy 2002), a result of the El Niño Southern Oscillation 
and La Niña cycles (Garreaund 2009). Those events wreaked havoc on early Andean 
civilizations such as the Inca. Fearing that angry Apus were the cause of their suf-
fering, the Inca often took desperate measures to appease them (Cieza de Leon 1864).

The Incan Empire proliferated between 1438 and 1532 A.D. (D’Altroy 2002) 
throughout the Andes, and during that period their veneration of mountains led the 
Inca to build shrines known as “high-altitude sanctuaries” (Reinhard and Ceruti 
2010) on the very summits of over 100 mountains exceeding 5200 m (Reinhard 
2014). As snow and ice limited the elevations that could feasibly be reached in more 
northern latitudes of their empire (Reinhard and Ceruti 2010), the highest, accessi-
ble mountain summits to the Inca were the unglaciated volcanoes of the Central and 
Southern Andean Volcanic Zones (Ramos and Aleman 2000). One purpose for the 
high-altitude sanctuaries was to facilitate capacocha offering ceremonies, which 
included the sacrifice of children (de Betanzos 1996). The victims were buried on 
the summit along with other offerings of pottery, textiles, and figurines. To date, the 
remains of at least 27 sacrificial victims have been discovered on the summits of 
high peaks in the former Incan Empire (Besom 2009), many of them in various 
states of natural mummification (Medina Rojos 1958). In 1999, archaeologists 
recovered the 500-year-old mummified remains of two girls and a boy, from near 
the summit of Llullaillaco (Reinhard and Ceruti 2010). At 6712 m, the Llullaillaco 
shrine is the highest archaeological site in the world and its mummies are the best 
naturally preserved mummies yet discovered (Wilson et al. 2013). The artifacts bur-
ied with them included nearly pristine textiles and feathered headdresses (Fig. 7.2, 
Reinhard and Ceruti 2010). The remarkable preservation of the bodies and other 
organic material at the site without the use of artificial preservatives implied a lack 
of microbial activity at the site, which is what originally inspired our microbiologi-
cal expeditions to this area (Costello et al. 2009; Lynch et al. 2012).

Mummification is the process of preserving non-bony tissue in human remains, 
whether by artificial or natural processes. The most well-known artificially pre-
served mummies are from the ancient Egyptian culture, but only 400 km northwest 
of Llullaillaco, the Chinchorro culture began artificially preserving their dead along 
the coastal desert of southern Peru and northern Chile by 5050 BC (Arriaza et al. 
1998), up to 2000 years before the Egyptians. Marquet et al. (2012) have suggested 
that the practice may have been inspired by seeing the bodies of their ancestors 
accumulating in the landscape through the natural process of mummification, which 
was induced by the hyperarid environment. In either artificial or natural mummifi-
cation, the usual decay of flesh, including by microbial activity, is deterred or pre-
vented. Shortly after death, the body’s own cells release enzymes that begin a 
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process of auto-digestion (Lynnerup 2007). In temperate conditions, the body will 
then begin to decay due to the activity of enteric microorganisms (Lynnerup 2007) 
and from colonization by environmental microorganisms (Micozzi 1991). The pres-
ence of liquid water is essential for both the enzymatic process of auto-digestion 
and for microbial growth, which is why desiccation is such an efficient preservative 
(Lynnerup 2007). Cold temperatures are also an impediment to microbial growth 
(and therefore decomposition), but microbes can be active at temperatures well 
below 0 °C as long as some liquid water is available (Schmidt et al. 2009; Vimercati 
et al. 2016). Therefore, the most effective preservative of human bodies is freezing 
at temperatures below about −13  °C under dry conditions (Previgliano et  al. 
2005)—conditions that are present on the summits of high-elevation volcanoes (see 
Fig. 7.3).

Reinhard and Ceruti (2010) noted that the Llullaillaco mummies were likely 
frozen immediately after their death and their remarkable preservation indicates that 
they remained frozen for the 500 years before they were discovered. Furthermore, 
the summit of Llullaillaco where the bodies were excavated is frequently covered 
with snow, yet the soil surrounding the bodies was dry and excavating the site was 
surprisingly easy (Reinhard and Ceruti 2010). The lack of moisture at the depth that 
the mummies were buried (1.2–2.2 m, Reinhard and Ceruti 2010) is due to the fact 
that at those elevations, snowfall sublimates back to the atmosphere and therefore 
liquid water never penetrated to that depth. Furthermore, due to the insulating prop-
erties of the soil (tephra), the temperature at depth can remain very constant despite 

Fig. 7.2 Two of the mummies recovered from near the top of Volcán Llullaillaco in 1999. These 
children were buried alive without any preserving chemicals. Note the pristine condition of the 
fabrics and artifacts buried with these 500-year-old mummies. (Photo courtesy of J. Reinhard)
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Fig. 7.3 Left panel: Diurnal temperature fluctuations on an average (mean for the month of July) 
winter day at 5820 m a.s.l. on Volcán Saírecabur. Note the constant −10 °C at 50 cm depth (blue 
dots), whereas soil surface temperatures fluctuated across the freezing point  (red dots). Right 
panel: An average summer (December) day at 5820 m a.s.l. on Volcán Saírecabur. Note the con-
stant temperature just under 0 °C at 50 cm depth, whereas soil surface temperatures fluctuated 
wildly across the freezing point. (Data are redrawn from Schubert (2014) and Schmidt (1999))
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extreme temperature fluctuations at the soil surface. This phenomenon is illustrated 
in Fig.  7.3, which shows constant, cold, soil temperatures at 50  cm depth (at 
5820 m a.s.l.), while temperatures were fluctuating dramatically at the surface. Soil 
temperatures at almost a thousand meters higher and 50 cm deeper on Llullaillaco 
are likely much colder than those shown in Fig. 7.3. Thus, the remarkable lack of 
decay in the mummies of Llullaillaco was due to the unique combination of cold 
and dry conditions. These conditions effectively stopped all microbial activity and 
growth, leading us to wonder if microbes are active anywhere at elevations above 
6000 m a.s.l. in the Atacama region.

7.3  Microbial Life in Surface Tephra on Llullaillaco 
and Socompa

The apparent total lack of microbial activity (as indicated by lack of decomposition) 
at deeper tephra depths at high elevations on Volcán Llullaillaco led us to the ques-
tion of whether microorganisms can function at shallower soil depths at high eleva-
tions. Over the past 10 years we have sampled shallower soil depths on both 
Llullillaco and Socompa, and in this section we summarize our findings indicating 
that transiently active microbial communities may exist in the top 5 cm of tephra 
material at elevations above 6000 m a.s.l., even in areas away from sources of water 
such as ice fields and fumaroles (which are discussed in the next section).

If constant cold and dryness inhibit microbial life at deeper soil depths at high 
elevations, this is not the case near the soil surface where soil temperatures can 
fluctuate wildly on a daily basis (Fig. 7.3). In addition to these freeze–thaw cycles, 
life on the soil surface is subjected to intense UV radiation and aridity (Cabrol et al. 
2014; Lynch et al. 2012; Pulschen et al. 2015). Given these stressors, we initially 
expected that surface soils would be almost sterile at the highest elevations in the 
Atacama region. Below we discuss relevant work that has challenged this initial 
assumption.

The first molecular study of microbial life in high-elevation tephra material was 
the pioneering work of Costello et  al. (2009). They sampled tephra material at 
5285 m a.s.l. on Volcán Socompa and showed that these “soils” had total organic 
carbon (TOC) levels (0.03%) on a par with the most oligotrophic soils of Antarctica 
and lower Atacama Desert, and nitrogen and water levels below the limit of detec-
tion. Despite these extreme conditions, they detected (using cloning and Sanger 
sequencing) simple microbial communities dominated by Actinobacteria, a 
Basidiomyceteous yeast in the genus Naganishia (previously known as 
Cryptococcus), and dark-pigmented members of the Dothideomycetes (e.g. 
Cladosporium and Ulocladium).

Since the work of Costello et al. (2009), there have been a number of other stud-
ies using modern approaches (e.g., metagenomics, functional gene libraries, high- 
throughput amplicon sequencing, and culturing approaches) to characterize the 
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microbial communities on these mountains (Lynch et al. 2012, 2014; Solon et al. 
2018; Vimercati et al. 2016). Here, we summarize just the work examining micro-
bial communities at elevations above 6000 m a.s.l., where Lynch et al. (2012) found 
soil conditions even more oligotrophic than those reported by Costello et al. (2009) 
with TOC levels of 0–0.005%. To our knowledge these are among the lowest TOC 
values ever reported for a terrestrial ecosystem (cf. Crits-Christoph et  al. 2013; 
Goordial et  al. 2016). This high-elevation site (6330 m a.s.l.) was dominated by 
members of the enigmatic Chlorofexi group that were not closely related to any 
cultured bacteria, but one sub-group likely is in the Ktedonobacter clade (Lynch 
et  al. 2012). However, most of these high-elevation Chloroflexi are most closely 
related to the B12-WMSP1 clade that includes environmental sequences from a 
dark, volcanic ice cave on Mt. Erebus (KJ625634, Tebo et al. 2015), snow-covered 
alpine tundra (DQ450730, Costello and Schmidt 2006), and desert rock varnish 
(FJ595536).

At slightly lower elevations (6030 m a.s.l.) on Llullaillaco, dry tephra soils were 
dominated by sequences related to the actinobacterium Pseudonocardia. 
Metagenomic and functional gene analyses of DNA, from 6030 m a.s.l., showed 
that this organism is capable of using trace levels of gases such as H2, CO, and CH4 
as energy sources (Lynch et al. 2012, 2014). Use of gases (especially CO) by bacte-
ria in oligotrophic volcanic sediments has also been noted in other studies (King and 
King 2014; Tebo et al. 2015; Weber and King 2010) perhaps indicating that organ-
isms in the Pseudonocardia group are active at 6030 m a.s.l. on Llullaillaco. It is 
noteworthy that members of the Ktedonobacter group of the Chloroflexi also have 
the ability to use CO as an energy source (King and King 2014). Thus, one hypoth-
esis for how microbes might function in extremely oligotrophic volcanic tephra is 
through the utilization of volcanic and atmospheric gases, but a direct test of this 
hypothesis has yet to be done in the field.

Further evidence that some microbes can function in the extremely dry and oli-
gotrophic tephra above 6000 m a.s.l. comes from recent studies of eukaryotic phy-
lotypes from high volcanoes (Pulschen et al. 2015; Schmidt et al. 2017a, b; Vimercati 
et al. 2016). The dominant eukaryote in high-elevation tephra (Lynch et al. 2012; 
Solon et  al. 2018) is closely related to Naganishia friedmannii (previously 
Cryptococcus friedmannii) originally described from endolithic communities of the 
Dry Valleys of Antarctica (Friedmann 1982; Vishniac 1985). Unlike Ktedonobacter 
and Pseudonocardia, N. friedmannii is easy to grow in culture and can use a broad 
array of organic compounds for growth (Vimercati et  al. 2016), which has led 
researchers to hypothesize that this organism is an opportunitroph that utilizes 
Aeolian deposited organic matter to rapidly grow during rare snowmelt events 
(Schmidt et al. 2017a, b; Vimercati et al. 2016).

In order to grow in surface soils at elevations above 6000 m a.s.l., N. friedmannii 
and numerous fungi in the Dothideomycetes would also need to withstand high lev-
els of UV radiation and the extreme freeze–thaw cycles (Fig. 7.3). Recent research 
indicates that N. friedmannii is able to withstand both of these stressors. Pulschen 
et al. (2015) demonstrated that an N. friedmannii isolate from Volcán Saírecabur 
could withstand levels of UV radiation as high as Deinococcus radiodurans, the 
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most radiation-resistant bacterium known. Likewise, Vimercati et al. (2016) demon-
strated that the N. friedmannii isolate from soils above 6000 m a.s.l. on Llullaillaco 
could grow exponentially during diurnal freeze–thaw cycles (−10 °C to +30 °C) 
that would be typical of shallow soils at high elevations (Fig. 7.3). This was the first 
definitive determination that any organism can grow during extreme freeze–thaw 
cycles and provides strong evidence that N. friedmannii may be able to grow during 
rare periods of snowmelt and carbon availability as hypothesized above.

Despite recent evidence that some organisms such as Pseudonocardia, B12- 
WMSP1, and Naganishia have phenotypic traits that would allow them to function 
in surface soils above 6000 m a.s.l., it should be noted that the communities of these 
extreme soils are among the simplest yet described for a terrestrial ecosystem 
(Costello et al. 2009; Lynch et al. 2012; Schmidt et al. 2018; Solon et al. 2018). The 
diversity and structure of these communities are discussed in the following two sec-
tions where they are compared to the more robust microbial communities found 
near fumaroles and ice fields (penitentes).

7.4  Microbial Communities of Fumarolic Soils Above 
6000 m a.s.l.

In parallel with recent work on the potential for microbial life in dry tephra on 
Socompa and Llullaillaco, we have also been exploring potential “oases” of abun-
dant life in this otherwise austere landscape. This work was inspired by the pioneer-
ing studies of Stephan Halloy who originally described remarkable moss-dominated 
communities, supported by water vapor and heat from fumaroles, at elevations up to 
6050 m a.s.l. on Volcán Socompa (Halloy 1991). During two recent expeditions, we 
resampled some of the same fumaroles studied by Halloy (1991) and compared 
these fumarolic microbial communities to communities in dry tephra soils nearby 
(Costello et al. 2009; Solon et al. 2018). For example, Fig. 7.4 shows alpha diversity 
plots of the bacterial (16S) and eukaryotic (18S) communities of fumarolic and non- 
fumarolic tephra at an elevation of 6050 m a.s.l. on Volcán Socompa. Fumarolic 
soils had significantly higher OTU richness for both 16S and 18S than nearby dry 
tephra. Fumaroles contained on average 803 16S OTUs, whereas the non-fumarole 
site had only an average of 61 16S OTUs. For 18S communities, fumarole sites 
contained 319 OTUs, whereas the non-fumarole site had only 83 18S OTUs at 
6050 m a.s.l. These data show that the fumarolic sites contained OTU richness com-
parable to a temperate forest soil (cf. Ferrenberg et al. 2013), whereas the dry sites 
at the same elevation supported among the lowest OTU richness yet reported for a 
terrestrial habitat in the high-throughput sequencing literature (cf. Crits-Christoph 
et al. 2013; Goordial et al. 2016; Solon et al. 2018). Thus, the presence of fumaroles 
allowed the proliferation of almost “normal” soil communities, whereas dry sites 
contained the simplest microbial communities yet described. Fumaroles also sup-
ported a diverse array of functional groups, including phototrophs and predators, 
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indicating that fumarolic soils had functioning food webs and complex nutrient 
cycles, whereas the barren tephra sites lacked known phototrophs and trophic com-
plexity (Solon et al. 2018). Bryozoans, or animals that associate with moss such as 
tardigrades, were also found primarily in samples from fumaroles, suggesting they 
may be active, if at low density, at those sites. It is also noteworthy that there were 
slightly more 18S OTUs (83) than 16S OTUs (61) at the barren tephra sites. To our 
knowledge this is the first soil ecosystem containing more eukaryotic diversity than 
bacterial diversity, perhaps indicating that eukaryotes may be better adapted to this 
austere system than are bacteria. However, more in depth, comparative work is 
needed to better understand the trophic structure of fumarolic communities and to 
compare them to fumarolic communities in other extreme landscapes (Benson et al. 
2011; Herbold et al. 2014; Tebo et al. 2015).

7.5  Microbial Communities of Soils Associated with “Nieves 
Penitentes” (Penitentes)

Penitentes are ice formations found at high elevations throughout the Southern 
Andes. They consist of parallel rows of ice spires (Fig. 7.5) that form through the 
interaction of wind and solar radiation in areas of snow accumulation such as the 
leeward slopes of high-elevation ridges (Claudin et al. 2015; Lliboitry 1954). During 

Fig. 7.4 Species (OTU) richness or alpha diversity for soils (tephra) affected by fumarolic activity 
at 6050 m a.s.l. compared to bare tephra at the same elevation on Volcán Socompa. Note that fuma-
rolic soils contained bacterial diversity levels very similar to those found in vegetated soils from 
low elevation ecosystems, whereas the barren tephra contained among the lowest OTU richness yet 
recorded for a terrestrial ecosystem. (Data are redrawn from Solon et al. (2018) with permission)
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expeditions in 2009 and 2016, we sampled damp soils between the rows of peni-
tentes at elevations of 5825 and 5277 m a.s.l. on Socompa and Llullaillaco, respec-
tively. We hypothesized that moisture from melting penitentes would support more 
microbial diversity than barren soils. To our surprise, soils in penitente fields did not 
have significantly higher OTU richness than nearby dry tephra soils on either 
Socompa or Llullaillaco (Solon et al. 2018). However, beta diversity of the eukary-
otic (18S) microbial community was significantly affected by the presence of peni-
tentes on Llullaillaco (Fig. 7.6). This difference was driven largely by the presence 
of algae in the penitente soil samples, whereas algae were not detected in any sam-
ples from dry sites on Llullaillaco (Solon et al. 2018). The dominant alga detected 
in the penitente soils is a phylotype related to the snow alga Chloromonas brevi-
spina, and the dominant alga associated with penitentes on Socompa is related to an 
Antarctic snow alga (NCBI accession no. AB903007). These findings suggest that 
snow algae may be functioning in penitente fields, a hypothesis further supported by 
our observation of patches of red snow in the penitente field at 5277 m a.s.l. on 
Llullaillaco (Fig. 7.7) but not in penitentes at 5825 m a.s.l. on Socompa (Solon et al. 
2018). Nonetheless, the findings of Solon et al. (2018) are the first evidence of algal 
communities on these high-elevation volcanoes, but more work is needed to confirm 
that these are true snow algae. A descriptiom of the microbes living in penitente 
ice on Llullaillaco was published as this chapter went to press (Vimercati et al. 2019). 

In contrast to our detection of algae in penitente fields, cyanobacteria were not 
detected in penitente soils on either Llullaillaco or Socompa (Solon et al. 2018). 

Fig. 7.5 Jack Darcy and Lara Vimercati standing on the edge of the field of penitentes at 
5277 m a.s.l. on Volcán Llullaillaco. Basecamp (tiny yellow and red tents) can be seen in the lower 
left of the photo. (Photo credit S.K. Schmidt)
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This finding was surprising given the importance of cyanobacteria in most high- 
elevation and high-latitude ecosystems (Freeman et al. 2009; Nemergut et al. 2007; 
Schmidt et al. 2011; Vincent 2000). We did however detect putatively photosyn-
thetic bacteria in the Rhodospirillales group of the Alphaproteobacteria in both 
penitente and dry soils on Volcán Llullaillaco (King et al. 2010; Solon et al. 2018). 
Many members of the Rhodospirillales can photosynthesize using longer wave-
lengths of light (e.g., 875 nm) than cyanobacteria or algae and therefore may be able 
to grow at deeper soil depths where they would be more protected from UV radia-
tion. However, there are also non-photosynthetic species of Rhodospirillales, so 
more work is needed to determine the ecological roles of this ubiquitous group in 
high-elevation soils and sediments (Demergasso et al. 2010; King et al. 2010; Rasuk 
et al. 2016).

Despite the greater photosynthetic potential of penitente fields suggested by 
putative algae and Rhodospirillales, the food web in these soils appears to remain 
strikingly simple. Soil invertebrates such as rotifers and nematodes that are even 
widespread in the soils of the McMurdo Dry Valleys, Antarctica (Gooseff et  al. 
2003), remain as virtually undetectable in the penitente field as in the drier tephra 
surrounding it. Experimental water additions to MDV soils, however, do not increase 
the activity of invertebrates there (Buelow et al. 2016), and the other stressors of the 
high Atacama may still preclude their active growth.

PC2 (10.34 %)

PC3 (7.09 %)

PC1(56.33 %)

Dry

Penitentes

Fig. 7.6 Beta diversity plot demonstrating that eukaryotic microbial communities associated with 
the penitente field (blue dots) shown in Fig.  7.5 differed significantly (P  <  0.001) from non- 
penitente soils sampled across a range of elevations (red dots) on Volcán Llullaillaco. (Redrawn 
from data originally presented in Solon et al. (2018))
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7.6  Conclusion

Our initial expeditions to the high volcanoes of the Atacama region were inspired by 
reports of perfectly preserved mummies found buried on the top of Volcán 
Llullaillaco. To us as microbiologists, this finding indicated an environment that 
completely inhibited the growth and activity of microorganisms and we were 
intrigued as to how this could occur in a world dominated by microbes. As dis-
cussed above, this paradox is explained by the rare combination of extreme dryness 
combined with near constant below-freezing temperatures found beneath the soil 
surface at extreme elevations. Indeed, the answer to this dilemma was already 
known to archaeologists who have strived to mimic these conditions at the Museo 
de Arqueología de Alta Montaña in Salta Argentina (Previgliano et al. 2005).

The second big question we hoped to address was if and how microbes function 
on the exposed slopes of these majestic but harsh volcanoes. Unlike deeper soil lay-
ers, the near surface tephra layer is subjected to extreme fluctuations of radiation, 
temperature, and moisture. Indeed, the extremes of temperature and UV radiation 
are the most intense yet measured on the surface of our planet. In addition, the sur-
face tephra at elevations over 6000 m a.s.l. has among the lowest levels of total 
carbon and nitrogen of any ecosystem yet described. This rare combination of 
extremes, combined with a thin atmosphere makes these high-elevation slopes argu-

Fig. 7.7 Close up of penitentes at 5277 m a.s.l. on Volcán Llullaillaco with Dorota Porazinska’s 
arm for scale. Blue arrows point to areas of red snow indicative of snow algae communities. Later 
examination of snow scraped from these red patches yielded abundant cells that resemble cysts of 
Chloromonas species. Molecular analyses of these patches will be reported in an upcoming publi-
cation. Note also the patches of damp soil between the penitentes. (Photo credit S.K. Schmidt)
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ably the best analogs for Mars on Earth (Lynch et al. 2012; Pulschen et al. 2015; 
Vimercati et al. 2016).

Obviously, we have only just scratched the surface in our understanding of how 
life functions under these extreme conditions, but the preliminary work discussed 
above indicates that some inhabitants (e.g., novel Chloroflexi and Pseudonocardia) 
of this extreme zone can utilize trace levels of atmospheric gases to aid in their sub-
sistence. Other microbes such as the fungus N. friedmannii are likely dormant most 
of the time but are capable of rapid growth during rare periods of water and nutrient 
availability (Schmidt et al. 2017a, b). This organism is also the first organism known 
to be able to grow during extreme freeze–thaw cycles (Vimercati et al. 2016) and to 
withstand the intense UV radiation (Pulschen et al. 2015) that occur on a year-round 
basis at high elevations on these high volcanoes. Perhaps this explains why it is the 
dominant eukaryotic organism found at elevations above 6000 m a.s.l. on Llullaillaco 
and Socompa.

Finally, our explorations led us to look for oases of life in this vast landscape of 
barren tephra. Perhaps most surprising was our finding that soils formed as a result 
of fumarolic activity have levels of microbial diversity and activity rivaling those of 
temperate forest soils, even at elevations of over 6000 m a.s.l. (Costello et al. 2009; 
Solon et al. 2018). In contrast, tephra wetted by intermittent melt water from nieves 
penitentes did not show higher diversity levels than dry tephra, but did yield the first 
evidence for functioning snow algae communities in soils associated with peni-
tentes. These potential oases of life surrounded by one of the most forbidding land-
scapes on Earth provide a perfect outdoor laboratory in which to carry out natural 
experiments on the cold–dry limits to life on Earth, and perhaps elsewhere in the 
universe (Schmidt et al. 2018; Vimercati et al. 2019).
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Chapter 8
A Unique Natural Laboratory to Study 
Polyextremophile Microorganisms: 
Diamante Lake as a Window to the Origin 
of Life

Tatiana Stepanenko, Mariana N. Soria, Luis Alberto Saona Acuña, 
Agustina I. Lencina, and María Eugenia Farías

8.1  Diamante Lake: A Unique Environment on Earth

Diamante Lake is located in the caldera of the Galán Volcano at a height of 4589 m 
a.s.l. (coordinates: 26°00′51.04″S, 67°01′46.42″O; Fig. 8.1a, b). The Galán, located 
in the province of Catamarca in the Puna Argentina, is cataloged as a supervolcano 
and multiple eruptions between the upper Miocene to the Pleistocene are recorded 
(Ruggieri et al. 2011; Soler et al. 2007). The caldera is elliptical in shape, 40 km by 
24 km in size, with its longest axis extending in a north–south direction. The floor 
of the caldera is at an altitude of about 4.5 km; the highest points on the caldera wall 
reach about 6 km and the resurgent centre reaches a similar height. Doming and 
uplift in this area presumably preceded the eruption of ignimbrites from ring frac-
tures and subsequent collapse of the caldera floor along the ring fractures. Several 
other major volcanic structures are known in the Central Andes; however, the cal-
dera of the Galán Volcano seems to be unique at present in possessing well defined 
ring fractures and a resurgent centre and in its association with rift faulting (Francis 
et al. 1978).

After the Galán Caldera eruption, a lake formed in the caldera on top of ignim-
brites deposits. Talus apron and fluvial fans formed, sloping into the depression as 
the caldera walls eroded (Sparks et al. 1985).

Diamante Lake is ~7 km long and ~3 km wide at the widest part, with the longest 
axis oriented NW–SE. A larger lake probably existed before resurgence took place 
(Francis et al. 1978).
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Diamante Lake receives freshwater inputs from snowmelt, a peatland (named 
vega andina) located at the south and a temporary river of mixing water at the south-
east. These differences in the water inputs of the lake give rise to a hydrological 
mixing zone at the east and south margin, where carbonate rocks are located.

Diamante Lake presents characteristics that make it a place not only of tourist 
interest but also a key site for scientific research. It is a natural laboratory—still 
unexplored—where we can study, among other things, the adaptation, survival and 
evolution of microbial ecosystems under extreme conditions. The high UV radia-
tion (84 W m−2 of UVA-B at noon), the high salinity (270 g  l−1, 217 mS cm−1), 
alkaline pH (9–11), the low oxygen pressure, the high heavy metal concentration 
from volcanic action and high day–night thermal fluctuation (from −20 to 20 °C) 
are some of the conditions found in Diamante Lake. In the midst of these extreme 
natural conditions, Andean microbial ecosystems (AME) forming a red biofilm 
have been found and studied (Rascovan et al. 2016; Ordoñez et al. 2018 ), and they 
are associated with gaylussite crystals on the bottom of the calcareous rocks present 
in the lake (Fig. 8.1c, d).

Carbonate rocks are grainstones with a coating of laminated crust. Grainstone 
consists of clastic grains (quartz and plagioclase), volcanic intraclast and micrite 
cement. Laminated crust consists of calcite laminae that occur as isopachous layers 
produced by regular alternation of sparite and micrite. In addition, isopachous lami-
nae infilled interparticle porosities (Lencina et al. unpublished data; Fig. 8.2).

This kind of ecosystem has already been reported in other lakes with similar 
physicochemical conditions, such as the Mono Lake located in California, USA. The 

Fig. 8.1 (a) Map of Argentina showing location of Diamante Lake. (b) Diamante Lake is located 
in the crater of the Galán Volcano. (c) Panoramic photography of Diamante Lake carbonates rocks 
and red biofilm. (d, e) Carbonates rocks showing red biofilm coating and gaylussite crystals (e—
sparkling glow)
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Mono Lake is characterized—like the Diamante Lake—as an alkaline lagoon, and 
they are called Soda Lakes (Kulp et al. 2008). An alkaline lake is a lake rich in dis-
solved sodium salts, especially sodium carbonate, sodium chloride and sodium sul-
fate, as is the case of Mono Lake and Magadi Lake at Kenia, Africa, crater lake at 
Malha, northern Sudan, and Baer Soda Lake at Inner-Mongolia (Jones and Grant 
1999; Pecoraino et al. 2015; Ma et al. 2004).

The precipitation of minerals such as gaylussite crystals—to which the biofilm 
of Diamante Lake is attached—has been reported in different alkaline lakes. This 
mineral is a pentahydrate sodium–calcium carbonate of formula Na2Ca(CO3)2·5H2O, 
which is formed as an alkaline water evaporite with the appearance of a hard sub-
strate at the bottom of rocks, submerged under water. It is an unstable mineral that 
dehydrates in dry air and decomposes in water (Bischoff et al. 1991). Particularly in 
Diamante during the winter, when there is more water in the lake, the gaylussite 
crystals are not very abundant and even disappear from the rocks.

During the past 10 years, the microbial ecosystems of Puna’s lakes have been 
considered exceptional environments for studying the extreme microbial diversity 
(Farias et al. 2019). This diversity displays particular mechanisms that allow them 
to adapt to the above-mentioned extreme conditions, especially strong UV-radiation 

Fig. 8.2 (a) Cross section of the carbonatic rock showing the internal structure and laminated 
crust (yellow dotted line). (b) XRD analyses showing the peaks of calcite (calcium carbonate). (c) 
Petrographic microscope image of the grainstone in which most of the grains are quartz and pla-
gioclase. (d) Petrographic microscope image of the laminated crust showing isopachous laminae 
produced by regular alternation of bright (sparry) and dark (micritic) laminae (unpublished results) 
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and hypersalinity (Albarracín et al. 2016). However, a particular feature of Diamante 
Lake is the very high concentration of arsenic (As)—175 mg l−1—(Rascovan et al. 
2016). The arsenic content present in the lake makes it a unique environment to 
study its relationship with biological systems. The Mono Lake was characterized as 
an alkaline lake where the arsenic concentration was extremely high (around 
10 mg l−1) (Kulp et al. 2008); however, Diamante Lake has almost 20 times more. 
Thus, Diamante Lake is a unique place to study the metabolisms associated with 
obtaining energy through electrochemical transformations of arsenic.

8.2  Biological Role of Arsenic in the Central Andean 
Wetlands

Arsenic is an element of high toxicity and affects all forms of life we know (Parke 
2013). This metalloid is distributed throughout the Earth’s crust and represents a 
serious health problem due to its carcinogenic effect. In its inorganic form it occurs 
in nature as arsenate (AsV) and arsenite (AsIII). Arsenite has greater toxicity affect-
ing the actions of enzymes within the cell (Sukhvinder et  al. 2011); however, it 
oxidizes rapidly, and its concentration in different environments is minor. In 
Diamante Lake, almost all the arsenic present is found in its oxidized state (AsV). 
Arsenate, in spite of being less toxic than arsenite, interacts with cells due to its 
chemical similarity with phosphate, and it enters the cell through phosphate trans-
porters (Pit and Pst) and takes the place of phosphate in different proteins. Thus, 
despite being such a toxic element, the interaction of arsenic with biological sys-
tems is very widespread, especially in Diamante Lake.

The relationship of arsenic with living organisms is not new; for several years 
different topics have been investigated: (1) Obtaining energy through electrochemi-
cal transformations of arsenate/arsenite (van Lis et  al. 2013), (2) phylogeny and 
evolution of enzymes involved in the arsenic bioenergetic metabolism (Rascovan 
et al. 2016; van Lis et al. 2013), (3) phosphate–arsenic relationship (Mukhopadhyay 
et al. 2002) and (4) stability of key arsenic-based molecules for life, among others. 
All these topics can be studied in the natural laboratory represented by Diamante 
Lake, which is a unique environment for the study of the origin of life (Fig. 8.3).

8.3  Microbial Diversity in Diamante Lake

To evaluate the taxonomic composition and the metabolic potential of the Diamante 
Lake Red Biofilms (DLRB), we performed metagenomic shotgun sequencing of 
the extracted total DNA, then prepared a Metagenomic Shotgun Library. 
Metagenomic analysis showed that the DLRB were constituted by 94% Archaea 
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and 6% Bacteria (Rascovan et al. 2016). This low diversity found in the DLRB can 
be explained by the previously mentioned physicochemical conditions in the envi-
ronment. It is known that hypersaline environments have a low diversity, where 
halophilic  microorganisms are able to survive in these extreme conditions because 
they have specific strategies to balance the osmotic pressure (Ventosa et al. 2014). 
The presence of Archaea suggests they are responsible for the color of the biofilm, 
due to the presence of bacterioruberin, a red carotenoid pigment present in this 
microorganism (Oren 1994). Euryarchaeota (96%) was the most abundant, and 
other phyla present in the biofilm included Proteobacteria (3%), Archaeplatida and 
Firmicutes in smaller percentages. The results also showed that DLRB were com-
posed of two genera of haloarchaea: Halorubrum (55%) and Natronomonas (14%) 
(Rascovan et al. 2016). With respect to 7% of bacteria, this was mainly composed 
of Firmicutes of the class Clostridia and Gammaproteobacteria. It is interesting to 
note that all the bacteria found belong to anaerobic taxa; therefore, this indicates 
that the microenvironment from biofilms is anaerobic or microaerobic (Rascovan 
et al. 2016).

Fig. 8.3 Abundance (number of reads) of genes related to the arsenic metabolism in Diamante 
Lake. Read counts for 16S rRNA is shown as a reference gene that is present in all organisms in 
the biofilm. (Reprinted from “Metagenomic study of red biofilms from Diamante Lake reveals 
ancient arsenic bioenergetics in haloarchaea” (from Rascovan et al. 2016))
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8.4  Arsenic Metabolism in Diamante’s Biofilms

Given the high As content, arsenic metabolism was studied by metagenomics analy-
sis of the Diamante Lake Red Haloarchaea Biofilms (DLRB). Metagenomic analy-
ses revealed the presence of the genes necessary for the arsenic detoxifying 
mechanism (arsABC) and a surprisingly high abundance of arsenate respiration 
(arrBA) and arsenite oxidation (aioBA). In addition, in this study, it was also 
observed that the genomic organization of the haloarchaea arsenic bioenergetic 
genes was very similar to that found in the well-characterized arsenite-oxidizing 
bacteria and arsenate-respiring bacterial models (Rascovan et al. 2016).

Owing to these results, currently we are studying communities and isolated halo-
archaea to learn the metabolism of DLBR.

8.4.1  Arsenic Detoxifying Mechanism

One of the resistance mechanisms widely used by Bacteria and Archaea consists of 
the ars operon expression encoding for the cytoplasmic arsenate reductase ArsC 
that catalyzes the transformation of arsenate to arsenite, and the posterior arsenite 
extrusion from the cell interior by ArsB/ArsA efflux pumps. All ars operon genes 
are present in high abundance in the Diamante Lake metagenome, suggesting that 
this mechanism of detoxification is used by the haloarchaea from DLRB to limit the 
intracellular concentration of arsenic (Rascovan et al. 2016).

Arsenate can use phosphate transporters to enter the cell cytoplasm, due to the 
structural similarity of both molecules. For this reason, another resistance mecha-
nism proposed for the Diamante Lake ecosystem is the differential expression of 
phosphate transporters, with a strong preference for those with greater affinity for 
phosphate, such as the Pts system, thus preventing the entry of arsenate into the cell 
interior.

8.4.2  Arsenotrophy

Most of the organisms that live in high arsenic concentration conditions not only 
have developed detoxification mechanisms but can also obtain energy catalyzing the 
dissimilatory transformation of arsenic (Muller et al. 2003).

The aioA and aioB genes encode the heterodimeric enzyme arsenite oxidase, 
which participates both in the detoxification of As in heterotrophic microorganisms 
and in the generation of energy in chemoheterotrophic and quimiolitoautotrophic 
microorganisms, at the expense of arsenite, which is a source of electrons (Oremland 
et al. 2002). On the other hand, the ArrA enzyme is responsible for the arsenate 
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reduction process, using it as the final acceptor of the electron chain (anaerobic 
arsenic respiration). Both enzymes are members of the DMSO reductase family.

To verify the importance of arsenic as a bioenergetic component, physiological 
and molecular assays were carried out in haloarchaea isolates from DRLB (Ordoñez 
et al. 2018). RT-PCR results revealed that arsenic metabolism genes were upregu-
lated when As is supplemented to the growth medium and the isolated DM2 (from 
DRLB) was able to oxidize arsenite in minimal medium (Ordoñez et  al. 2018). 
Moreover, it was demonstrated that arsenate promoted the growth of DRLB isolates 
in anaerobic conditions, suggesting that this component participates in the meta-
bolic process of respiration as an electron acceptor and bioenergetic substrate 
(unpublished data). These findings support the idea that the microbial biotransfor-
mation plays an important role in the biogeochemical cycle and bioavailability of 
this metalloid.

8.5  Conclusions

Placed inside Galán Volcano, Diamante Lake hosts one of the most extreme micro-
bial ecosystems of the Puna, not only because of the harsh conditions that have 
developed in the volcano caldera at 4560 m a.s.l. but also because of the mineralogy 
(Gaylussite) that precipitates in its extremely alkaline, saline and arsenic waters. 
These microbial communities, dominated by Archaea, associated with carbonated 
mineral, have proven to function by breathing arsenic as has been demonstrated by 
metagenomes analyses, genes expression and physiology of the haloarchaea iso-
lated from these biofilms. Ongoing metatranscriptomic studies are also supporting 
these results. These results add value to the extreme environments of the Andean 
highlands of Argentina and Chile as excellent models of the early Earth.
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Chapter 9
Microbial Communities Composition, 
Activity, and Dynamics at Salar de 
Huasco: A Polyextreme Environment 
in the Chilean Altiplano

Cristina Dorador, Verónica Molina, Martha Hengst, Yoanna Eissler, 
Marcela Cornejo, Camila Fernández, and Vilma Pérez

9.1  Introduction

Salar de Huasco (20°17.7′S, 68°50.7′W) is located at 3800 m above sea level in the 
Tarapaca Region of northern Chile (Fig. 9.1). This ecosystem can be considered as 
broadly representative of ca. 52 active salt flats and wetlands of the high-altitude 
plateau of the Chilean Altiplano (Risacher et  al. 2003) located at the western 
Cordillera. The majority of aquatic systems currently present in the Altiplano are 
derived from ancient paleolakes. During the late Holocene (since 2000 YBP), arid 
conditions prevailed, and these paleolakes became gradually limited forming the 
current evaporitic closed basins. Salar de Huasco was formed during the Pleistocene, 
and its current form reflects a series of processes of evaporation and erosion (Chong 
Dıaz 1984).
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The Collacagua River is the main inflow of the Salar (Risacher et al. 1999), but 
a number of other springs and streams contribute to system recharge. Salar de 
Huasco is characterized by spatial heterogeneity, and includes peatlands (locally 
referred as ‘bofedales’), permanent and non-permanent lakes, and salt crusts. The 
catchment has a total area of 1572 km2, and the salar has a surface area of ca. 50 km2, 
with open water on average extending to ca. 2.5 km2 (Risacher et al. 2003). Satellite 
images analysis carried out from our group indicates that the main shallow lagoon 
area can vary between 1.75 and 4.64 km2 (see Fig. 9.1, provided by C. Romero).

Fig. 9.1 Satellite images of Salar de Huasco. Left panel: evaporitic basin of Salar de Huasco, 
sampling points are indicated with green points. Right panel: the high plateau of the Andes, the 
location of Salar de Huasco is indicated by the red point
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Life in this high-altitude ecosystem is subject to a wide range of extreme condi-
tions, including: daily temperature changes between −15 and 20 °C, high irradiance 
(up to 1000 W m−2) including high UV radiation (>70 W m−2), turbulence and mix-
ing associated with high wind velocities (up to 17 ms−1) and shifts in direction, as 
well as the low gas partial pressures (including O2) associated with altitude. Salar de 
Huasco includes a diverse patchwork of aquatic habitats, including freshwater 
springs and streams that vary greatly in conductivity from <800 μS cm−1 through to 
hypersaline (>50,000 μS cm−1) conditions driven by extreme evaporation rates in 
shallow ponds and evaporitic lagoons. Rain and snow melt can also be important 
sources of water, with rain usually falling during the summer monsoon (known 
locally as the Bolivian or Altiplanic winter), which also shows marked interannual 
variability due to ENSO.

9.2  Microbial Diversity in Salar de Huasco

9.2.1  Bacterial Diversity

A series of studies of microbial diversity of Salar de Huasco have revealed a system 
where bacterial communities generally dominate, but this depends on the method-
ological approach followed and the biome analyzed (water, sediment or microbial 
mat). Using qPCR, it was shown that although Bacteria dominated water samples, 
Archaea dominated saline sediments (Dorador et al. 2010). The first descriptions of 
microbial assemblages were made using PCR-based techniques (e.g., DGGE and 
clone libraries) and revealed high bacterial diversity in water, sediment, and micro-
bial mats characterized by the dominance of Proteobacteria, followed by 
Bacteroidetes, Cyanobacteria, and Actinobacteria (Dorador et al. 2013). These ini-
tial results have been corroborated with the utilization of next generation techniques 
using tag-sequencing of the 16S rRNA gene (e.g., pyrosequencing and Illumina) 
and shotgun sequencing (metagenomes).

The phylum Proteobacteria is clearly abundant in water samples. Generally, its 
relative abundance reached up to 76% in some sites, where the presence of Alpha, 
Beta, Gamma, and Deltaproteobacteria was notorious (e.g., Aguilar et  al. 2016; 
Molina et al. 2018b; Eissler et al. 2019). Epsilonproteobacteria were reported as 
being rare using clone libraries (Aguilar 2012), but pyrosequencing has shown that 
it can reach up to 9.5% of relative abundance, e.g., in water samples collected at site 
H6 (Fig. 9.2) (Eissler et al. 2019). Alphaproteobacteria is the most frequent group 
recorded from microbial mats (Dorador et al. 2013). The class Rhodobacterales has 
been widely described in different surveys as one of the most frequent groups in 
microbial mats and water samples. Also, members of the Roseobacter clade are 
frequently isolated using culture media such as marine agar (Aguilar 2012). The 
strain Rhodobacter sp. Rb3 has been used as a reference strain to study adaptations 
to high solar radiation (Pérez et  al. 2017), and their whole genome has been 
sequenced (Pérez et al. 2018). The class Gammaproteobacteria is frequent in saline 
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waters, where the cultivation of members of the family Halomonadaceae is frequent 
(Dorador 2007; Aguilar 2012). Other gammaproteobacterial taxa detected in Salar 
de Huasco are typical psychrophilic, halophilic, and methanotrophic bacteria, such 
as Psychrobacter, Halochromatium, and Methylococcales (Dorador et  al. 2013; 
Molina et al. 2018b). Betaproteobacteria typically detected in Salar de Huasco are 
Hydrogenophaga (hydrogen oxidizing bacteria) (Aguilar et al. 2016) and Rhodoferax 
antarcticus (Dorador et al. 2013). Strains such as Alcaligenes have been isolated 
from sediment samples (Pérez 2014). Other proteobacteria classes are detected 
from different biomes, including Deltaproteobacteria, characterized mostly by the 
presence of sulfate reducing bacteria in sediment samples (Dorador et  al. 2013; 
Aguilar et al. 2016).

Bacteroidetes represent ca. 30% of the typical bacterial composition in water and 
ca. 3% in sediment (Dorador et al. 2013). This is a group that has a broad distribu-
tion in high-altitude wetlands as well as aquatic ecosystems from the Atacama 
Desert (Dorador et al. 2009). In particular, Flavobacteriaceae and Cytophagaceae 
are the dominant families representing this phyla (Dorador et al. 2013; Eissler et al. 
2019), including genera such as Psychroflexus, Flavobacterium, and Algoriphagus 
(Dorador et al. 2013; Aguilar et al. 2016; Cruz 2019).

Fig. 9.2 Spatial heterogeneity characterizes Salar de Huasco. (a) Freshwater stream and “bofe-
dales”, site H0; (b) Microbial mats and Nostoc colonies at site H0; (c) Hypersaline ponds at site 
H6; (d) Hypersaline lake “playa” type, site H4
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Cyanobacteria are commonly visible as a green layer within microbial mats and 
also as Nostoc colonies above the sediments (Fig. 9.2b). Using microscopic obser-
vation of water samples, Cyanobacteria occupied <30% of the phytoplankton com-
munity that was dominated by diatoms (Dorador et  al. 2008b; Hernández et  al. 
2016). Oscillatoria sp. and Anabaena sp. are frequently described (Dorador et al. 
2008b; Hernández et  al. 2016). Furthermore, one species from the genus 
Leptolyngbya has been isolated (Huanca 2015). Early studies using cyanobacterial- 
specific primers for the 16S rRNA gene described community structures that dif-
fered regarding site and sample type. Importantly, a characteristic feature of Salar 
de Huasco has been that many sequences have low similarity with those present in 
databases, something found using either clone libraries or massive sequencing 
(Dorador et al. 2008b; Aguilar et al. 2016; Molina et al. 2016b; Eissler et al. 2019). 
Arthrospira reached up to 15% of relative abundance in a pond with high dissolved 
organic carbon content at site H3, followed by Leptolyngbya, Oscillatoria, and 
Nodularia (Aguilar et al. 2016). In general, Cyanobacteria are potentially actively 
involved in nitrogen and carbon cycles linked with photosynthesis and nitrogen 
fixation, including a potential sink of N2O.

An important component of bacterial communities from the Salar de Huasco is 
the phylum Actinobacteria. This group has been subject to considerable attention in 
under-explored environments, such as the Altiplano and the Atacama Desert, due to 
their capacity to produce bioactive compounds (Bull et al. 2016). In dry soils sur-
rounding the main water body of Salar de Huasco, 65 different actinobacterial 
strains (mostly Streptomyces) have been isolated. These exhibited elevated bioactiv-
ity, especially against methicillin-resistant Staphylococcus aureus (MRSA) and 
other antibacterial, antifungal, and cytotoxic activities (against cell lines HepG2 and 
NIH-3T3 for carcinoma and fibroblast) (Cortés-Albayay et al. 2019a). Several of 
these Streptomyces strains showed low 16S rRNA sequence similarity with other 
species, and two new species have been recently described from Salar de Huasco: 
Streptomyces huasconensis sp. nov (Cortés-Albayay et al. 2019b) and Streptomyces 
altiplanonensis sp. nov (Cortés-Albayay et al. 2019c).

Firmicutes have been reported both through the use of clone libraries and next 
generation sequencing based on the amplification of the 16S rRNA gene: typically 
their relative abundance is lower than 10% (Aguilar et al. 2016). Sequences associ-
ated with the Halanaerobium have been reported for Salar de Huasco (Dorador 
et al. 2013). Also, different strains of Bacillus have been isolated: specifically, strain 
H4.8/5 which can oxidize Mn(II) including the presence of the mnxG gene (coding 
for a multicopper oxidase) and tolerate up to 1 mM of Cu(II) (Sathiyanarayanan 
et al. 2016). Exiguobacterium have been frequently isolated from different environ-
ments from the Altiplano, and their genomes have been sequenced. Exiguobacterium 
strain SH31 showed a broad range of genes conferring resistance to different heavy 
metals, including cadmium, copper, mercury, tellurium, chromium, and arsenic 
(Castro-Severyn et  al. 2017). Strain Exiguobacterium PN47 also encoded genes 
related to hot and cold temperatures (Strahsburger et al. 2018).

In total, more than 45 bacterial phyla have been described from Salar de Huasco 
using the 16S rRNA gene as a molecular marker. The estimated number has 
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increased following the application of different sequencing technologies as well as 
the increased information available in databases. For example, ca. 10 bacterial phyla 
were detected using clone libraries (Dorador et al. 2013), between 23 and 42 using 
pyrosequencing (Aguilar et al. 2016; Molina et al. 2016b; Eissler et al. 2019), and 
up to 45 with Illumina sequencing (Molina et al. 2018b). An important contribution 
to the understanding of microbial diversity in Salar de Huasco was the report of new 
bacterial phyla by Rinke et al. (2013) and new subdomains of Bacteria and Archaea 
using a combination of single cell genomics and metagenome-assembled genomes 
(MAGs) (Brown et al. 2015), because this new information aided the identification 
of typically “unclassified sequences”. Notably, the majority of the bacterial phyla 
currently described from Salar de Huasco are members of the ‘rare biosphere’ 
(Sogin et al. 2006), i.e., those taxa present in low relative abundance (<0.1%) and 
mostly uncultured. Generally, between 25 and 35 phyla are members of the rare 
biosphere, with most belonging to Candidate Phyla Radiation (CPR) groups (Brown 
et al. 2015). These taxa were characterized as active based on 16S RNA versus 16S 
RNA genes. Furthermore, they exhibited different temporal and spatial dynamics 
(Eissler et al. 2019), responding to changes in their physical and chemical condi-
tions, such as during in situ manipulative experiments (Molina et  al. 2016b). 
Considering recent changes to the tree of life and bacterial phyla classification 
(Brown et al. 2015; Parks et al. 2018), ca. 50% of all bacterial phyla described glob-
ally to date can be found at Salar de Huasco.

9.2.2  Archaeal Diversity

Archaeal communities from Salar de Huasco were initially described using the 16S 
rRNA gene as phylogenetic and functional molecular markers, the latter based on 
the detection of ammonia oxidizing archaea through amoA gene encoding from 
subunit A of Ammonia Monooxygenase (Dorador et al. 2010). A large number of 
sequences exhibited low sequence similarity with those included in public reposito-
ries at the time of the study, and two major phyla in the archaeal domain were 
detected in samples collected during summer (rainy season). In general, 
Euryarchaeota dominate in water and sediment samples and Crenarchaeota (14% of 
the analyzed sequences) was present in water samples from site H0 (main springwa-
ter site) (Fig. 9.2). Several uncultured euryarchaeotal clusters have been identified, 
including: MBGD, Marine Benthic Group D; MBGB, Marine Benthic Group B 
(Vetriani et  al. 1999); TMEG, Terrestrial Miscellaneous Euryarchaeotal Group 
(Takai et al. 2001); MG-I, Marine Group I (DeLong 1998); Euryarchaeota (E) and 
Crenarchaeota (C); MCG, Miscellaneous Crenarchaeota Group (Teske 2006); and 
five clusters of unidentified Euryarchaeota exclusively containing sequences from 
Salar de Huasco. However, during another study conducted in winter (dry season), 
a high number of sequences related to the family Halobacteriaceae, including the 
genera Halorubrum, Halomicrobium, Natronomonas, Natronorubrum, and 
Halalkalicoccus, were detected (Dorador et al. 2013). Also, in the same study dif-
ferent methanogens were described related to Methanosarcinales and Methanosaeta.
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Archaeal phylogeny has recently undergone marked changes, largely reflecting 
the improved accessibility of data from sequences obtained using high throughput 
sequencing, metagenomics, and single cell genomics techniques (e.g., Adam et al. 
2017). Currently, the archaeal domain includes 9 phyla and 3 superphylum: Asgaard, 
TACK/Proteoarchaeota, and DPANN.  Considering the initial classification of 
archaeal sequences in Salar de Huasco, four archaeal domains were detected: 
Euryarchaeota, Thaumarchaeota, Bathyarchaeota, Thorarchaeota; and two super-
phylum: Asgard and TACK/Proteoarchaeota. Functional approaches (e.g., meta-
transcriptomics and metagenomics) to the analyses of these new groups has enabled 
us to infer the presence of different metabolic pathways, with important implica-
tions for our understanding of how Archaea contribute to ecosystem function in 
polyextreme environments such as Salar de Huasco.

For example, in Salar de Huasco, MBG-D represents ca. 20% of sequences from 
water and sediment samples. MBG-D has been classified as Thermoprofundales, a 
new order in the class Thermoplasmata (Euryarchaeota) that utilize mixotrophic 
metabolisms. Their capacity to ferment peptides forming acetate and ethanol has 
been demonstrated, and their genomes include two autotrophic pathways: Wood–
Ljundahl (WL) and incomplete dicarboxylate/4-hydroxybutyrate cycle, revealing 
the importance of this group in sedimentary environments (Zhou et al. 2019).

A recent study using specific archaeal primers for 16S rRNA (Illumina sequenc-
ing) demonstrated the presence of three active archaeal phylum (Parvarchaeota, 
Euryarchaeota, and Crenarchaeota) in microbial mats, water, and sediment samples 
of Salar de Huasco (Molina et al. 2018b). Parvarchaeota is a member of the DPANN 
superphyla (Rinke et al. 2013), characterized by both small cell and genome size. 
Originally, this phyla was recognized as the ARMAN group (Baker et al. 2010), 
described from acid mine drainage environments. Undoubtedly, the archaeal diver-
sity in Salar de Huasco and other high-altitude salares has been underestimated, 
largely because of the differential use of specific 16S rRNA primers, and the general 
low abundance of Archaea compared to Bacteria.

9.2.3  Viral Abundance and Diversity

Viruses are the most abundant entities on planet Earth, and Salar de Huasco is no 
exception. A survey of water column viruses conducted across a series of sites char-
acteristic of Salar de Huasco, including the main lagoon, springs, and ponds, 
revealed viral abundances ranging from 8.44 × 105 to 4.78 × 108 virus-like particles 
(VLP) mL−1 during dry (February) and wet (July) season, respectively. VLP abun-
dance increased with salinity from freshwater (<800 μS cm−1, spring sites) to mixo-
saline (1400–51,000  μS  cm−1, i.e., ponds and lagoon) and high picoplankton 
abundances (ranged from 1.07 × 105 to 1.83 × 107 cells mL−1). The viral to pico-
plankton ratio (VPR), which indicates the level of host–viral interactions, ranged 
from 2 to 351, also showed greater values at higher salinity locations such as ponds 
compared to spring sites. Viral abundance was not only related to physicochemical 
properties and picoplankton abundance in the water column but also with microbial 
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diversity and complexity, which were higher in the presence of microbial mats 
located in ponds compared with springs or the lagoon (Shannon index H′ 2.6–3.9 vs 
<2.0). Consequently, as expected for microbial mats that harbor high host abun-
dance, richness, and diversity, viral abundance detected was high, between 9.6 × 108 
and 1.2 × 109 VLP g−1 (November 2014) (Eissler et al. 2019).

Metagenomic analyses have allowed host–viral interactions in Salar de Huasco 
to be inferred, showing the high presence of viruses that belong to the Caudovirales 
order, which includes bacterial and archaeal viruses. Both hosts have common viral 
families within the Caudovirales, such as Myoviridae, Podoviridae, and 
Siphoviridade, whose sequences dominated the metagenomes. Present, but less well 
represented were viral families such as Phycodnaviridae, which infect microalgae, 
bacteriophages such as Microviridae, Iridoviridae that infect invertebrates and some 
vertebrates such as fish and amphibia, and Caulimoviridae that infect plants.

Therefore, viruses may be playing a major role in Salar de Huasco driving micro-
bial community diversification through top-down control, and certainly are influ-
encing biogeochemical cycles enhancing microbial activity such as increasing the 
availability of organic matter degradation (Eissler et al. 2019; Molina et al. 2018a).

9.2.4  Eukaryotic Microorganism Diversity

To date, eukaryotic communities have been poorly characterized in Salar de Huasco. 
Phytoplankton communities have been the most studied, mainly through morpho-
logical characterization, and as such, it is likely that their diversity has been under-
estimated. The abundance of Picoeukaryotes and Nanoflagellates has been reported, 
fluctuating between 4.0 × 105 and 3.3 × 106 and 1.05 × 104 and 1.47 × 105 cells/L, 
respectively (Hernández et al. 2016).

The abundance of microalgae in distinct water samples of Salar de Huasco 
ranged between 1.7 × 105 and 3.8 × 106 cells/L (Hernández et al. 2016). A series of 
different studies of microalgae have described the high abundance of Bacillariophyta 
(Diatoms) in both water and sediments of Salar de Huasco (Dorador et al. 2008a, b; 
Marquez-Garcia et al. 2009; Hernández et al. 2016). Frankophila sudamericana is 
a new species of Bacillariophyta described from the Salar de Huasco (Rivera and 
Cruces 2015). Also, Nitzschia epithemioides and Nitzschia sp. have been isolated 
from the salar (Ramírez et  al. 2015). The cosmopolitan species Achnanthidium 
exiguum has recently been shown to be present in Salar de Huasco and other locali-
ties of the Chilean Altiplano such as Salar de Aguas Calientes 2 (Rivera and 
Cruces 2018).

Heterotrophic protists have recently been studied in Salar de Huasco. In general, 
protists play a key role in microbial food webs, acting as grazers of picoplankton—
transferring carbon to higher trophic levels (Arndt et al. 2000). Salpingoeca huasca 
is a new species of Choanoflagellate, whose type locality is Salar de Huasco. This 
species is highly adapted to saline environments, with a salt tolerance ranging 
between 5 and 150 PSU (Schiwitza et al. 2018).
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Yeasts have been described from microbial mats sampled from the Salar de 
Huasco: three different strains were isolated and identified as Cryptococcus, 
Dioszegia, and Rhodotorula. Interestingly, Cryptococcus and Rhodotorula 
exhibited high tolerance to NaCl, reaching up to 10% (Fuentes 2014).

9.3  Adaptations of Microorganisms to Polyextreme 
Conditions

The harsh environmental conditions found in high-altitude aquatic ecosystems from 
the Atacama Desert are associated with diverse and abundant microbial life. In order 
to survive and even thrive, microbial communities have evolved a plethora of adap-
tive mechanisms to cope with a wide range of stressors, including salinity, tempera-
ture, pH, high UV radiation, desiccation, among others, known collectively as the 
environmental resistome (Pérez et al. 2018). A well-studied microbial adaptation to 
environmental pressures is spore forming: this mechanism allows resistance to desic-
cation, temperature or starvation and is reported for Firmicutes and 
Gammaproteobacteria from geothermal environments of the Chilean Altiplano 
(Filippidou et al. 2016, 2019). These authors propose that sporulation or the resistant 
resting state of cells could compensate for the energy costs of living in the environ-
mental conditions encountered in geothermal ecosystems of the Atacama Desert.

The Atacama Desert receives extremely high levels of UV radiation and is con-
sidered among the most exposed environments globally (Cordero et  al. 2016; 
Hernández et al. 2016; Molina et al. 2016b). The UV-resistome has been analyzed 
in bacteria isolated from different ecosystems using metagenomic, proteomic, and 
genome sequencing approaches (Kurth et al. 2015; Pérez et al. 2017, 2018). Genome 
sequencing of Acinetobacter sp. Ver3 (a Gammaproteobacteria isolated from 
Laguna Verde, Argentina) together with proteomic analysis of cultures exposed to 
UVB radiation under controlled laboratory conditions demonstrated the occurrence 
of outstanding capabilities to withstand UV radiation. The genome of Acinetobacter 
sp. ver3 highlighted a number of unique genes compared with other Acinetobacter 
strains, such as a novel cryptochrome. Furthermore, UVB exposure experiments 
demonstrated that Acinetobacter sp. ver3 showed a higher growth compared to con-
generics, also showing increased upregulation of proteins belonging to specific 
cytoplasmic catalases and proteins associated with amino acid and protein synthesis 
(Kurth et al. 2015).

Pérez et al. (2018) similarly examined the genomic capabilities of Rhodobacter 
sp. Rb3 to thrive under polyextreme environmental conditions. Rhodobacter sp. 
Rb3 is an Alphaproteobacteria (Rhodobacterales), and as mentioned above, makes 
one of the largest contributions to microbial communities in Salar de Huasco. This 
group has been used as a model species to explore multi-stress responses based on 
genomic and proteomic in situ experiments, and in particular to have a deeper 
understanding of UV adaptations. Using in situ experiments, Molina et al. (2016b) 
demonstrated that bacteria belonging to the order Rhodobacterales decreased their 
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metabolic activity when exposed to all radiation spectra. This activity was shown to 
recover after UVA irradiation, which suggests the existence of a probable photore-
pair mechanism in this group. The Rhodobacter sp. Rb3 resistome includes genes to 
repair and protect DNA integrity (e.g., photolyases, helicases, ligases, endonucle-
ases, histone-like proteins, and glycosylases). Additionally, this bacteria has genes 
encoding enzymes from the base and nucleotide excision repair systems, a light- 
independent mechanism that could improve survival in this high-UV environment 
(Pérez et al. 2018). This kind of enzyme has also been detected in bacteria with the 
highest gamma radiation tolerance shown so far, Deinococcus radiodurans (Slade 
and Radman 2011). Furthermore, Rhodobacter sp. Rb3 possess many other molecu-
lar mechanisms identified as potential survival mechanisms to cope with polyex-
treme conditions, including antioxidants, motility, chemotaxis, biofilm synthesis, 
compatible solutes, metal resistance, antimicrobial resistance, sporulation, cold and 
heat shock stress resistance, toxin–antitoxin system, and genetic transference ele-
ments (Pérez et al. 2018).

A comparative proteomics study using different sources of radiation (in situ sun-
light and UVB lamps) demonstrated that the cellular adaptation of Rhodobacter sp. 
Rb3 to damaging UV radiation is supported by the use of compatible solutes as 
efficient reactive scavengers to prevent oxidative stress. Indeed, proteins involved in 
the synthesis and transport of osmolytes, such as glycine betaine and inositol, were 
upregulated. Proteomic analysis also revealed down regulation of RecA, upregula-
tion of proteins involved in physical DNA protection such as a histone-like protein, 
and a tightly regulated network of proteins involving proteases and chaperones that 
would selectively degrade misfolded and/or damaged proteins (Pérez et al. 2017).

9.3.1  Effects of High Solar Radiation on the Microbial 
Community Composition of Salar de Huasco

The microbial communities inhabiting Salar de Huasco are exposed to the highest 
solar irradiance found at the Earth’s surface, a characteristic of the arid ecosystems 
(Cordero et al. 2016). Solar radiation could negatively influence microbial metabo-
lism, generating photoinhibition of light-harvesting organisms. This could also 
extend to other taxa such as chemoautotrophs, e.g., nitrifiers, with subsequent 
impacts on nutrient recycling. It may also result in positive effects for ecosystem 
function such as photodegradation of organic matter, stimulating heterotrophic 
activities, and switching other ecological responses (see Ruiz-Gonzalez et al. 2013). 
In situ experiments conducted in Salar de Huasco indicate that microbial 
 communities show differential responses to radiation intensity and quality, and that 
UV radiation could play a significant role (Hernández et al. 2016; Molina et al. 2016b). 
Moreover, a potential selection or acclimation mechanism associated with the 
photo-history of the microbial community (Hernández et al. 2016) has been pro-
posed as an explanation for the high heterotrophic activity observed for treatments 
exposed to solar radiation in isolated ponds compared with their counterparts from 
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spring areas. Moreover, in situ mesocosm experiments have shown that the compo-
sition and community structure of active bacteria from the mainspring wetland 
responded differentially to the intensity of solar radiation as well as its quality dur-
ing the day (Molina et al. 2016b). Here, evidence was shown for photoinhibition in 
Cyanobacteria based on the decrease in the contribution of 16S rRNA reads to the 
total community at noon, compared with the afternoon during a daily cycle study. 
Along with the decrease in Cyanobacteria, an increase in infrequent and rare bacte-
ria taxa (Burkholderiales, Clostridiales, Opitutales, Rhodobacterales) has been 
reported from the initial samples that were seen to positively respond to UVR com-
pared to full solar radiation. In addition, in a similar study, ammonia oxidizing bac-
teria were also shown to decrease their potential activity based on amoA copy 
numbers and nutrient recycling compared with initial values (Molina et al. 2016a).

9.4  Biogeochemical Cycles and Greenhouse Production

Microbial basal support processes such as primary and secondary productivity are 
likely important contributors to the food web of Salar de Huasco, supporting aquatic 
life including large flamingo colonies as well as other animals living on planktonic 
grazers of picoplankton. A summary of the process rates measured and net green-
house gas budgets (CO2, N2O, and CH4) for Salar de Huasco are shown in Table 9.1. 
In general, microbial communities are highly active in the salar, with rates of carbon 
productivity reaching magnitudes similar to those from highly productive marine 
ecosystems such as the Pacific Ocean (see Troncoso et al. 2003).

High primary productivity was reported from sediments of the main lagoon of 
Salar de Huasco, potentially related with oxygenic photosynthetic organisms such 
as diatoms and Cyanobacteria, as discussed above. However, anoxygenic photosyn-
thesis is likely playing an important role in the local carbon cycle due to the constant 
presence and abundance of related taxa (Dorador et al. 2013). Studies using func-
tional genes related to photosynthetic unit form (pufM and L genes) and the subunit 
Y of the chlorophyllide reductase (bchY) have reported a high diversity of aerobic 
and anaerobic phototrophic bacteria in microbial mats (Cruz 2019; Vejar 2019). 
Also, different isolates have been obtained affiliated with the genera: Rhodobacter, 
Thiocapsa, Rhodovulum, and Ectothiorhodospira (Dorador 2007).

Despite the high level of adaptation displayed by microbial communities to the 
extreme environmental conditions found in Salar de Huasco, physical and chemical 
changes in the environment are so intense they play a regulatory role in biogeo-
chemical processes. This has been shown by changes in heterotrophic and 
 chemoautotrophic activities linked to carbon and nitrogen cycles at the different 
aquatic sites in association with variables such as conductivity, solar radiation, 
nutrients, and substrate availability (see Hernández et al. 2016; Molina et al. 2018a).

Previous work has revealed a high demand for nitrogen in Salar de Huasco by 
those microbial communities related to heterotrophic and chemolithoautotrophic 
lifestyles. This includes microbial groups dependent on ammonia and nitrite as 
electron donors, e.g., those associated with the nitrification process (Table 9.1). 
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An active and diverse nitrifying assemblage has been described from Salar de 
Huasco, including ammonia oxidizing bacteria and archaea, as well as nitrite oxi-
dizers (Molina et al. 2018a). Moreover, anammox bacteria were also detected in 
Salar de Huasco, likely associated with particles, suggesting an important role of 
aerobic and anaerobic chemolithoautotrophic communities (Dorador et al. 2008a; 
Molina et al. 2018a).

Greenhouse gas budgets (Table 9.1) indicate that CO2 and CH4 usually accumu-
late in the water column and result in positive effluxes to the atmosphere. CH4 
supersaturation of the water column was seen across a diversity of aquatic sites 
studied at the Salar de Huasco, including springs, streams, ponds, and the main 
lagoon. This suggests an active contribution by methanogens, particularly associ-
ated with the sediments where bubbles containing huge amounts of methane some-
times get trapped beneath microbial mats in shallow water habitats. In contrast to 
CO2 or CH4, negative fluxes of N2O were determined in the Salar de Huasco, sug-
gesting the intense utilization of this gas by microbial communities (Molina et al. 
2018b). However, observations of significant variation in GHG concentrations sug-
gest that the magnitudes and direction of fluxes were determined by abiotic factors 
such as temperature and solar radiation: negative N2O fluxes were detected during 
the day compared with positive fluxes during the night (Molina et al. 2018b).

Table 9.1 Budgets of biogeochemical processes and greenhouse gases analyzed at Salar de 
Huasco

Process Biome at wetland Range in rates recorded Reference

Primary 
productivity

Sediments main lake
(oxygen microprofiling)

0.6–1.53 g C m−2 day−1

a3,065 kg C day−1

De la Fuente 
(2014)

Secondary 
productivity

Water spring—evaporitic ponds
(H3-Leucine incorporation)

1.2–264 𝜇g C L−1 day−1

a0.48–105 kg C day−1

Hernández 
et al. (2016)

Ammonium 
uptake

Water spring—evaporitic ponds 80–6800 nM day−1

0.48–40.8 kg N day−1

Molina et al. 
(2018a)

Ammonia and 
nitrite oxidation

Water spring—evaporitic ponds 12–85 nM day−1

0.07–0.5 kg N day−1

N2O fluxes Rate determined as fluxes per area 
based on discrete measurements, a 
positive value indicates an efflux, 
whereas a negative value an influx 
between the water and atmosphere

−0.5 to 
−1.56 𝜇mol m−2 day−1

b−0.28 to 
−87.4 g N day−1

Molina et al. 
(2018b)

CH4 fluxes 4.2–114 𝜇mol m−2 day−1

b101–2.743 g C day−1

CO2 fluxes 54–75 mmol m−2 day−1

b1296–1800 g C day−1

aEstimations based on volume (entire lagoon = average of area of 2 km2 and 0.2 m depth for 
volume estimations)
bEstimation based on area

C. Dorador et al.
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9.5  Microbial Conservation

Salar de Huasco is located in the heart of the Chilean copper mining industry, and is 
surrounded by copper-mining activities. Copper mining and subsequent processing 
of ores requires large volumes of water. Given its location in an arid area, this 
requires extraction of water from different altiplanic aquifers, as well as direct 
extraction from closed evaporitic basins to support these processes. This has repeat-
edly resulted in severe environmental damage to salares and bofedales in the region 
(see Scheihing and Tröger 2018). Also, the presence of large mine tailings could be 
considered as harmful because of the presence of toxic elements that could be dis-
persed by the wind and birds (flamingos). In this context, it is urgent to establish 
conservation strategies for Salar de Huasco and other similar evaporitic basins in the 
Altiplano that extend beyond the current situation, which focuses on certain taxa 
such as flamingos and endemic fish such as Orestias agassi (Riveros et al. 2012). 
Microbial ecosystems are complex units, where even small changes could have con-
sequences at taxonomical and functional levels. Water extraction not only causes 
the desiccation of superficial waters, it also affects subterranean water that is the 
source of freshwater in Salar de Huasco and supports different active microbial 
communities (see Molina et  al. 2016b). Climate change predictions in Salar de 
Huasco (reduced precipitation which will fall in intense, short events) suggest that 
the aquifer will have the capacity to buffer the external variations; nevertheless, any 
human intervention will have an effect on the discharge flows to bofedales impact-
ing the natural conditions of the basin (Blin 2018).

The recent period has been particularly fruitful in microbial ecology: the devel-
opment of new sequencing techniques, the possibility to discover the ‘dark matter 
of life’ (Rinke et al. 2013) and to understand the function and metabolic capacities 
of microorganisms is still intriguing. Extreme environments such as Salar de Huasco 
offer a window of opportunities to study microbial ecology in action, including 
adaptations and biological interactions (e.g., simbiosis; viral–host interactions). To 
understand ecological and trophic interactions between different components of 
aquatic systems is without a doubt a major challenge, for example, using comple-
mentary approaches, such as fatty acids and stable isotopes to understand the con-
tribution of microbial communities living in different matrices (e.g., microbial mats, 
biofilms, water, sediment, macrophytes) to food webs (Dorador et  al. 2018). 
Therefore, multidisciplinary research is crucial to combine knowledge and build an 
ecosystemic view of Salar de Huasco.

Microbial conservation necessarily requires the preservation of the ecosystem. 
Under this concept, ecosystem management should include microbial ecologists 
and an integral ecosystemic view. When an aquatic ecosystem such as the Salar de 
Huasco (or others in the Altiplano) dries out, not only is a keystone environmental 
lost but also thousands of years of evolution and unique biodiversity disappear 
forever.
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Chapter 10
Prokaryotic Diversity at the Hypersaline 
Laguna Tebenquiche in the Salar de 
Atacama, Chile

Ana Beatriz Fernández, Pieter T. Visscher, María Cecilia Rasuk, 
Manuel Contreras Leiva, and María Eugenia Farías

10.1  Introduction

Hypersaline aquatic systems are mainly characterized by a high salt concentration. 
In addition, extreme values of physicochemical properties such as temperature, pH, 
pressure, oxygen, nutrient availability, solar radiation, and the presence of heavy 
metals and other toxic compounds are often associated with hypersaline lakes, lim-
iting their biodiversity (Rodríguez-Valera 1988). Athalassohaline lakes are among 
hypersaline aquatic environments, which have an ionic composition different from 
seawater. Athalassohaline waters have disparate anion compositions (e.g., predomi-
nantly sulfate instead of chlorine) and frequently different cation composition (e.g., 
calcium and/or magnesium instead of sodium) (Hutchinson 1957). Prokaryotes 
inhabiting athalassohaline environments are poorly known and may represent a 
large, unexplored reservoir of microorganisms.

The athalassohaline Laguna Tebenquiche is located in the northern part of the 
Salar de Atacama, in the Antofagasta region of Chile, at 2300 m above sea level 
(Fig.  10.1) (Demergasso et  al. 2008). In 2018 it was declared a Santuario de la 
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Naturaleza by the Chilean government for its diversity of microbial extremophiles. 
This protection was requested by the native Coyo’s Aiyu community, supported by 
scientific findings (Fernandez et  al. 2016; Farías et  al. 2014). This marked a 
 milestone where a coordinated effort of indigenous communities and scientists 
requested the protection of the extreme environment.

Laguna Tebenquiche is predominantly fed by groundwater which contains 
leached Tertiary and Quaternary volcanic material (Alonso and Risacher 1996). 
Laguna Tebenquiche is hypersaline, and the ionic composition of the water is domi-
nated by sodium and chloride ions but with a high sulfate concentration in which 
ionic dominance is Na > K > Mg > Ca:Cl > SO4

2− > HCO3
− + CO3

2− (Zúñiga et al. 
1991). Prokaryotic microorganisms inhabiting this lake are subjected to extreme 
conditions, such as high solar radiation (53.4 UV-BA W/m2 reached at noon), 
extreme changes in salinity caused by net evaporation (62–117 g/L), and high lith-
ium (~145–445 mg/L), boron (~158–543 mg/L), and arsenic (~1–5 As mg/L) con-
centrations in the water due to volcanic events (Lara et al. 2012; Farías et al. 2014; 
Fernandez et  al. 2016). Despite “extreme” environmental conditions in Laguna 
Tebenquiche, the lake supports the development of microbial mats (Van Gemerden 
1993; Rothschild and Mancinelli 2001; Dupraz and Visscher 2005), including both 
non-lithifying and lithifying microbial mats as well as other organo-sedimentary 
ecosystems such as endoevaporites and rhizome-associated concretions (Farías 
et al. 2014; Fernandez et al. 2016).

Fig. 10.1 Tebenquiche Lake. (a) Location in the north of Salar de Atacama in Chile. (b) Shape of 
Laguna Tebequiche Lake. (c) Picture of Laguna Tebenquiche
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10.2  Culture-Dependent Studies in Laguna Tebenquiche

Early ecological studies of Laguna Tebenquiche were based on the isolation and 
characterization of microorganisms in pure cultures. The first investigations of 
Laguna Tebenquiche’s microbial communities focused on moderately halophilic 
bacteria, which grow optimally in media containing 3–15% NaCl (Kushner and 
Kamekura 1988) and are widely distributed in various natural habitats (Rodríguez- 
Valera 1988). The results of these studies suggested that Gram-negative rod-shaped 
bacteria comprised the most abundant group of heterotrophic moderately halophilic 
bacteria (Prado et al. 1991) and heterotrophic moderately halophilic Gram-positive 
cocci isolated accounted for a minor fraction (Valderrama et al. 1991). The moder-
ately halophilic bacterial isolates were distributed among the genera Vibrio, 
Halomonas (including Deleya and Volcaniella), Marinococcus, Micrococcus, and 
Bacillus (Valderrama et al. 1991; Prado et al. 1993).

Consecutive investigations increased the knowledge of the biodiversity in 
Laguna Tebenquiche to include extremely halophilic archaea following the isola-
tion of strains in media containing 25% (w/v) total salt. These isolates were assigned 
to the family Halobacteriaceae (Prado et  al. 1993). The first taxonomical study 
focusing on extreme halophilic archaea isolated from the Laguna Tebenquiche 
revealed a high biodiversity of members of the genera Halorubrum, Haloarcula, 
Halobacterium, and Haloferax (Lizama et al. 2001). Surprisingly, these extreme 
halophilic archaea did not require Mg2+ for optimal growth at a saturated NaCl 
concentration. The lack of magnesium requirement for these strains is conceivably 
a consequence of lower Mg2+ concentrations in Salar de Atacama than other hyper-
saline environments in relation to Na+ or Cl− concentration (Lizama et al. 2001). 
Acetate, pyruvate, and glycerol were used as the sole source of carbon and energy 
by these organisms. Of particular interest are the studies describing novel taxa as 
the moderately halophilic bacterial species Chromohalobacter nigrandesensis 
(Prado et al. 2006) and the two extremely halophilic archaeal species Halorubrum 
tebenquichense and Halomicrobium katesii (Lizama et  al. 2002; Kharroub et  al. 
2008) isolated from Laguna Tebenquiche. For these archaeal species, the authors 
demonstrated that magnesium was not required for their growth (Lizama et  al. 
2002; Kharroub et al. 2008).

10.3  Culture-Independent Studies in Laguna Tebenquiche

Despite the elaborate studies using a range of specific culture media and incubation 
conditions for the isolation of microorganisms from extreme environments in pure 
cultures, most cases do not yield the dominant microorganisms (from these habi-
tats). Some authors estimate that only from 0.1% to 1% of the total microbial popu-
lation can be cultured in standard laboratory conditions (Amann et al. 1995; Rappé 
and Giovannoni 2003), while others demonstrate that well-designed experiments 
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can support cultivation of 40% of the total population (Stewart 2012). However, this 
wide range demonstrates the need of alternative approaches for the study of the 
microbial diversity in extreme environments.

10.3.1  Dominant Prokaryotic Groups

Culture-dependent studies did not yield Bacteroidetes although Bacteroidetes have 
been frequently observed in aquatic environments such as freshwater (Kirchman 
2002), as well as hypersaline environments (Bowman et al. 2000; Humayoun et al. 
2003), marine waters (Kirchman 2002), and high-altitude aquatic environments 
(Demergasso et al. 2004, 2008; Dong et al. 2006; Jiang et al. 2006; Wu et al. 2006; 
Liu et al. 2006; Dorador 2007; Zhang et al. 2007). Thus, this phylum was thought to 
be absent from the extreme environments of the Atacama Desert. However, the 
onset of the wide use of molecular approaches revealed the opposite.

Early studies performed in Laguna Tebenquiche employing 16S rRNA gene 
amplification, PCR-denaturing gradient gel electrophoresis (DGGE), and sequenc-
ing of the most interesting 16S rDNA DGGE bands focused on the biodiversity of 
the planktonic microorganisms during winter and summer (Demergasso et al. 2004). 
Bacterial and archaeal DGGE bands recovered from Laguna Tebenquiche water 
revealed that the bacterial proportion of the total community was much higher than 
of archaea (Demergasso et al. 2004). The dominant DGGE bands were assigned to 
Bacteroidetes, specifically to the cultured strain Psychroflexus torquis, which had 
been previously isolated from the aquatic environment of Antarctic sea ice (Bowman 
et al. 1998). Less abundant yet significant bands were associated with relatives of 
the Euryarchaeota phyla (i.e., Halobacteriaceae), with the best match for the cul-
tured strain Haloarcula marismortui, originally isolated from the Dead Sea. 
Different DGGE banding patterns were observed between winter and summer sam-
ples (Demergasso et al. 2004), the contribution to the total community of DGGE 
bands designated to Cytophaga–Flavobacterium–Bacteroides (CFB) taxa and cul-
tured haloarchaea taxa decreased in summer. In contrast, the DGGE bands attrib-
uted to Proteobacteria and uncultured Euryarchaeota increased in the summer 
when compared to the winter.

Demergasso et al. carried out a more detailed study of the bacterioplankton com-
position, covering spatial (six different points in the lake were sampled) and tempo-
ral (samples were taken in summer, winter, and spring seasons) heterogeneity by 
genetic fingerprinting of the bacterial 16S rRNA gene (Demergasso et al. 2008). 
The most abundant groups detected included Bacteroidetes phylum showing a 
remarkable degree of novelty (16S rDNA genes very distantly related to genera as 
Psychroflexus or Salinibacter or closely related to clones obtained from hypersaline 
endoevaporitic microbial mat in Eilat, Israel (Sørensen et al. 2005)), followed by the 
class of Gammaproteobacteria. In addition, this study revealed a heterogeneous 
composition of the bacterial community because of changes in space and salinity 
(ranged between 1% and 30% w/v). Within the Bacteroidetes, Salinibacter relatives 
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were recovered in an area of the lake with the highest salinity (29.60%) and clusters 
distantly related to Psychroflexus spp. were found in areas with lower salinity 
(3–15%). The most abundant cluster within the Gammaproteobacteria was related 
to uncultured bacteria from Mono Lake (CA, USA), which is also a high altitude, 
hypersaline lake. The remaining phylogenetic groups were represented only by a 
few clones, which were related to clones from the candidate division OD1 (recently 
reclassified within the phylum Parcubacteria (Nelson and Stegen 2015)) that were 
isolated from a uranium-contaminated aquifer and Guaymas Basin hydrothermal 
vent (Gulf of California, Mexico); sequences affiliated with uncultivated clones 
CS_B020 and BD1-5 from hydrothermal sediments in the Guaymas Basin (Gulf of 
California, Mexico) and in deep-sea sediments, respectively; and related to 
sequences of the KB1 group, present in sediments from Yellowstone hot spring 
(USA) and brine-seawater in the Red Sea.

The diversity of Bacteroidetes was further investigated using both 16S rRNA 
gene clone libraries created with targeted Bacteroidetes-specific primers and sepa-
ration of specifically amplified gene fragments by denaturing gradient gel electro-
phoresis (DGGE) (Dorador et al. 2009). A greater richness for these microorganisms 
and the presence of different taxa was observed when compared to Salar de Huasco 
and Salar de Ascotán. The different Bacteroidetes communities between Laguna 
Tebenquiche and the salares of Huasco and Ascotán were probably a result of dif-
ferent conditions and selective pressures for microorganisms such as higher evapo-
ration rate and lower water input in Laguna Tebenquiche (Risacher et  al. 2003), 
among other factors. Most of the sequences analyzed in Laguna Tebenquiche were 
related to the family Flavobacteriaceae, which are described as psychrophilic and 
saline microorganisms, and that clustered with genera from marine habitats such as 
Psychroflexus, Muricauda, Tenacibaculum, and Brumimicrobium, and to the family 
Rhodothermaceae that clustered with Salinibacter, found in hypersaline habitats. In 
addition, several groups of unclassified sequences were identified. The possible 
Role of Bacteroidetes in high-altitude lakes, including hypersaline sites, could be 
associated with degradation of high molecular weight compounds (Dorador 
et al. 2009).

10.3.1.1  Phototrophic Bacteria

Phototrophic bacteria are considered the most important primary producers in high- 
altitude salt lakes, but in Laguna Tebenquiche a low Chla concentration was 
observed (Demergasso et al. 2008). In addition, a study based on culturable diver-
sity or ribosomal gene library analyses did not recover colonies or sequences of 
anoxygenic phototrophic bacteria, with the exception of a single clone related to the 
aerobic phototrophic purple bacteria of the Roseobacter clade (Demergasso et al. 
2008). This unexpected result led Thiel et al. (2010) to investigate the phototrophic 
bacterial diversity in a microbial mat from Laguna Tebenquiche using group- 
specific primers for functional genes involved in the biosynthesis of the photosyn-
thetic apparatus in phototrophic purple bacteria (pufL and pufM) and in green sulfur 
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bacteria (fmoA) (Thiel et al. 2010). This study found a large number of pufLM phy-
lotypes affiliated with a novel monophyletic lineage of anoxygenic phototrophic 
Gammaproteobacteria that was dominant in Laguna Tebenquiche. Other phylo-
types were related to known halophilic Chromatiaceae and Ectothiorhodospiraceae. 
Green sulfur bacteria were not recovered from the mats in Laguna Tebenquiche, 
indicating that their natural abundance was below the detection limit of molecular 
methods.

10.4  Metagenomic Studies in Laguna Tebenquiche

Molecular genetic approaches offer an assessment of biodiversity prearranged for a 
given environment since most of these genetic typing methods are based on PCR 
and cloning, introducing different biases, and therefore estimate the natural abun-
dance of the sequences incorrectly (von Wintzingerode et al. 1997; Casamayor et al. 
2000, 2002). Additional problems include that some bands obtained by genetic typ-
ing may correspond to artifacts, e.g., increasing their number artificially due to the 
concurrent presence of several closely-related 16S rRNA fragments, which can eas-
ily result in heteroduplex formation (Espejo et  al. 1998). Furthermore, different 
sequences can be stopped at the same position in the gradient of a gel, having the 
same restriction length or different bands could belong to different operons in the 
same organism (Nübel et al. 1996; Casamayor et al. 2002). An improved, alternative 
metagenomic approach is based on the analysis of the collective genome of a micro-
bial community, extracted directly from an environmental sample without the need 
to isolate and culture microorganisms (Handelsman et al. 1998; Riesenfeld et al. 
2004). As such, metagenomics has revolutionized the analyses of microbial com-
munities from aquatic environments, soils, sediments, and other habitats 
(Handelsman et al. 2002). Several metagenomic studies have been carried out in 
Laguna Tebenquiche (Farías et  al. 2014; Fernandez et  al. 2016; Ordoñez et  al. 
2018), and differences from previous studies based on culture-dependent or other 
culture-independent molecular techniques have been confirmed.

10.4.1  Bacterial Diversity

“Extreme” environmental conditions characteristic of Laguna Tebenquiche are 
favorable for the development of microbial mats (Fig.  10.2) (Rothschild and 
Mancinelli 2001; Dupraz and Visscher 2005). These laminated organosedimentary 
structures in which the microbial community is embedded in an organic matrix 
(Dupraz et al. 2004, 2009) are, when associated with halite and gypsum crusts, com-
monly referred to as endoevaporites (Rothschild et al. 1994). Farías and colleagues 
reported for the first time widespread distribution of microbial mats and gypsum 
evaporites in Laguna Tebenquiche (Farías et al. 2014). A detailed analysis of the 
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bacterial diversity of various sedimentary microbial ecosystems in this habitat was 
related to the mineral composition and abundance (Farías et al. 2014). In this study, 
halite was the most abundant mineral in non-lithifying microbial mats, with minor 
contributions of calcite, gypsum, and aragonite. The non-lithifying mats thrived at a 
location with a lower salinity (62 g/L) along the shoreline of the lake. In contrast, 
lithified gypsum domes, which were formed solely of CaSO4∙2H2O, developed in 
areas of the lake with a salinity of 116 g/L. In these domes, the bacterial diversity 
was analyzed using pyrosequencing of the V4 region of the bacterial 16S rDNA 
gene. The most abundant amplicons in these endoevaporites were Bacteroidetes 
(Rhodothermaceae), followed by Proteobacteria (Alphaproteobacteria and 
Deltaproteobacteria). As previously observed in a hypersaline lake in Eleuthera, 
Bahamas (Baumgartner et  al. 2009), Bacteroidetes increased their presence with 
increasing salinity in Laguna Tebenquiche, and this could be associated with lithify-
ing systems. The carbonate precipitation observed in some of Laguna Tebenquiche’s 
microbial ecosystems could be explained by active sulfate reduction by 
Deltaproteobacteria, leading to the formation of CaCO3 crystals observed within 
some microbial mats (Visscher et al. 1998). In addition, the low concentration of 
chlorophyll a (Chla) detected was consistent with the low cyanobacterial diversity 
detected in these samples, yet oxygen production could be detected with microelec-
trodes (Farías et al. 2014).

A recent investigation analyzed prokaryotic diversity from evaporite domes, 
microbial mats, and rhizome-associated lithified concretions in Laguna Tebenquiche 
by amplifying and pyrosequencing the V4 region of the 16S rDNA (Fernandez et al. 

Fig. 10.2 Organosedimentary structures samples from Tebenquiche Lake. (a, b) Microbial mats, 
(c) rhizome-associated lithified concretions, and (d) endoevaporite
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2016). Previous bacterial diversity studies reported the prevalence of Bacteroidetes 
and Proteobacteria (Demergasso et al. 2008; Farías et al. 2014); however, the pyro-
sequencing approach covering the entire microbial community (i.e., bacteria and 
archaea), revealed that the most abundant bacterial phyla were Plantomycetes, 
Firmicutes, Acetotermia, and Chloroflexi (Fernandez et al. 2016). Most OTUs clas-
sified as Planctomycetes were associated with the class Phycisphaerae, which is 
composed of very diverse organoheterotrophic aerobes that may play a key meta-
bolic role in microbial mat and rhizome-associated lithified concretions. In addition, 
a low proportion of sequences associated with the phylum Proteobacteria were 
assigned to members of Deltaproteobacteria that could be involved in anaerobic 
heterotrophy through sulfate reduction in Laguna Tebenquiche. Cyanobacteria gen-
erally are the main primary producers in a microbial mat (Visscher et  al. 1991, 
1992; Van Gemerden 1993; Baumgartner et al. 2009); however, their presence was 
scarce in Tebenquiche samples, and other organisms likely contribute to carbon 
fixation. The presence of OTUs related to the family Chlorothixaceae and the class 
Anaerolinaeae, both belonging to the phylum Chloroflexi, and OTUs related to the 
order Chromatiales, belonging to Gammaproteobacteria, indicates that these anox-
ygenic phototrophs are major organic carbon producers in the Laguna.

10.4.2  Archaeal Diversity

The majority of studies performed in mineral-associated ecosystems describe com-
munities almost exclusively formed by bacteria with scarcity or even complete 
absence of archaea. In spite of the documented importance of methanogenesis in 
microbial mats and hypersaline sediments (Visscher and van Gemerden 1991; 
Buckley et al. 2008), little attention has been given to archaeal diversity. Analysis of 
bacterial and archaeal diversity in organosedimentary ecosystems from Laguna 
Tebenquiche (Fernandez et  al. 2016), surprisingly, showed Euryarchaeota as the 
main phylum of the total diversity. Most euryarchaeotal OTUs were classified as 
Halobacteria and methanogenic anaerobic archaea, suggesting an important role of 
(an)aerobic heterotrophy and the potential for methanogenesis in these ecosystems, 
respectively. The prokaryotic communities were investigated in discrete depth hori-
zons (layers) of a microbial mat and an endoevaporite. Euryarchaeota were found 
in all layers and represented the most abundant phylum in both ecosystems. 
Noteworthy was that the community in the endoevaporite sample was almost exclu-
sively composed of the class Halobacteria. Halobacteria were also most abundant 
in the upper layer of the microbial mat, where euryarcheotal classes Methanobacteria 
and Thermoplasmata were the dominant groups in the two bottom layers. 
Furthermore, in this study, the presence of Crenarchaeota was detected in microbial 
mat and rhizome-associated lithified concretions, which marked a first-time obser-
vation in high-altitude Andean lake ecosystems. Curiously, Crenarchaeota were not 
detected in the surface layer of the microbial mat sample, possibly due to high levels 
of UV radiation or reactive oxygen or hydroxyl species at this altitude.
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10.5  Arsenic Metabolism in Tebenquiche Lake

Arsenic concentrations in microbial mats and evaporites from Laguna Tebenquiche 
varied between 3 and 5 mg/L (Fernandez et al. 2016). Based on this observation and 
an earlier study in Laguna Diamante, another high altitude Andean lake (Rascovan 
et  al. 2016), Ordoñez et  al. (2018) postulated that Halobacteria inhabiting these 
lakes may use arsenic for bioenergetic purposes. Total and genomic DNA and RNA 
from microbial mats and evaporites from Laguna Tebenquiche and from a biofilm 
from Laguna Diamante were screened for the presence of aioA and arrA genes. 
Novel haloarchaeal strains were isolated from the same samples previously men-
tioned from Laguna Tebenquiche and Laguna Diamante Lake and were evaluated 
for the As-cycling genes as well as amplification of putative aioA and arrA genes by 
PCR and their expression by RT-PCR using degenerate primers. Haloarchaeal 
strains isolated from microbial mat and evaporite in Laguna Tebenquiche in an 
enrichment WJK medium (Maldonado 2015) containing arsenite (As[III]) and arse-
nate (As[V]) at 1 and 20  mM, respectively, belonged to the genus Halorubrum. 
These strains were able to grow in culture media containing up to the tested maxi-
mum of 250 mM arsenate; however, not all the strains grew to the tested maximum 
of 5 mM arsenite, but they grew at least until 3 mM arsenite.

The expression of aioA genes, responsible for arsenite oxidation, was found in 
several haloarchaeal strains in a microbial mat from Laguna Tebenquiche and a 
biofilm from Laguna Diamante (Rascovan et al. 2016; Ordoñez et al. 2018). In con-
trast, the (putative) arrA gene (coding for the arsenate reductase gene) could neither 
be detected in isolates nor in environmental samples from Laguna Tebenquiche. In 
summary, arsenic, considered as a potentially toxic element, in its form of arsenite 
can be reduced as a bioenergetic substrate by the microorganisms inhabiting Laguna 
Tebenquiche.

10.6  Future Perspectives

Several studies evaluated the microbial diversity from Laguna Tebenquiche; ini-
tially, these were based on culture-dependent methods, and consecutively on 
culture- independent molecular approaches that recently included metagenomics. 
Particularly, the metagenomic approach increased our knowledge of the microbial 
diversity of this lake. However, it is important to study the metabolic activity and 
role in element cycling of these microorganisms in order to understand the micro-
bial ecology. To help facilitate this, a metagenomic approach can identify genes 
involved in different metabolic pathways and thereby contribute to unraveling the 
functional distribution and understanding survival under the extreme conditions of 
this environment. Potentially, metagenomic information could aid in development 
of culture media for the isolation of uncultured microorganisms.
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Chapter 11
Complete Characterization of Stratified 
Ecosystems of the Salar de Llamara 
(Atacama Desert)

María Cecilia Rasuk, Manuel Contreras Leiva, Daniel Kurth, 
and María Eugenia Farías

11.1  Background

Based on the aridity index of 0.05, the Atacama Desert is considered a hyperarid 
area with extremely dry conditions (Wierzchos et al. 2012). Because of its aridity 
and UV incidence, it is largely compared to Mars, and it is also at the dry limit of 
microbial life (Navarro-Gonzalez et al. 2003). In addition, it is the Earth’s largest 
modern evaporitic regions, which comprises a large number of salt flats, with a 
combination of evaporitic crusts and saline lakes or playa-lakes (locally referred to 
as “lagunas”) (Stoertz and Ericksen 1974; Risacher et  al. 2003). The Salar de 
Llamara is located in the north of the Atacama Desert (Fig. 11.1a). This is one of the 
aridest parts of the desert span toward northern Chile, and it is situated between the 
rain shadows of the Andes Mountains and the Coastal Cordillera (Michalski et al. 
2004). Llamara 1 (L1) and Llamara 2 (L2) are two shallow wetlands at an approxi-
mately 500  m distance, containing two kinds of complex and diverse stratified 
microbial communities, microbial mats (Demergasso et al. 2003; Rasuk et al. 2016), 
and evaporitic domes (Rasuk et al. 2014, ongoing publication) (Fig. 11.1).

The occurrence of microbial life associated with these desert environments opens 
up new perspectives regarding how communities adapt to and tolerate extreme envi-
ronmental conditions and increases our understanding of microbial ecology and 
evolution. Thus, the present book chapter comprises all the available information 
about the stratified microbial ecosystems located in the Salar de Llamara.
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11.2  Physicochemical Parameters in the Water 
from the Salar the Llamara

Physicochemical parameters in the Salar the Llamara were determined in different 
field campaigns (Table  11.1) (Rasuk et  al. 2014, 2016, ongoing publication). 
Overall, similar values were obtained, and these measurements showed that the 
water is characterized by being moderately alkaline, having pH around 8, and a 
temperature between 25–30 °C. The conductivity, which is given by the charged 
ions dissolved in the water, is high, making these lakes hypersaline. In this sense, 
concentrations of the major ions were elevated in the three samples, presenting in 
the following order, chloride > sodium > sulfate > potassium > magnesium > cal-
cium, except in the holes where calcium > magnesium. It is also important to high-
light that nutrients including total organic nitrogen, organic matter, and phosphorus 
concentrations have low values in all cases; although, in L2 total phosphorous and 
orthophosphate had the highest values, 13.8 and 12.6  mg/L, respectively. 
Additionally, dissolved oxygen was markedly lower in L2 (0.7 mg/L) and in the 
hole waters (LL1 0.7 and LL2 1.8  mg/L) compared with L1 where the values 
reached 7.9 mg/L.

High arsenic content was detected in these water samples, reaching 24.6 mg/L in 
L2, as seems to be a feature of the Andean lakes. In fact, the major quantities of 
arsenic around the world were registered in those lakes (Farías et al. 2013; Rasuk 
et al. 2014, 2016; Rascovan et al. 2016; Ordoñez et al. 2018).

Fig. 11.1 (a) Red square shows the location of the Salar de Llamara. (b) Location of the two water 
bodies L1 and L2 (marked with red), and the holes with mats (marked with yellow). (c) Photograph 
showing L1 lagoon. (d) Photograph showing the domes inside L2 lagoon. (e) Photograph of domes 
inside L1. (f) Photograph of the holes with microbial mats
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11.3  Unravelling the Microbial World Harboring Stratified 
Ecosystems in the Salar de Llamara

Two kinds of stratified microbial ecosystems were reported in the Salar de Llamara, 
microbial mats and evaporites.

11.3.1  Microbial Mats

Microbial mats are laminated structures, which are controlled by environmental fac-
tors such as light, temperature, salinity, dissolved oxygen, and the presence of sul-
fides. These laminations have different colorations as a result of the development of 

Table 11.1 Physicochemical parameters from water in L1 (summer and winter), L2, and the two 
holes sampled

Parameter Unit Llamara 1 Llamara 2 Hole LL1 Hole LL2
Summer Winter Summer

Conductivity mS/cm 177 267 191 152 143
Dissolved oxygen mg/L 3.45 7.9 0.7 0.7 1.8
pH – 7.88 8 8 7.6 7.6
Salinity g/L – 76 70 – –
Temperature °C 18.6 20.5 28.6 36.5 27.4
Chlorophyll μg/L 1.5 0.4 1.5 – –
Total alkalinity mgCaCO3/L 263 200 9010 159 191
Hardness mg/L 6701 5143 15,967 4213 3855
Total phosphorus mg/L 4.4 1.9 13.8 4.2 0.8
Orthophosphate (P-PO4) mg/L 2.6 1.8 12.6 0.4 0.8
Dissolved silica (SiO2) mg/L 103 49 85 98 94
Nitrate (N-NO3) mg/L <0.05 0.7 0.04 0.1 0.1
Nitrite (N-NO2) mg/L <0.1 <0.1 <0.1 <0.1 <0.1
Total organic nitrogen mg/L 0.4 0.3 0.6 0.3 0.9
Organic matter % 4.2 3.9 3.2 3.3 2.1
Calcium mg/L 796 1149 657 1088 1054
Sodium mg/L 58,005 33,540 53,690 20,990 17,330
Magnesium mg/L 1145 552 3480 364 297
Potassium mg/L 2021 926 5138 668 552
Chloride mg/L 86,693 41,738 85,888 31,586 25,467
Dissolved sulfur mg/L 6917 – 7144 5119 4033
Sulfate mg/L 17,605 17,368 18,395 13,540 9780
Total sulfide mg/L <0.2 <0.2 <0.2 – –
Dissolved arsenic mg/L 5.0 4.7 – – –
Total arsenic mg/L 9.1 6 24.6 2 1.2
Total iron mg/L 0.468 0.19 0.18 – –
Total boron mg/L 85 52 163 – –
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photosynthetic bacteria that contain photosynthetic pigments and, therefore, differ-
ent patterns of available light. The presence of these mats is restricted to extreme 
environments that include coastal marine environments and hypersaline environ-
ments (Bauld 1984; Van Gemerden 1993), thermal springs (Castenholz 1984; 
Jorgensen and Nelson 1988), and alkaline lakes (Brock 1978). Microbial mats are 
considered the modern counterparts of the ancient laminated microbialites, and 
studying them gives interesting insights about ancient microbial life.

Up to now, four studies about the mats of the laguna Llamara were conducted:
Demergasso et al. (2003) analyzed the bacterial community of microbial mats at 

different sampling sites of the Salar de Llamara through microscopic and spectro-
photometric techniques. They reported four heterogeneous samples along the sam-
pling site, where the lamination of mats was different during winter and summer. 
Three kinds of stratification were detected. The first one was characterized by only 
one green layer, the second had a green and an orange layer, and the last had an 
additional layer with purple color. The orange layer was characterized by diatoms, 
the green by cyanobacteria, and the purple by anoxygenic phototrophic bacteria 
similar to cells of the genera Chromatium and Thiocapsa. Additionally, abundant 
non-photosynthetic microorganisms were detected in the mats, including unidenti-
fied cocci and bacilli. It is also important to highlight that sulfate-reducing bacteria 
were also present in all the sampled mats and the black layer above them was attrib-
uted to the oxidation of the sulfide generated by their metabolism.

This lamination was more developed in winter than summer, as evidenced by 
increased pigment and protein content, and attributed to the higher water level in 
winter. In addition, the pigments from the mat samples were spectrophotometrically 
analyzed, revealing that chlorophyll a and bacteriochlorophyll a, were the most 
abundant pigments. Chlorophyll a was predominant in the green layer, whereas 
bacteriochlorophyll a in the purple layer.

High-throughput sequencing methods enable detailed, semiquantitative analysis 
of entire communities in large sample sets. In addition, they provide ecological 
information that extends far beyond that provided by previous methods in terms of 
detail and magnitude. In this sense, Rasuk et  al. (2016) analyzed the microbial 
diversity of the microbial mats using high-throughput sequencing technology and 
correlated it with the physicochemical parameters from water columns. They com-
pared the samples from Llamara with sediment from other lagoons from the 
Atacama Desert. In this work, two kinds of mat were recognized, which were situ-
ated within holes next to L1 (Fig. 11.1b, f). One of the holes had a white suspension 
named LL1. In a second hole, a mat with a different appearance is noticed, with 
purple spots on an ocher background, this was called LL2.

In the two samples analyzed, Proteobacteria, Bacteroidetes, Spirochaetes, and 
sequences that could not be assigned to any taxa were the most prevalent phyla. 
Proteobacteria and Spirochaetes were the most abundant in LL1, while Bacteroidetes 
and Caldithrix, unique to LL2, were predominant in this sample. The 
Rhodothermaceae family was the major member of the Bacteroidetes found in both 
samples. It was widely detected in microbial ecosystems of Atacama Desert and 
other regions of the Andean Puna (Demergasso et al. 2004; Dorador et al. 2009, 
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2013; Farías et al. 2013; Rasuk et al. 2014; Fernandez et al. 2016; Toneatti et al. 
2017; Kurth et al. 2017). Members of this family such as the genus Salinibacter sp. 
are characterized as requiring high salt concentrations for their growth (Anton et al. 
2002; Makhdoumi-Kakhki et al. 2012). Finally, the small proportion of sequences 
affiliated with Cyanobacteria not only in these mat samples but also in similar geo-
graphically different samples indicate that they might not play an essential role 
related to carbon fixation in these extreme environments.

When they compared the diversity coupled with the physicochemical parameters 
between the mats and sediment samples, a higher diversity in sediment than in mat 
was found. They attributed this feature to the water conditions such as higher DO 
and more organic matter and phosphorous in the water where sediments were taken. 
Also, a lower conductivity was found in water with sediment samples. Finally, in the 
mat samples, they found to a more specific level, a community compounded by 
extremophiles, especially halophilic organisms, showing how environmental condi-
tions influence the microbial composition of an ecosystem.

A more recent article (Saghaï et al. 2017) studied microbial mat fragments col-
lected along 30 cm of a pond from the Salar de Llamara. Those fragments were 
obtained along strong physicochemical gradients (depth, salinity, oxygen, and tem-
perature), and the structure of archaea, bacteria, and protist communities applying 
16S/18S rRNA metabarcoding approaches was also characterized. They found that 
the mats were highly diverse, with a number of OTUs comparable to the most diverse 
environment types (soil or sediments), they included known eukaryotic and prokary-
otic taxa as well as many novel lineages. Bacterial candidate divisions were more 
abundant in deeper layers (almost 50% of sequences), and Archaea represented up to 
40% of sequences in some mat layers. Mats situated in the oxic zone were mostly 
composed of relatively well characterized bacterial phyla, including Bacteroidetes, 
Cyanobacteria, Proteobacteria, and Verrucomicrobia. The fact that these research-
ers found, in general, the same major phyla as the works mentioned above should be 
highlighted. Below the chemocline defining an oxic/anoxic and salinity transition, 
bacterial candidate divisions and archaea accounted for up to 75% of the sequences. 
Molecular phylogenetic analyses revealed six novel deeply divergent archaeal groups.

Cyanobacteria and Alphaproteobacteria, which are potential phototrophic 
groups were represented by 5–10% of the sequences and located in surface layers. 
On the other hand, potential anoxygenic phototrophs, mainly Rhodobacterales and 
Rhodospirillales, were detected in significant proportions in the middle zone.

Candidate divisions were particularly abundant in the two deeper mats, where 
the majority was Aminicenantes (former OP8), Parcubacteria (former OD1), and 
TA06. Also, a few OTUs from Candidate divisions were abundant and affiliated 
with Latescibacteria (former WS3), Saccharibacyeria (TM7), and Gracilibacteria 
(BD1-5). They also detected halophilic and halotolerant microbial eukaryotes, 
found among a variety of taxa, including especially Stramenopiles (e.g., 
Bacillariophyta, Bicosoecida, and Chrysophyceae), Alveolata (e.g., Ciliophora), 
and Fungi, being more abundant and diverse in the oxic zone mats.

Although located a few centimeters away, each studied mat fragment developed 
under a set of specific abiotic factors, with oxygen values dropping to zero and 
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salinity and temperature values increased from the surface to the bottom of the 
pond. All these differences in environmental parameters correlated with the differ-
ent structure of the prokaryotic communities.

The same mats were analyzed by WGS sequencing in the latest work (Gutiérrez- 
Preciado et  al. 2018). This allowed further insight into the biogeochemical pro-
cesses potentially taking place in the mats. The authors proposed a space-for-time 
substitution modeling for these mats, thus simulating the transition from early Earth 
conditions in the deeper mats to current oxygenic conditions in the upper mats.

Inferences from the taxonomic composition were confirmed by gene abundances. 
Anoxygenic photosynthesis, represented by Chloroflexi, Chlorobi, and 
Alpha/Gammaproteobacteria lineages, was more abundant than oxygenic photo-
synthesis, which could be related to Cyanobacteria and eukaryotic algae. 
Surprisingly, this occurred both in oxic and anoxic layers. These organisms are 
likely in charge of primary production in these mats. Photosynthesis genes decreased 
with depth, and in the lower mats, which bear increased diversity and rare phyla, 
primary production might be supplemented by other autotrophic metabolisms.

Carbon fixation pathways showed an inversion from the deepest, anoxic mats up 
to the upper oxygen-exposed mats. Ancient anoxygenic pathways, such as dicar-
boxylate/hydrobutyrate, 3-hydroxiproprionate/4-hydrobutyrate and, most impor-
tantly, Wood–Ljungdahl increased their abundance with depth, while the   
Calvin–Benson cycle markers had reduced abundance in the deeper layers.

11.3.2  Evaporitic Domes

Evaporites are widespread in arid locations in the world. Due to the inhospitable 
conditions in the desert (aridity, UV radiation, brine chemistry, and oligotrophic 
conditions), microbial life has been induced to search out the microhabitats most 
suitable for life (Albarracín et al. 2015) such as gypsum or halite pores.

Microorganisms form aggregates occupying the pore spaces inside halite, where 
microbial interactions occur. In this exceptional, salty, porous habitat, microbial 
consortia with a community structure probably acclimated to the environmental 
conditions occupy special microhabitats with physical and chemical properties that 
promote their survival (de Los Ríos et al. 2010). On the other hand, inside gypsum 
pores UV radiation is quenched by the selenite crystal, and it is highly hygroscopic, 
creating a wet UV-protected microenvironment with high access to O2 and light 
(Oren et al. 1995; Stivaletta et al. 2010; Farías et al. 2014). These features create a 
stratified system very similar to that found in microbialites and microbial mats. 
Thus, in hyperarid deserts, microbial life is essentially present in the form of micro-
organisms that take refuge in such endolithic habitats (Wierzchos et al. 2012). This 
kind of lifestyle is represented in the Salar de Llamara with microbial communities 
stratified into evaporitic structures having domal shapes.

de Los Ríos et al. (2010) characterized microbial communities inside halite evap-
orites from different parts of the Atacama Desert (Yungay, Salar de Llamara, and 
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Salar Grande) using denaturing gradient gel electrophoresis (DGGE) and micros-
copy. Their analysis revealed that the endolithic communities harboring evaporitic 
halite rocks are made up predominantly of cyanobacteria, along with heterotrophic 
bacteria (uncultured Bacteroidetes bacterium clone from sediments of hypersaline 
lakes) and archaea (uncultured unidentified archaea).

11.4  Diversity of the Evaporitic Gypsum Domes Along 
of the Stations in Llamara 1

In Salar de Llamara, there are two shallow wetlands dominated by microbial eco-
systems formed by dome-shaped bioherms, which presented a stratified distribution 
of microbial communities in color sections. Some of these domal structures are 
partially submerged defining an air-exposed surface and the embedded section, cre-
ating (at least) two microbial niches.

Rasuk et al. (2014) performed, for the first time, a detailed description of the 
microbial diversity of a dome from L1 along the stations using enhanced techniques 
of DNA sequencing and supported this information with the analysis of the pig-
ments using high-performance liquid chromatography (HPLC). They also utilized 
SEM to view the dome sample and determined its mineralogical nature with X-ray 
diffraction.

The main mineral found in these domes was gypsum. Regarding biodiversity, the 
communities associated with these structures were analyzed by amplicon sequenc-
ing and compared between winter and summer seasons. In general, sequences 
related to Bacteroidetes and Proteobacteria (mainly Alfa and Gammaproteobacteria) 
remained as the main phylogenetic groups, and the diversity duplicated in winter 
(determined using Chao index, 502 in winter vs 275 in summer). The comparison of 
the upper (air-exposed) and bottom section (water-submerged) between the seasons 
showed slight variation. The upper region was dominated by Chromatiales 
(Gammaproteobacteria), Rhodospirillales (Alphaproteobacteria), both of them 
characterized by having anoxygenic photosynthesizers. Also, Sphingobacteriales 
(Bacteroidetes), which have halophile members such as Salinibacter sp., were sig-
nificant. They have been found in microbial communities harboring salt waters and 
were also found in ecosystems from the Atacama Desert (Baati et al. 2008; Dorador 
et al. 2009, 2013; Schneider et al. 2013; Simachew et al. 2016; Toneatti et al. 2017). 
However, the submerged part showed marked differences between seasons, being 
dominated in summer by Alpha and Gammaproteobacteria and a good representa-
tion of Verrucomicrobia, but winter showed a remarkable difference being more 
diverse (evidenced by Chao index 435 vs 282  in summer). Even though scarce 
by  sequence, Cyanobacteria were visually identified by SEM, which also 
revealed  the presence of diatoms. Photosynthetic pigments related to anoxygenic 
bacteria, bacteriochlorophyll e, and c, together with a good representation of 
sequences related to Alfa and Gammaproteobacteria and a very low proportion of 
Cyanobacteria were found. These findings suggest that a phylognetical group other 
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than Cyanobacteria seems to be significantly involved in carbon uptake in the 
Llamara domes. This was also found in the other Andean microbialite ecosystems 
such as Brava and Tebenquiche lakes (Fernandez et al. 2016; Farias et al. 2017). 
Moreover, widespread pigments such as β-carotene, lycopene, and fucoxanthin, as 
well as pigments related to specific groups of microorganism such as diatoxanthin 
(associated with diatoms) and astaxanthin (associated with Cyanobacteria) were 
also detected. All of them were consistent with the diversity obtained by sequenc-
ing. They proposed that the higher abundance of pigments and diversity metrics in 
the top layer compared to the bottom is because the upper section of the dome pres-
ents advantages over the bottom. UV would be quenched by the selenite crystals in 
gypsum crust and exposure in microbial communities would be minimized. In addi-
tion, gypsum is highly hygroscopic, creating a wet, UV protected microenviron-
ment with high access to O2 and light (Oren et al. 1995). In contrast, in the bottom 
layer, since conditions during summer and winter are less stable, conductivity and 
O2 availability changes are reflected in the differences in diversity.

Although conductivity, salinity, and phosphorous were higher in summer, 
whereas dissolved oxygen was higher in winter (Table 11.1), it was found that there 
were not considerable changes in the temperature, depth, and pH of the water.

11.5  Characterization of the Evaporitic Gypsum Domes 
in Llamara 2

A detailed characterization of an evaporitic dome and the physicochemical parameters 
of the water from L2 were performed by Rasuk et al. (ongoing publication). Domes 
were similar to those found in Llamara 1 and also composed of gypsum. The study of 
the microbial diversity aimed to analyze the different colored horizons, and this was 
addressed using a combination of techniques, including amplicon sequencing of the 
16S rRNA metagenomics analysis, pigment determination, and electron microscopy.

The major proportion of sequences belonged to the Bacteria domain, and just a 
few sequences were assigned to Archaea and Eukarya domains. Regarding phylum 
level, the results achieved by both approaches were consistent. In this sense, 
Proteobacteria, Bacteroidetes, and Firmicutes were the prevalent phyla, and rare 
phyla represented by unclassified bacteria and candidate phyla were also significant. 
On the other hand, a small amount of cyanobacterial sequences were found. The 
distribution of the community along the layers showed a pronounced diversity in the 
upper section (Fig. 11.2a), Proteobacteria (Alpha and Deltaproteobacteria) being 
the major component in it; in agreement with the results obtained by Rasuk et al. 
(2014). This also correlated with pigment analysis, where diversity was maximal in 
the upper photosynthetic layers. As the major member of Alphaproteobacteria, the 
family Rhodobacteraceae was detected (18%) in the middle section, followed by 
Rhodospirillaceae (11%), which was distributed in the three sections of the dome 
and more abundant in the middle. Another interesting finding was that the functional 
analysis demonstrated that anoxygenic photosynthesis was more represented  
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than the oxygenic and mainly by Alphaproteobacteria (Rhodobacteraceae and 
Rhodospirillaceae). Sulfur oxidation genes were affiliated with the same taxa 
(Fig. 11.2b), suggesting that sulfur oxidation could be coupled with anoxygenic pho-
tosynthesis. Rhodobacteraceae and Rhodospirillaceae are purple non-sulfur bacteria 
(PNS) that generally use electrons from molecular hydrogen for photosynthesis, and 
they were thought not to use hydrogen sulfide as an electron donor while growing 
photoautotrophically. However, some PNS have been found using sulfide or organic 
compounds at lower concentrations than purple sulfur bacteria (Madigan et al. 2003).

An unexpected result found in this work was that sulfate-reduction appears to be 
mainly done by Deltaproteobacteria, even in the upper layers of the dome, since a 
high abundance not only of 16S rRNA genes was found but also the majority of 
genes related to this metabolism were affiliated with them. This result has also been 
found in the oxic zones of hypersaline microbial mats in Guerrero Negro, Solar 
Lake, Kiritimati Atoll, the Bahamas, and Shark Bay and in microbial ecosystems in 
the Salar de Atacama (Canfield and Des Marais 1991; Teske et al. 1998; Dupraz 
et al. 2004; Glunk et al. 2011; Arp et al. 2012; Pages et al. 2014; Farias et al. 2017).

On the other hand, the bottom layers were characterized by rare phyla, repre-
sented by sequences that could not be affiliated with any phyla (unclassified bacte-
ria) and candidate phyla such as Hyd24-12, OP1, OP3, OD1, and SAR406. However, 
Firmicutes, Proteobacteria, and Lentisphaerae were also present.

Fig. 11.2 (a) (Left) Bacterial diversity represented by percentages of sequences of phylum on the 
top, middle, and bottom layers in the gypsum dome. (Right) Bars showing the number of reads by 
the analyzed functional genes and their affiliation. (Adapted from Rasuk  et  al.  ongoing 
publication)
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Moreover, a large amount of genes related to alternative pathways of carbon fixa-
tion, such as the ancient reductive acetyl CoA, were revealed. Since the carbon 
monoxide dehydrogenase/acetyl-CoA synthase (key enzyme of the pathway) was 
even more represented than RubisCO from the classic Calvin–Benson cycle, the 
identified reductive acetyl-CoA pathway sequences were affiliated mainly with the 
sulfate-reducing Deltaproteobacteria, which are obligate anaerobic hydrogen oxi-
dizers (Rasuk et al. ongoing publication).

This study gave a good representation of the taxonomic diversity and metabolic 
potentials thought to be currently used at Llamara. It might be unlikely that primary 
production is supported solely by Cyanobacteria, given their scarcity, and from this 
analysis anoxygenic photosynthesizers and Deltaproteobacteria could be signifi-
cant contributors. This supports the hypothesis presented before that in these envi-
ronments many of the dominating metabolisms were likely present during early 
earth, when conditions of the primitive land were hostile and scarce in nutrients 
(especially organic compounds).

11.6  Conclusion

This chapter presented the available studies about biodiversity in one of the driest 
and most irradiated environments on Earth, the Salar de Llamara. This oligotrophic 
system has an unexpected diversity, where oxygenic photosynthesis is not the main 
primary metabolism. Here, other dynamics are at work. An elevated number of 
genes associated with anoxygenic photosynthesis coupled with a large number of 
genes related to alternative carbon fixation pathways were observed. These results 
support the hypothesis that these poly-extreme environments would be a good 
model for early Earth conditions and open a universe of possibilities to elucidate 
these ancient metabolic pathways that provide critical information about early life 
in extreme environments.
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Chapter 12
Microbial Diversity in Athalassohaline 
Argentinean Salterns

Merit del Rocío Mora-Ruiz and Carlos Díaz-Gil

12.1  Athalassohaline Environments and Their Principal 
Representatives

Microorganisms comprise the wealth of life on the planet, and research based on 
them has dramatically expanded our understanding of biodiversity. Particularly, the 
microbiology of extreme environments, such as acidic or hypersaline habitats, has 
been a candent scientific topic of research because it resembles the hypothesized 
conditions of the origin of life or even as models of hypothetical life outside the 
Earth (Rampelotto 2013). Hypersaline habitats are considered extreme environ-
ments; however, life finds its way and organisms from the three domains of life—
Bacteria, Archaea, and Eukarya—are present in high numbers in these habitats.

In general, hypersaline environments can be divided into thalassohaline and 
athalassohaline. Thalassohaline systems are those having a similar ionic composi-
tion as the ocean. They originated from the evaporation of seawater or by dissolu-
tion of evaporites (Ventosa 2006; Ventosa et  al. 2011). Typical examples of 
thalassohaline systems are natural coastal lagoons and human-made solar salterns, 
which are located along tropical and subtropical coasts (e.g., Exportadora de Sal, 
México; The Petchaburi salterns, Thailand; Salinas de Levante and Santa Pola salt-
erns, Spain). During evaporation there is a serial precipitation of salts due to the 
different coefficient of saturation (Ω) of each salt. By contrast, athalassohaline sys-
tems have different ionic composition than seawater, as they are a consequence of 
the dissolution of different geochemical properties of rocks and substrates of each 
specific location which, through watershed, tend to concentrate in endorheic lagoons 
(Rodríguez-Valera et al. 1998). Several examples of athalassohaline systems are the 
Dead Sea in Jordan, Israel, and Palestine; the Great Salt Lake in the USA; cold 
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hypersaline lakes in Antarctica, Tirez lagoon in Spain, Lake Magadi or the lakes of 
Wadi Natrun and the Atacama’s lakes in South America (Rodríguez-Valera 1988; 
Javor 1989; Grant et al. 1998; Demergasso et al. 2004; Moreira et al. 2006; Ventosa 
2006; Montoya et al. 2013).

Although saline water masses are widely distributed in arid regions around the 
world, the high-altitude hypersaline water masses are characterized not only by 
their elevated salinity but also by their location at high altitude. Typically, those 
water masses have been classified as lakes, lagoons, and salares, but hereafter all of 
them will be grouped under the term of high-altitude hypersaline Andean Lakes 
(HAAL) (Albarracín et al. 2015). This chapter presents a broad perspective regard-
ing the knowledge of the microbial diversity in HAAL focusing on those from the 
Argentinean Altiplano (Fig. 12.1).

12.2  Athalassohaline Environments in the Argentinean 
Altiplano and Their Physicochemical Composition

The Argentinean Altiplano is an area located in the central Andes in South America 
in the Puna region. This mountainous plateau presents a rigorous climate: marked 
daily temperature fluctuations, high solar radiation (165% higher than sea level), 
frequent strong winds, low rate of precipitation (<200 mm per annum), and low 
xerophylous vegetation (De Mitrovich et al. 2005; Ordoñez et al. 2009). The geog-
raphy of the Argentinean Altiplano has generated a series of high-mountain saline 
lakes found in close proximity and most of them are far away from any significant 

Fig. 12.1 Landscape of Salar de Antofalla. (Photo courtesy of Farías, M.)

M. d. R. Mora-Ruiz and C. Díaz-Gil



167

urban population (Farías et  al. 2013; Fig.  12.1). The lakes formed during the 
Quaternary geological period have been considered as athalassohalines due to their 
ionic composition, which is provided by the geology, topography, and climatic con-
ditions of each specific location (Rodríguez-Valera et  al. 1998; Alonso 2006; 
Albarracín et al. 2010).

HAAL included in this chapter are distributed in an altitude range from 3000 to 
6000 m above sea level (m a.s.l.). They usually present salinities higher than 28% 
with a dominance of Cl− as anion and Na+ as cation. Although, the values of Li+ in 
most cases is lower than 1 ppm, its presence is relevant in HAAL compared to other 
saline systems (e.g., salterns) where this ion is usually under detection level (Di 
Meglio et al. 2016; Mora-Ruiz et al. 2017). This is not unexpected since Li+ is rela-
tively abundant in the region. In fact, the intensive extraction of Li+ in the past few 
years has led Argentina to be considered as the most dynamic producer of lithium 
derivatives. Particularly, Salar del Hombre Muerto in Catamarca and Salar de Olaroz 
in Jujuy are the most important sources in the country (Delbuono et al. 2017).

Besides the geological studies performed in HAAL and their relevant location 
(e.g., its closeness to mines or volcanoes), there is an important lack of information 
about the microbial composition of these sites. We will focus on 16 lakes several 
hundred kilometers apart from each other but with a very homogeneous climate and 
vegetation. Despite this, the different HAAL included in this chapter present impor-
tant differences mostly in terms of salinity, temperature, pH, and geological charac-
teristics, which are summarized in Table 12.1 (De Mitrovich et al. 2005).

12.3  Microbial Diversity in Argentinean Lakes

The harsh environmental characteristics of the Argentinean Altiplano have led to 
this region being considered as an area with a low biodiversity. However, the micro-
bial diversity in the Argentinean Altiplano has demonstrated to be far more complex 
than previously expected (Farías et al. 2013; Filker et al. 2017). The group of saline 
lagoons generated in this region is an excellent system for the analysis of extreme 
microbial communities due to the multitude of extreme conditions of the area (as 
mentioned above). HAAL are a rich source where poly-extremophiles flourish and 
those environments are excellent models for understanding the response of the 
microbial community confronted with perturbations since they are partially isolated 
from the stochastic effects present in open waters (Celussi et al. 2010; Main et al. 
2015; Suh et al. 2015; Bowman et al. 2017).

Several studies have been performed with the aim of understanding the microbial 
communities in different saline lakes in Argentina and in the altiplanic water masses 
of other countries using culture-dependent and culture-independent approaches (De 
Mitrovich et al. 2005; Pagaling et al. 2009; Di Meglio et al. 2016; Fernández et al. 
2016). Nonetheless, research keeps finding unexpected microbial diversity; for 
example, the study of Farías et  al. (2013) reported active stromatolites in the 
Socompa Lake at an altitude of 3570 m a.s.l., which is the highest altitude where 
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those microbialites have been found. The microbiota inhabiting the stromatolites 
was atypical in comparison with other modern stromatolites and dominated by rep-
resentatives of Deinococcus–Thermus, Rhodobacteraceae, Desulfobacterales, and 
Spirochaetes reflecting the peculiarity of those structures.

12.4  Microbial Diversity in HAAL

Although several microbial studies have been conducted in other high-altitude lakes 
of South America, principally in the Salar de Atacama (Chile) (Lizama et al. 2002; 
Demergasso et al. 2008; Thiel et al. 2010), the microbiological studies in the Puna 
region have been developed principally in the past decade (Ordoñez et  al. 2009; 
Pagaling et al. 2009; Farías et al. 2013; Filker et al. 2017; Mora-Ruiz et al. 2017). 
Initial surveys attempted to obtain cultures of microorganisms from water of wet-
lands with salinities up to 11.7% (Zenoff et al. 2006; Ordoñez et al. 2009).

The abundances of microorganisms reported in HAAL are in the range previ-
ously reported for other hypersaline systems, such as solar salterns and other saline 
lakes (Demergasso et al. 2004; Di Meglio et al. 2016; Boujelben et al. 2012; Gomariz 
et  al. 2014). The dominance of Archaea members is marked and followed by 
Bacteria, while the Eukarya domain remains in low relative abundances (Boujelben 
et al. 2012; Fernández et al. 2014; Podell et al. 2014; Di Meglio et al. 2016).

In general, salterns have been represented by a high diversity of lineages, where 
the most common halophiles are affiliated with the phyla Rhodothermaeota, 
Bacteroidetes, Proteobacteria, Firmicutes, and Actinobacteria. These lineages 
include relevant genera such as Alkalilimnicola, Owenweeksia, Desulfuromonas, 
Halovibrio, and Salinibacter, the latter considered as one of the most relevant mem-
bers of the known halophilic microbial communities (Antón et al. 2002; Benlloch 
et al. 2002; Rosselló-Mora et al. 2008; Oren 2008; Peña et al. 2010; Gomariz et al. 
2014; Munoz et al. 2016). In the specific case of HAAL, a recent study by Mora- 
Ruiz et al. (2017) analyzed the bacterial and archaeal diversity from 11 different 
HAAL using the operational phylogenetic unit (OPU) as a biological entity (Mora- 
Ruiz et al. 2016). They analyzed sediments and brines of each one of these HAAL 
and found dominance of Proteobacteria, Firmicutes, and Bacteroidetes phyla in 
both environments (sediments and brines); similar to athalassohaline lakes in the 
Tibetan Plateau (China) at an altitude of 3200  m  a.s.l. (Lake Chaka and Lake 
Quinghai) (Dong et al. 2006; Jiang et al. 2006). In general, Gammaproteobacteria 
and Deltaproteobacteria are the most abundant class of Proteobacteria, while 
Betaproteobacteria is usually less represented with abundances no higher than 6% 
(Dong et al. 2006; Ordoñez et al. 2009; Mora-Ruiz et al. 2017) and principally rep-
resented by the Comamonadaceae family similar to other altiplanic lakes in Chile 
(Ortiz-Dorador 2007).

Furthermore, in the above-mentioned study (Mora-Ruiz et al. 2017), the bacte-
rial richness in sediments was composed of a total of 683 OPUs included in 151 
families with a notable dominance of the Halanaerobiaceae family as well as its 
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representative genus Halanaerobium. Additionally, the richness in brines was 
included in 557 OPUs with the same pattern of dominance at family and genus level 
as in sediments (Halanaerobiaceae and Halanaerobium, respectively). Those 
results differ from those observed by Pagaling et al. (2009), who detected princi-
pally bacteria affiliated with Salinibacter, Thiohalosphira, Desulbobulbus and in 
lesser proportion Halanaerobium genera in brines of Salar Guayatayoc (Jujuy, 
Argentina).

As we have previously mentioned, the environmental conditions in HAAL pro-
duce a constant pressure on the microbial community, specially related to the 
extreme salinity and UV radiation. Some bacterial strains found in HAAL present a 
high resistance to UV-B (280–310 nm) exposure, the most resistant have been affili-
ated with Pseudomonas sp., Acinetobacter sp., Stenotrophomonas maltophilia, 
Halomonas sp., Halomonas sp. (Ordoñez et al. 2009). However, the UV-B resis-
tance of the microbiota in the Altiplano is not only restricted to hypersaline environ-
ments. This capability is well-distributed among bacterial species present in 
high-altitude wetlands, including those with low salinity (e.g., Laguna Aparejos in 
Catamarca (Argentina), salinity: 0.004%) (Zenoff et al. 2006; Ordoñez et al. 2009). 
However, not only are salinity, solar radiation, and high altitude extreme conditions 
in HAAL but also the concentration of some metalloids such as arsenic, which is 
toxic for most life forms, is elevated. Resistance to arsenic As(V) and As(III) was 
observed in strains of Exiguobacterium inhabiting stromatolites in Laguna Socompa. 
A set of 25 proteins up or down-regulated have been related to this arsenic resis-
tance as well as the presence of acr3 and arsB genes (Belfiore et al. 2013; Ordoñez 
et al. 2015).

As in other hypersaline environments, Archaea represents the dominant group in 
the microbiota of the HAAL, where the richness of Archaea is lower, but the abun-
dances are higher than Bacteria (Boujelben et  al. 2012; Fernández et  al. 2014; 
Podell et al. 2014; Di Meglio et al. 2016). Mora-Ruiz et al. (2017) reported a rich-
ness for Archaea in HAAL comprising 259 and 157 OPUs in sediments and brines, 
respectively. Most archaeal richness in HAAL has been affiliated with Euryarchaeota 
phylum and with Halobacteriaceae and Haloferacaceae families as in other hyper-
saline brines and sediments (Hollister et al. 2010; Dillon et al. 2013; López-López 
et al. 2013; Podell et al. 2013; Fernández et al. 2014; Vavourakis et al. 2016). A 
remarkable aspect of Argentinean HAAL is the dominance of halophilic 
Euryarchaeota, while in other high-altitude lakes a high presence of non-halophilic 
Euryarchaeota has been reported (Demergasso et al. 2004; Albarracín et al. 2015).

The phylum Nanohaloarcheota has been reported as the second phyla in abun-
dance both in sediments and brines in HAAL (Gomariz et al. 2014; Andrei et al. 
2015; Mora-Ruiz et al. 2017). The presence of Nanohaloarchaeota in several hyper-
saline environments has been reported in the past decade (Narasingarao et al. 2012; 
Andrade et al. 2015; Andrei et al. 2015). However, these were reported as aerobes 
exclusively occurring in brines (Narasingarao et al. 2012; Podell et al. 2013) and the 
presence and abundance of Nanohaloarchaeota in sediments of HAAL could sug-
gest a versatile metabolism in this group.

M. d. R. Mora-Ruiz and C. Díaz-Gil
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With more taxonomic detail, the most important archaeal families in HAAL 
seem to be Halobacteriaceae and Haloferacaceae with a notable dominance of 
Halorubrum, Natronomonas, and Halorhabdus genera. As in Bacteria, brines have 
shown a lower richness than sediments (102 OPUs less as reported by Mora-Ruiz 
et al. (2017)) with the same dominance pattern of phyla, families, and genera. Those 
dominant families and genus are typically represented in other hypersaline environ-
ments (Grant et al. 1998; Maturrano et al. 2006; Ventosa 2006; Burns et al. 2007; Oh 
et al. 2010; Oren and Hallsworth 2014). However, the relative abundances of other 
taxa are different in HAAL, for example, the genus Haloferax has been detected 
with higher abundances in HAAL than in other hypersaline environments (Mora- 
Ruiz et al. 2017). Furthermore, in HAAL, Halorubrum has been found as the domi-
nant genus over Haloquadratum (Mora-Ruiz et al. 2017), the last one often reported 
as the major component in brines of salterns around the world (Maturrano et al. 
2006; Oh et al. 2010; Boujelben et al. 2012; Gomariz et al. 2014; Podell et al. 2014).

The presence of archaeas has also been demonstrated in other benthic systems, 
calcareous microbialites. Microbialites in Laguna Diamante present red biofilms 
principally conformed by members of the Halorubrum genus. An anaerobic respira-
tion based on the use of substrates such as arsenate has been suggested as a principal 
metabolism of the archaeas inhabiting those microbialites due to the oxygen limita-
tion (Albarracín et al. 2015; Rascovan et al. 2016).

Typically, the abundances of eukaryotes in hypersaline environments has been 
considered a minority in comparison with the other two domains (Archaea and 
Bacteria), and in general the knowledge on the whole protistan community diversity 
and ecology in hypersaline waters is still very scarce (Filker et  al. 2017). The 
eukaryotic diversity is usually represented by algae such as Dunaliella salina 
(Ventosa and Arahal 2009) and Chlamydomonas spp.; flagellates such as 
Pleurostomum flabellatum (De Jonckheere et  al. 2009); fungi such as Alternaria 
spp. or Trimmatostroma salinum (Butinar et al. 2005; Liu et al. 2014); and the brine 
shrimp Artemia spp. It has been suggested that microbial eukaryotes have greater 
difficulties reproducing due to the selective effect of high salinity, resulting in a 
large decrease in the number of species as salinity increases (Benlloch et al. 2002). 
However, as most information about microbial eukaryote diversity in such environ-
ments derives from microscopy and fingerprinting approaches, the true extent of 
their diversity in these extreme habitats still remains unknown. Recent studies 
including the description of eukaryotic diversity in HAAL evidenced that diversity 
of microbial eukaryotes in such environments is much higher than previously 
described and also that different salt regimes harbor distinct ecosystems (Casamayor 
et al. 2013; Stoeck et al. 2014; Filker et al. 2015, 2017).

A study of zooplankton in Laguna Blanca, La Lagunita, and Pasto Ventura found 
that the diversity is principally dominated by rotifers (genus Brachionus, Lecane, 
and Notholca), cladocerans (e.g., Daphnia pulex) and copepods (especially 
Diacyclops andinus and Boeckella spp.) (De Mitrovich et al. 2005). The number of 
species for each one of these groups ranged from 3 to 15 species per lagoon and 
with weights in the range of 422–1.805 μg. Moreover, representative members of 
Simocephalus have been detected in Laguna Blanca (De Mitrovich et  al. 2005). 
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Although, over the past century the presence of other planktonic organisms such as 
ostracods was considered null (Bayly 1993), their presence has been reported with 
important abundances in some HAAL including Laguna Blanca (De Mitrovich 
et al. 2005).

Recently, Filker et al. (2017) analyzed the eurkaryotic diversity in other HAAL 
(Salar Coipa, Ojo Naranja, Ojo Blanco, and Laguna Diamante). The diversity in 
those environments was dominated by members of phyla Ciliophora, Chlorophyta, 
and Colpedellida with a high degree of novel genetic diversity at lower taxonomic 
levels (OTUs). Although the most abundant phyla were the three previously men-
tioned, the novel diversity was occurred principally in the unicellular flagellates 
Bicosoecida and the parasitic Apicomplexa. Additionally, Filker et  al. (2017) 
detected an effect of the geographical distance in prostistan communities separated 
by more than 500 km. In the same way, diatoms have been detected in HAAL both 
in hypersaline water as in sediments conforming the main algal group (Farías et al. 
2014; Albarracín et al. 2015; Filker et al. 2017). The presence of diatoms has been 
reported in important abundances in microbialites of Socompa Lake, even in parts 
of the stromatolites where light in the visible spectra range is minimum (up to 
15 mm depth), the genus Navicula being the most abundant (Farías et al. 2013).

On other hand, other organisms can also be found in HAAL, such as nematodes 
and larvae of chironomid (De Mitrovich et  al. 2005) and flamingos (including 
Phoenicoparrus andinus, Phoenicoparrus jamesi, and Phoenicopterus chilensis) 
that use the species of copepod Boeckella as their principal food resource (De 
Mitrovich et al. 2005; Caziani et al. 2007; Belluscio 2010).

12.5  Benthic Communities in HAAL

HAAL are environments with shallow water where benthic communities have a 
close interaction with the planktonic communities (Albarracín et al. 2015). Some 
recent studies, which included both brines and sediments from HAAL, have exhib-
ited the high connectivity among the sediment and brines in the Altiplano Lakes 
(Filker et al. 2017; Mora-Ruiz et al. 2017). As we mentioned in the previous section, 
sediments and brines have exhibited a similar pattern of abundances at phyla, fam-
ily, and genera level for Bacteria, Archaea, and also for protists (Filker et al. 2017; 
Mora-Ruiz et al. 2017). Even at the species level (OTUs or OPUs) a large part of 
taxa has been observed in both habitats, for example, 84.4% of the total archaeal 
sequences in the study of Mora-Ruiz et al. (2017) were present in sediments and 
brines, suggesting a strong connection between both habitats. The presence of 
anaerobic groups has been observed in brines, probably due to the oxygen deficit or 
hypoxia when the respiration exceeds primary productivity (Javor 1989; Williams 
et al. 1995; De Mitrovich et al. 2005) and also because the high summer tempera-
tures reduce the oxygen solubility (Tromans 1998), making the presence of faculta-
tive anaerobes feasible as part of their community. Moreover, the important presence 
of aerobic microorganism have been detected in sediments of HAAL (suggesting 
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them as potentially relevant in the communities of sediments (Mora-Ruiz 
et al. 2017)).

On the other hand, although some studies have reported a high similarity of 
HAAL with other high altitude lakes (Dong et al. 2006; Jiang et al. 2006), this simi-
larity is based on a comparison at high taxonomic levels (phylum and class). This 
diversity overlap is probably a reflection of some common environmental condi-
tions, especially high salinity, which is considered the most relevant driving factor 
in the microbial communities (Lozupone and Knight 2007). With more detail to 
lower taxonomic levels, other studies have showed a high level of endemism in 
HAAL (Mora-Ruiz et  al. 2017). The comparison of the microbial richness with 
other salterns exhibited that ~24.8% of the total species mainly affiliated with puta-
tive methanogens (Methanobacteriaceae and Methanothermaceae) were found 
exclusively in HAAL (Mora-Ruiz et al. 2017).

The differences detected in the diversity of HAAL with other hypersaline envi-
ronments has not always been explained principally by the geographic distance. 
While the geographic distance has been reported as correlated with changes in the 
bacterial and archaeal communities (Mora-Ruiz et  al. 2017; Fig.  12.2.), another 
study found this pattern in Bacteria but not in Archaea (Pagaling et  al. 2009). 
However, in both studies, the concentration of specific ions (especially NO3

−, Mg2+, 
CO3

2−, and HCO3
−) were significant factors influencing the microbial communities. 

Some of these ions have also been correlated with abundances of specific groups, 
for example, the positive correlation between Mg2+ and the Halorubellus abundance 
(Mora-Ruiz et al. 2017). This patter is not unexpected since some important archaeal 

Fig. 12.2 Principal processes determining the structure of the microbial community in brines and 
sediments of HAAL: environmental conditions, biological relation (e.g., intra- and inter-species 
interactions), and biogeography
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groups such as Haloquadratum have been previously described as related to the 
Mg2+ concentration (Boujelben et al. 2012).

Although HAAL seem to be very similar between them in comparison with other 
salterns, it is necessary to mention that most biodiversity studies have been per-
formed using 16S rRNA gene partial sequences (for Bacteria and Archaea). In this 
way, it is necessary to consider the lack of enough resolution of this marker to guar-
antee the detection of genetic drifts (Hanson et al. 2012). Previous studies in hyper-
saline environments shows that distinct populations of the same species, with 
identical 16S rRNA gene sequence, may coexist expressing different metabolic pro-
files and exhibiting distinct genomic structures (Antón et  al. 2013). Therefore, a 
higher diversity at population level can be expected in different HAAL.

HAAL play a critical role in sustaining a unique diversity of rare and endemic 
biota in the Argentinean Altiplano. This microbiota has broadened our understand-
ing of the microbial diversity, and the studies in HAAL have also evidenced the high 
novel diversity in those high-altitude wetlands. Although the studies of microbial 
communities of Bacteria, Archaea, and even of Eukarya have increased in recent 
years, research on viruses in HAAL is still scarce. Haloviruses (viruses that infect 
halophiles) are also an important component in the microbial community with 
abundances up to 109 virus-like particles per milliliter (VLPs)/mL (Santos et  al. 
2012). Evidence of infection in some archaeal groups such as Haloquadratum, 
Halorubrum, and Halobacterium by haloviruses has been shown in previous studies 
(Santos et al. 2012; Atanasova et al. 2015) as well as their relevant participation in 
biogeochemical cycles (Pina et  al. 2011). New characterization of haloviruses 
showed that hypersaline environments contain a higher richness than previously 
assumed (Ventosa et  al. 2014). HAAL offer excellent opportunities to deeply 
explore the virus diversity in the same way as it has been explored in other lakes in 
Argentina (Di Meglio et al. 2016).

As we mentioned previously, the multifactorial-extreme conditions of HAAL 
provide a great chance to explore the resistant factors presented in the microbiota 
that led them to survive in those high-mountain lakes. Some studies have been 
focused on the detection of UV exposure resistance, resistance to toxic compounds, 
and hypersalinity in some strains as well as the mechanism explaining that resis-
tance (Dib et al. 2008; Ordoñez et al. 2009; Farias et al. 2011). Those investigations 
have produced a notable biotechnological interest related to the potential of those 
microorganisms for different applications, considering them as a novel source for 
bioactive compounds (Dib et al. 2008; Albarracín et al. 2010). An example is the 
evidence of antibiotic resistance in some strains isolated from HAAL (especially in 
the genus Acinetobacter). Researchers have suggested that this resistance is a con-
sequence of a high frequency of mutational events, which may also be enhanced by 
the extreme conditions (e.g., UV radiation) (Albarracín et al. 2010). In the same 
way, the presence of hydrolases (proteases, amylases, lipases, cellulases, and nucle-
ases) and bioactive molecules (e.g., surfactants) have been evidenced in some strains 
both in Bacteria and Archaea from salterns in Argentina. Therefore, HAAL are a 
wide reservoir for the biotechnological exploration that shelters multiple applica-
tions (Nercessian et al. 2015).
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Finally, as in other hypersaline environments, most studies in HAAL have been 
focused on the description of the microbial diversity but in a punctual instant 
(Benlloch et al. 2002; Oh et al. 2010; Dillon et al. 2013), and just a few studies 
involve temporal analysis (Podell et al. 2014; Atanasova et al. 2015). Other micro-
biology topics have clear examples of temporal variation in microbiota such as 
humans (Sharon et  al. 2013) and wastewater (Vaquer-Sunyer et  al. 2016). 
Nevertheless, the exploration of adaptive processes of microbial communities, 
including changes in the total microbial structure and on specific groups remains 
challenging, because it requires a pertinacious effort to obtain detailed, accurate 
measurements of both physical and biological factors (Podell et al. 2014). The anal-
ysis of communities sampled at sequential moments can lend insight toward under-
standing the underlying environmental drivers causing the shifts in the communities’ 
structure over time (Habel et al. 2014). Frequent and long-term observations of the 
biotic and abiotic components in HAAL are required, especially to know the sea-
sonal variations of the microbiota in those extreme environments (Farías et  al. 
2013). However, we have to agree with Pagaling et al. (2009) who mentioned that 
“in an ideal world, sequential sampling over an extended time period would be 
appropriate, but logistical and financial considerations preclude repeated visits to 
these remote sites”.
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Chapter 13
Characterization of Microbialites 
and Microbial Mats of the Laguna Negra 
Hypersaline Lake (Puna of Catamarca, 
Argentina)

Flavia Jaquelina Boidi, Estela Cecilia Mlewski, Fernando Javier Gomez, 
and Emmanuelle Gérard

13.1  Introduction

The Puna-Altiplano region (including northwest Argentina, northern Chile, and 
southern Bolivia) has become a region of interest to study microbial mineralization 
processes. The convergence of factors such as extreme environmental conditions, 
particularly strong negative hydrological balance, favors the development of these 
mineralizing systems and of extremophile microbial communities. This, together 
with a favorable local geology and geomorphology, facilitate the formation of 
closed lakes and groundwater springs that are saturated in minerals, including car-
bonates. Thus, a highly mineralizing setting together with physicochemical and 
microbiological processes trigger carbonate precipitation and produce a set of 
diverse organo-sedimentary structures usually referred to as microbialites (cf. Burne 
and Moore 1987). Some of the Puna-Altiplano microbialites resemble those 
observed in the ancient geological record, for example, stromatolites, which are the 
oldest evidence of life on Earth (Allwood et al. 2006). Thus, these microbialite sys-
tems provide a unique opportunity to apply an integrated geobiological approach to 
gain insight to better understand microbial mineralization processes and biosigna-
tures preservation.

The Laguna Negra (LN) is an interesting system that caught our attention 
10 years ago due to the presence of an extensive plain with abundant carbonate 
precipitation (Fig. 13.1). The evaporative sedimentary environment, the diversity of 
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microbial mat types, and the combination of physicochemical and microbial pro-
cesses influencing carbonate precipitation and carbonates geochemistry makes this 
place an excellent natural laboratory that shows strong similarities with some 
ancient microbial mineralizing systems, including the Precambrian microbialites of 
the Tumbiana Formation (Australia, Buick 1992; Awramik and Buchheim 2009) 
and the Strelley Pool Chert Formation (Australia, Allwood et al. 2006). Here, some 
recent findings are summarized to discuss the combination of microbial and physi-
cochemical processes involved in carbonate precipitation and microbialite 
formation.

13.2  Geological and Environmental Setting

The LN is a shallow (≤2 m) hypersaline lake located at 4200 m above sea level with 
an area of ~8.63 km2 and, as most lakes in the region, a strongly negative water bal-
ance. It is part of the Laguna Verde Complex, which is in northwest Argentine, at the 
southern end of the Puna Plateau (Catamarca province), a high-altitude plateau in 
the Andean region (Fig. 13.1). The high-altitude, hot and dry climate combine to 
favor the precipitation of evaporites (halite, gypsum, calcite, etc.) and set extreme 
conditions where microbial mats adapted to hypersalinity as well as high UV radia-
tion influx develop.

The microbial mats distribution and carbonate precipitation are mostly spatially 
restricted to the region where groundwater springs mix with the main lake, a region 
of ~0.3 km2 that it is called the Stromatolite Belt (Gomez et al. 2014). Geochemical 
modeling suggests that this water mixing increases the saturation state of carbonate 
minerals favoring abundant carbonate precipitation (Gomez et al. 2014). The pres-
ence of microbial mats also influences carbonate precipitation processes, the result-
ing textures, and geochemical signatures (Gomez et  al. 2018; Buongiorno 
et al. 2018).

Fig. 13.1 Left: Location map of the study area (red square). Center: Panoramic view of the LN, 
the Stromatolite Belt (SB), and the Saline Plain. Right: Spatial zoning of the LN Stromatolite Belt
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13.3  Microbialite Spatial Zoning in the Laguna Negra

The Stromatolite Belt presents three main distinct zones mostly defined by a com-
bination of sedimentary environment, microbialite morphology, water depth, and 
salinity:

Zone 1: a proximal belt that is colonized by salt-marsh grass in the region of fresh-
water input,

Zone 2: an intermediate zone consisting of microbial ponds that lack both oncolitic 
structures and mineralization,

Zone 3: the main belt of carbonate oncoidal microbialites and crusts. This zone can 
also be separated into four zones: Zone 3A where laminar crusts are common, 
Zone 3B with centimeter-scale carbonate gravel aggregates, Zone 3C where 
oncoids are primarily concentrated, and Zone 3D is represented mainly by peloi-
dal to micritic carbonate sediment, locally interlayered with gypsum or organic- 
rich laminae. The transition between Zones 3C and 3D is where stromatolites are 
typically represented, and these were not previously described by Gomez et al. 
(2014) or Gomez et al. (2018).

13.4  Microbialites Macro-Morphologies

Previous work enabled us to recognize and to characterize the different carbonate 
microbialites morphologies within the LN (Gomez et al. 2014, 2018; Mlewski et al. 
2018; Buongiorno et al. 2018). Three main types of macro-morphologies (at the 
decimeter-size scale) have been documented in the LN, and here their main macro-
scopic features are summarized (Figs. 13.2–13.6, and Table 13.1). For details about 
the different microbialites micro-textures see Table 13.1 (for a deeper analysis see 
Gomez et al. 2014, 2018; Mlewski et al. 2018). These structures include Laminar 
Crusts, Oncoids, and Stromatolites.

Laminar crusts are present in the region that is better connected with the main 
lake, on the northwest side of the Stromatolite Belt. These are represented by mil-

Fig. 13.2 Polished slab (left) and thin-section (right) of the LN laminar crusts

13 Characterization of Microbialites and Microbial Mats of the Laguna Negra…
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Fig. 13.3 Current-oriented structures observed in Zone 3A. (a) Hand-sample, (b) Polished slab in 
cross section. The white dotted line marks the location of the sediment–water interface during 
sampling. (c) Closer view of the polished slab showing the complex micro-columnar to dendritic 
internal structure with preferential growth on the side affected by currents. The black arrows indi-
cate the current transport direction. (d, e) Thin-sections showing the micro-columnar to dendritic 
micritic to micro-spar-rich textures that alternate with more regular laminar, smooth isopachous 
laminae. (f) The left side panel shows the resulting modeled columnar to dendritic structures devel-
oped due to mineral precipitation under unidirectional flow, and the right side shows an example 
of silica micro-columns and dendrites (both pictures taken from Hawkins et al. 2013, 2014)

Fig. 13.4 Polished slab (left) and thin-section (right) of the LN oncoids

F. J. Boidi et al.



Fig. 13.5 (a) Carbonate oncoids of the Laguna Negra Stromatolite Belt where hydrogenetic and 
diagenetic growth zones are observed and marked by the sediment–water interface (white dotted 
lines). (b) Manganese nodules with the same growth patterns shown for comparative purposes and 
suggesting comparable growth mechanisms (from Baker and Beaudoin 2013)

Fig. 13.6 Well-laminated planar to mini-columnar stromatolite nucleated over an oncoidal struc-
ture showing concentric growth
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Table 13.1 Summary of the main micro-textures preserved in the LN microbialites (for details see 
Gomez et al. 2014, 2018; Mlewski et al. 2018; Buongiorno et al. 2018)

Microbialite type
Microfabric 
elements Observations

Laminar crusts—mm 
to cm thick laminated 
crusts forming patchy 
to laterally extensive 
pavements

Isopachous 
laminae

Microbial mats are typically absent. Remarkable 
regular isopachous lamina with high degree of 
inheritance during lamina accretion. This results in 
translation and gradual smoothing of surface 
morphology. Lamina composed of closely spaced 
acicular calcite crystals, individual laminae 
(50–100 μm thick) are separated by micrite 
isopahcous laminae (10–50 μm thick) composed of 
irregularly shaped anhedral to subhedral calcite 
crystals. Smaller scale lamination (≤5 μm) given by 
luminescence changes related to variable trace 
elements content

Oncoids—cm to 
dm-scale 
concentrically 
laminated discs, 
spheres, and flattened 
domes

Alternating 
micritic and 
botryoidal 
laminae (cf. 
Gomez et al. 
2014)

Mostly developed in ponds with pinkish to orange 
stratified mats. Alternating micritic and botroidal 
lamina are usually irregular with variable thickness 
(50–500 μm thick). These are the most common 
lamina types in these structures. Micritic: 
represented by nanometer-scale spherical, globular, 
or spherulitic calcite (up to 300 nm) or more 
irregular globular to anhedral calcite. Botryoidal: 
individual or stacked micro-laminated botryoids 
(300 μm wide and 100 μm tall) or radial fibrous 
crystal bundles (50–100 μm wide 400–600 μm tall) 
associated with bacteria remains and diatom 
frustules

Locally 
microspar 
lamina with 
preserved 
Rivularia-like 
filaments

Laminae bearing Rivularia-like filaments: irregular 
laminae with tufted dark brown to yellowish 
vertically oriented filaments (diameter 15–20 μm) in 
micro-spar translucent carbonates. Filaments form a 
paintbrush-like (cf. Reitner et al. 1996) palisade 
fabric. Alternates with micrite or botryoidal laminae

Whitish 
irregular 
granular laminae

White granular precipitates with the presence of 
diatom and forming irregular laminae alternating 
with other lamina types. It shows characteristics 
remarkably similar to the granular texture and 
diatom–bacteria aggregates observed in the stratified 
pinkish-orange microbial mats thus being a 
fossilized equivalent

Spar to 
microspar 
laminae with 
oriented pennate 
diatoms

Irregular and translucent microspar laminae, 
occasionally micritic. Parallel-oriented pennate 
diatom frustules. This has also been recorded during 
diatom blooming events in the areas where the 
pinkish-orange microbial mats are common

Stromatolites—cm to 
dm-scale flat to 
columnar stromatolites

Micritic laminae Within ponds where stromatolites are covered by 
dark green to gray colored biofilms. These mini- 
stromatolites are columnar at the cm-scale and 
usually encrusting previous oncoids. Micritic 
laminae are irregular (100–300 μm thick) and shows 
variably preserved organic remains (degraded 
coccoid clusters) which are evident by fluorescence 
under UV light microscopy

F. J. Boidi et al.
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limeter to decimeter carbonate crusts encrusting volcanic rocks, carbonate 
 sediments, and other microbial structures as well as organic remains (e.g., flamin-
goes feathers) (Fig. 13.2). These can have a patchy distribution or form laterally 
continuous crusts (at a meter scale), covering loose or cemented carbonate sedi-
ments (peloidal and nodular carbonates). Carbonate plates formed by laminar crusts 
can coalesce to form more complex structures and can have overgrowths and show 
different growth stages due to movement and rotation by currents or cryoturbation 
processes. Laminar crusts can also develop dome-shaped morphologies, occasion-
ally showing concentric growth patterns (Fig. 13.2). In addition, oriented and elon-
gated structures are common, where these develop according to the main currents 
related to the prevailing winds (from northwest to southeast) (Fig. 13.3). Although 
regular isopachous laminae (Fig. 13.2) are the main building blocks of the laminar 
crusts (see details in Table 13.1), it is worth mentioning that the wind-oriented struc-
tures, in cross-section, develop more complex micro-textures. These include colum-
nar, shrub-like to dendritic and micro-stromatolite microfabrics that resemble 
microbially influenced structures but are related to abiotic carbonate precipitation. 
These are formed by preferential growth where advective–diffusive flux provides 
calcium and carbonate ions (Fig. 13.3), analogous to silica and carbonate dendrites 
developed under unidirectional flow (see for example numerical models by Hawkins 
et al. 2013, 2014). These dendrite-shrubs-rich layers alternate with the previously 
described smooth laminar crusts.

Interpretation: Given the absence of microbial mats, and the macro- morphologies 
and micro-textures described (e.g., lamina regularity and degree of inheritance, lack 
of organic remains within the lamina), these structures have been interpreted as 
predominantly chemically precipitated carbonates, triggered by oversaturation 
related to water mixing (Gomez et al. 2014), strong CO2 degassing, and evaporation 
(see Gomez et al. 2014; Buongiorno et al. 2018; Beeler et al. 2020).

Oncoids are typically located in the central area of the Stromatolite Belt and are 
composed of concentrically laminated, centimeter to decimeter spheroidal struc-
tures (up to ~35 cm). Morphologically, these are represented by discs, spheres, and 
flattened domes that can coalesce to form more complex, composite structures 
(Fig. 13.4). Oncoids grow by the accretion of smooth to irregular and overlapping 
laminae, showing lateral protrusions, typically formed at the sediment–water and 
the air–water interface. The external surface can be smooth or can show pillar-like 
to shrub-shaped millimeter scale protrusions and ornamentations (Fig. 13.4), par-
ticularly on the side affected by wind and currents. Oncoid rotation, particularly by 
cryoturbation, is also common, producing more complex overlapping overgrowths. 
Oncoids are typically associated with well-stratified pinkish to orange microbial 
mats (Fig. 13.8) but can also be colonized by cyanobacteria-rich microbial mats 
(Rivularia halophila) (Mlewski et al. 2018; Shalygin et al. 2018), which produce a 
different set of carbonate micro-textures and lateral overgrowths (Table 13.1, see 
Gomez et  al. 2018; Mlewski et  al. 2018 for details). Although oncoids are sub-
spherical in shape, they can show asymmetric growth, occasionally expanded below 
the sediment–water interface, thus showing both hydrogenetic and diagenetic 
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growth (above and below the sediment–water interface, respectively) (Fig.  13.5) 
analogous to manganese nodules observed in the deep sea (Fig. 13.5, right), being 
morphologically similar and suggesting similar diffusive–reactive processes 
involved in oncoids growth (Baker and Beaudoin 2013).

Interpretation: Given that oncoids are closely associated with microbial mats, 
the recorded morphologies and the diverse set of micro-textures observed in previ-
ous works (Table 13.1), these structures are interpreted as microbially influenced 
 structures. The microbial influence is particularly observed in the development of 
microfabrics as well as the geochemical signatures preserved in the carbonates 
(Gomez et al. 2014; Buongiorno et al. 2018). Despite this, physicochemical pro-
cesses (mostly water mixing, CO2 degassing, and evaporation) are also particu-
larly important to trigger carbonate precipitation (Gomez et  al. 2014, 2018; 
Buongiorno et al. 2018; Beeler et al. 2020). The observed differential growth pat-
terns, where oncoids grow bigger in the diagenetic zone (below the sediment–
water interface), suggest that at least in some cases growth rates are higher in the 
anoxic zones. This is probably related to the influence of anoxic microbial metabo-
lisms (e.g., sulfate reduction) that are known to increase alkalinity and thus car-
bonate precipitation.

Stromatolites here represent centimeter to decimeter-scale laminated structures 
(up to 25 cm) that typically have a planar to columnar shape (Fig. 13.6) resembling 
classic stromatolites. They are observed on the east side of the Stromatolite Belt 
(transition between Zones 3C and D), associated with dark greenish to black micro-
bial mats and biofilms and usually are encrusting previous structures (typically 
oncoids) (Fig. 13.6), as well as loose to cemented sediments and other carbonate 
crusts. The columnar structures are usually centimeter-sized and represent mini- 
stromatolites (Fig. 13.6). The main difference with oncoids and laminar structures 
is in the shape (planar to columnar) and in the micro-textures, predominantly irregu-
lar, crenulated micritic to micro-peloidal crusts that preserve abundant organic 
remains (Fig. 13.6 and Table 13.1).

Interpretation: Given the crenulate and overlapping, irregularly shaped micrite-
 to micro-spar-rich laminae, which also preserve abundant organic remains, these are 
also interpreted as microbially influenced structures, as typically observed in other 
microbialites (Riding 2008). Since these structures are usually nucleated on oncoids 
(Fig. 13.6), it suggests changes in growth patterns probably triggered by local envi-
ronmental changes as well as in the microbial mat type.

13.5  Stable Isotopes of the Laguna Negra Microbialites 
(Carbon and Oxygen)

Previous studies of δ13C and δ18O in the LN carbonates showed strong isotopic 
enrichment, particularly of the δ13C of the carbonates reaching values up to 18‰ 
(Gomez et al. 2014; Buongiorno et al. 2018). This enrichment is similar to what has 
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been observed in other saline lakes in the Puna–Altiplano region (Valero-Garces 
et al. 1999, 2000). Figure 13.7 shows a cross-plot of the δ13C and δ18O showing 
covariation, as typically observed in closed lakes where evaporation and CO2 degas-
sing are important (Talbot 1990) usually following a Rayleigh distillation pattern 
(Valero-Garces et al. 2000; Buongiorno et al. 2018).

In addition to the covariation pattern, Buongiorno et al. (2018) showed that both 
δ13C and δ18O values decreased over time when observed from the core to the outer 
edge of the oncoids and laminar crusts. These can show a change of up to 8‰ in 
δ13C and 4‰ in δ18O toward lower values. This was interpreted as due to progressive 
freshening, the increase in the influx of freshwater carrying a lighter isotope signal 
(for details see Buongiorno et al. 2018). An increase in humidity between 2200 and 
1800  years before present has been documented with different proxies, with an 
estimated increase of 15–20% (Boschetti et al. 2007). This pattern toward lighter 
isotopes is less clear in the laminar crusts (when compared with the oncoids), given 
that in Zone 3A the mixing rate with groundwater is lower so the evaporation signal 

Fig. 13.7 Cross-plot of the carbon and oxygen stable isotopes of the LN microbialites and laminar 
crusts compiled from those published by Gomez et al. (2014) and Buongiorno et al. (2018). The 
adjusted trend line is δ13C = 0.76 ∗ δ18O + 8.9 (R = 0.65)
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is stronger, as suggested by heavier values in δ18O of laminar crusts when compared 
with oncoids (Buongiorno et al. 2018).

13.6  Microbial Mats Diversity

The LN system allows studying the relationship between microorganisms and cal-
cium carbonate precipitation. As stated, the environmental conditions, such as high 
UV exposure, high salinity, temperature fluctuations, and strong winds, restrict life 
mostly to bacteria, archaea, and unicellular eukaryotes. The LN mats consist of 
complex microbial communities that develop in the interface between sediment and 
water in the Stromatolite Belt. The presence of diatoms and bacteria–diatom–min-
eral aggregates represents the main component of the LN microbial mats. Pennate 
and centric diatoms are observed; although pennates appear to be more abundant. 
Some of the diatom groups recognized by morphological microscopy observation 
include Achnanthes brevipes, Halamphora sp., Navicula sp., Surirella sp., and 
Striatula sp. (Gomez et al. 2018). The distinctive abundance of diatoms reported in 
other Andean lakes suggests their role as the primary producers in these high- 
altitude microbialitic systems (Farías et al. 2013, 2014; Rasuk et al. 2014, 2015).

Fig. 13.8 Different types of microbial mats found in the Stromatolite Belt area, associated with 
carbonates, mostly oncoids. (a) Orange Stratified Mat (OSM), the most common microbial mat. 
Black Pustular Mat (BPM) is also observed surrounding partially exposed oncoids. (b) Certain 
zones exhibit a blackish microbial community, here called Black Patch (BP). (c) Pink Stratified 
Mat (PSM) near greenish patches (Green Patch-GP). (d) A distinct microbial community develops 
a greenish soft bubble floating mat (Green Mat-GM) associated with insipient oncoids. (e) Black 
Pustular Mat (BPM), a cyanobacterial dominated community that is located close to the air–water 
interface covering carbonate crusts
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There is a variety of microbial mats inhabiting the Stromatolite Belt, with recog-
nizable macroscopic differences in superficial coloration and textural aspects 
(Fig. 13.8). The following descriptions correspond to the most remarkable types of 
microbial mats found covering the sediments in the area and their related bacterial 
diversity according to 16S rDNA 454 pyrosequencing analysis.

13.6.1  Orange Stratified Mat (OSM)

The oncoids of the Stromatolite Belt are mainly associated with this type of micro-
bial mat. These mats have an orange surface and a granular texture and show a strati-
fied internal structure controlled by light and redox gradients (Teske and Stahl 2002), 
as commonly seen in microbial mats in hypersaline settings. There is a distinguish-
able orange top layer (1–2 cm thick), followed by a purple layer (2–5 mm thick), then 
a thin green layer and a black anoxic horizon at the very bottom (several cm to dm 
thick). Among the studied mats from the LN, this has the highest diversity based on 
observed species and Shannon index, and the lowest Dominance and highest 
Equitability, meaning that the most prominent groups are more evenly distributed in 
the community composition than in other mats (Gomez et al. 2018). The most abun-
dant phylum is Proteobacteria (24%) (Fig. 13.9), mostly Alphaproteobacteria and 

Fig. 13.9 Relative abundance of phylum-level bacterial composition derived from each type of 
microbial mat sampled. Note: Deinococcus–Thermus, Verrucomicrobia, Proteobacteria, 
Bacteroidetes, Spirochaetes, and Firmicutes are among the most representative phyla in almost all 
samples studied. Category “Minor Phyla (<0.01)” includes classified phyla present in less than 1% 
relative abundance: Acidobacteria, Actinobacteria, Armatinmonadetes, Chlamydiae, Chlorobi, 
Gemmatimonadetes, and Tenericutes
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Deltaproteobacteria (Fig.  13.10). The most frequent Gammaproteobacteria opera-
tional taxonomic unit (OTU) matches with Halochromatium sp., a purple sulfur bac-
terium, and the most common OTU of Deltaproteobacteria matches with 
Desulfobacula sp., a marine sulfate-reducing bacterium with the capacity to degrade 
aromatic compounds. Other remarkable phyla found are Spirochaetes (14%), 
Verrucomicrobia (12%), Bacteroidetes (11%), and candidate phylum OD1 (currently 
named Parcubacteria, 10%) (Fig. 13.9), whose members were recently described as 
probably being ectosymbionts or parasites of other organisms (Nelson and 
Stegen 2015).

13.6.2  Pink Stratified Mat (PSM)

This mat presents a more pinkish coloration in the surface, a stratified internal struc-
ture, and a less granular texture. Bacteroidetes (22%) is the dominant phylum 
(Fig.  13.9). Proteobacteria is found second in abundance (19%) and most of it 
belongs to the Desulfobacteraceae family in the Deltaproteobacteria class 
(Fig. 13.10). The phylum Spirochaetes is also present (14%). Deinococcus–Thermus 
(8%) and Firmicutes (4%) are less abundant. These results show that heterotrophic 
saccharolytic bacteria are the main bacterial families detected and mostly include 
Rhodothermaceae (Park et  al. 2014), Spirochaetaceae (Karami et  al. 2014), and 

Fig. 13.10 Relative abundance of most remarkable subphylum level groups in each microbial 
mat sampled
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Deinococcaceae (Makarova et al. 2007). The Chromatiales order (anoxygenic pho-
tosynthetic bacteria) that use hydrogen sulfide as electron donors and accumulate 
elemental sulfur in globules inside their cells (Imhoff 2014) are also detected in 
abundance within this mat (for more details see Gomez et al. 2018).

13.6.3  Green Patch (GP)

This mat represents an isolated greenish patch in between the PSM with a less strati-
fied structure. The most abundant phylum present is Deinococcus–Thermus (19%), 
follow by Proteobacteria (18%), OD1 (Parcubacteria, 14%), Spirochaetes (11%), 
and Verrucomicrobia (9%) (Fig. 13.9). Among Proteobacteria, Rhodobacteraceae 
(3%) and Desulfobacteraceae (4%) are abundant. The green coloration of this mat 
could be explained by the abundance of diatoms, as the highest number of 
Stramenopiles chloroplast 16S rDNA sequences is recorded in this mat.

13.6.4  Black Patch (BP)

This is another patchy community, restricted to shallow ponds in between oncoids. 
The bacterial diversity record is clearly distinct. The BP had the lowest diversity 
with a lower Equitability and higher Dominance index in comparison with other 
spots and the stratified sites (Gomez et al. 2018) (Fig. 13.9). In this mat, half of the 
sequences belong to Firmicutes (53%), the dominant phylum. Within Firmicutes, 
nearly 44% belong to Halanaerobium sp., Halanaerobiaceae (98% identity 
Greengenes database) (Fig. 13.10). This genus may indicate the predominance of 
anaerobic fermentative halophilic communities. Other relatively abundant groups 
include Proteobacteria (11%) and Verrucomicrobia (6%).

13.6.5  Green Mat (GM)

This mat is observed closer to the groundwater springs, it is a green mat occasion-
ally observed floating due to the presence of gas bubbles. The pyrosequencing anal-
ysis of the GM shows that most of the members belong to the Bacteroidetes phylum 
(30%) (Fig. 13.9). Roughly, 17% of them correspond to the Saprospiraceae family 
(Fig. 13.10), which is known to have an important role in the breakdown of complex 
organic compounds (McIlroy and Nielsen 2014). Besides, Flavobacteriaceae (11%) 
(Fig. 13.10), mostly Winogradskyella sp., is detected. Verrucomicrobia is abundant 
as well with a representation of 26%. Proteobacteria is well represented with 18%, 
where 83% of the relative abundance in this group belongs to Alphaproteobacteria 
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(mostly Rhodobacteraceae). In comparison with all the others mats, the phylum 
Deinococcus–Thermus is not observed within the GM.

13.6.6  Black Pustular Mat (BPM)

There are clear macroscopic characteristics that make this mat unique. Cyanobacterial 
colonies develop a pustular to pinacular surface built by filaments, and it has a dis-
tinct black coloration that might be due to the scytonemin pigment from the cyano-
bacteria for protection against UV radiation. The BPM is commonly found in 
shallow ponds (a few cm) near the coast of the lake, close to the air–water interface, 
or colonizing the rims of partially exposed oncoids. This mat presents the highest 
Dominance index, and the lowest Equitability, meaning that the taxonomic groups 
present have uneven relative abundances and that only a few of them dominate the 
community (Gomez et  al. 2018). Of the bacterial diversity, 37% belongs to 
Deinococcus–Thermus (all Deinococcaceae family), Verrucomicrobia (17%) with 
families like Spartobacteriaceae (10%) and Puniceicoccaceae (4%), and 
Proteobacteria (10%), mainly Alphaproteobacteria (4%, with Rhodobacteraceae 
and Rhodospirillaceae members) and Gammaproteobacteria (3%) (Fig.  13.9). 
Remarkably, in terms of diversity, the BPM is the only type of microbial mat in the 
LN that presents a significant abundance of the phylum Cyanobacteria (11%), 
mainly Rivulariaceae (10.5%) (Fig. 13.10). Most groups present in the mat are het-
erotrophic bacteria, except for Cyanobacteria, and the most abundant family 
(Deinococcaceae) includes saccharolytic bacteria (Makarova et al. 2007), which are 
probably able to degrade extracellular polymeric substances (EPS) produced by 
diatoms.

In summary, considering all the different mats, the diversity analysis shows that 
Proteobacteria, Verrucomicrobia, Bacteroidetes, and Deinococcus–Thermus are the 
most representative phyla in almost all samples studied. Other phyla like Spirochaetes 
and the gram positive Firmicutes are also abundant. All these groups are well known 
to be abundant in marine ecosystems and also in extreme environments, such as 
microbial mats from hypersaline systems such as Shark bay (Wong et al. 2015), Abu 
Dhabi (Abed et al. 2008), Guerrero Negro (Harris et al. 2013); with few differences 
such as the absence of Acidobacteria and Actinobacteria phyla. The LN microbial 
community seems to be similar at the phyla level with other Andean ecosystems, 
known as High Altitude Andean Lakes (HAALs). Deinococcus–Thermus is a group 
of bacteria known for their high UV radiation tolerance (Ivanova et al. 2011), and it 
is also recorded in other HAALs, such as Tebenquiche, La Brava (Farías et al. 2014; 
Fernandez et al. 2016), Socompa (Farías et al. 2013; Toneatti et al. 2017), Diamante 
(Rascovan et al. 2016), Cejar, Llamara, Jachucoposa, and Pujsa (Rasuk et al. 2016), 
where the UV radiation is one of the environmental challenges that organisms have 
to cope with. Cyanobacteria is one of the major groups in the BPM but is less rep-
resented or absent in the rest of the mats sampled in the LN and in other HAALs. 
However, confocal microscopy observations detected the presence of cyanobacteria 
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in all analyzed samples from the LN, although not as a dominant group (Gomez 
et al. 2018). This distinction of the BPM is also reflected in PCoA analysis, where 
the BPM does not cluster with any other bacterial community studied. Something 
similar occurs with the non-stratified GM; this mat appears distant in the analysis, 
illustrating differences in the taxonomical composition of the community 
(Fig. 13.11).

To better characterize the BPM, the predominant filamentous cyanobacterium 
was collected, isolated, and cultured for a 16S–23S ITS phylogenetic and morpho-
logical characterization. The isolated strain presents unambiguous morphological 
characteristics, such as wider trichomes and filaments, uniquely branched tri-
chomes, and mucilaginous pads at the bases of young trichomes. Additionally, 
based on the molecular phylogenetic analysis, the strain was found to be a unique 
and independent lineage on the evolutionary tree belonging to the genus Rivularia 
inside the Rivulariaceae family (Shalygin et al. 2018). As a result, considering the 
morphological and phylogenetic analyses, the cyanobacterial strain retrieved from 
the LN constitutes a new species (see Shalygin et al. 2018 for details) under require-
ments of the International Code of Nomenclature for Algae, Fungi and Plants, 
named Rivularia halophila sp. nov. (Fig.  13.12). It is worth mentioning that 
Rivularia halophila is the first species of the Rivularia genus reported from an 
inland, hypersaline aquatic environment.

Different types of carbonate laminae are identified within the oncoids and these 
seem to be partly associated with different microbial communities (for details see 
Gomez et al. 2014, 2018). Interestingly, laminae with calcified Rivularia-like cya-
nobacterial filaments showing tufted palisade fabrics are observed alternating with 
micritic and botryoidal laminae (see details in Table 13.1). Gomez et al. (2018) and 
Mlewski et al. (2018) showed that carbonate precipitation is not directly associated 

Fig. 13.11 Bacterial communities clustered using PcoA of the weighted (a) and unweighted (b) 
UniFrac distance matrices. Each point corresponds to a different microbial mat sampled. The per-
centages of variation explained by the plotted principal coordinates are indicated on the axes
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with Rivularia itself (sheats are not usually calcified) but with the microbial consor-
tia living around the Rivularia filaments, where diatoms and anoxygenic photo-
trophic bacteria are particularly abundant (for details see Mlewski et al. 2018). This 
is interesting given the fact that Rivularia-like filaments have been observed in the 
fossil stromatolite record, so this may have implications to better understand 
Rivularia mineralization and preservation. For this, a more detailed study focused 
on the microorganisms belonging to the consortia existing around the Rivularia 
Halophila filament was conducted (Mlewski et al. 2018).

Phylogenetic analyses (by Sanger sequencing) on the bulk BPM and whole 
genome amplification on laser microdissected filaments highlighted the presence of 
Bacteroidetes affiliated with Marivirga (Pagani et  al. 2011), Maribacter, and 
Winogradskyella. All these genera constitute the most abundant epiphytic bacterial 
community associated with the Rivularia filaments (Mlewski et  al. 2018). 
Proteobacteria and Verrucomicrobia are also among the most abundant phyla 
detected. Interestingly, members of Gammaproteobacteria found here have their 
closest relative in uncultivated bacteria (98% identity) retrieved from the Altiplano 
at Salar de Ascotan in Chile.

Interestingly, Rivularia halophila does not present any carbonate precipitation 
on its sheath itself. The microorganisms located on the cyanobacterial sheath may 
metabolically modify the local physicochemical conditions and induce or pre-
clude carbonate precipitation. The analysis of the microorganisms specifically 
associated with Rivularia halophila sheaths revealed that these are affiliated with 
epiphytic members of Bacteroidetes phylum, more specifically to the Maribacter 
genus that includes heterotrophic bacteria (Nedashkovskaya et al. 2004). Thus, 
their activity possibly induces acidic conditions by producing CO2 around the 
Rivularia sheaths, precluding carbonate precipitation (Dupraz and Visscher 2005; 
Dupraz et  al. 2009) and explaining, in part, the absence of carbonation on the 
Rivularia halophila sheaths.

Fig. 13.12 Microscopy photographs of Rivularia halophila, the representative cyanobacterium of 
the BPM. (a) Almost spherical colonies, with radial arrangement of filaments. (b) Detail of fila-
ments, where short juvenile stages are visible
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As previously stated, carbonate precipitation typically occurs on the EPS 
matrix around the Rivularia filaments and not on the sheaths (Mlewski et  al. 
2018), and this may have implications to better understand taphonomic aspects of 
cyanobacteria calcification in the rock record. EPS-related carbonate precipitation 
was also observed in all described LN mats, within the EPS matrix excreted by a 
diverse diatoms-bacterial consortium (Gomez et al. 2018; Mlewski et al. 2018). 
Diatoms and other microorganisms such as Myxococcales and methanogenic 
archaea are known to produce large amounts of EPS (Bapteste et  al. 2005; 
Scholten et al. 2005). These EPS should serve as nucleation sites for carbonate 
precipitation following organo-mineralization. In addition to the photosynthetic 
activity of Rivularia (for the BPM case) and diatoms that promoted local alkalini-
zation, some other bacteria identified in the whole microbial community poten-
tially present metabolisms that favor carbonate precipitation. For example, some 
bacteria belonging to the Myxococcales order are known to favor mineral precipi-
tation (Jimenez-López et al. 2007) by ammonification, enhancing the alkalinity of 
the medium (González- Muñoz et al. 2010). Besides, some of the aerobic anoxy-
genic phototrophic bacteria (AAnPB) affiliated with the marine Roseobacter 
clade are known to interact with marine phytoplankton, including diatoms, and 
this association allows microbes to use metabolic niches that would be inacces-
sible otherwise (Overmann and van Gemerden 2000; Schink 2002; Orphan et al. 
2008). Most of the members of the Roseobacterclade are ureolysers and some are 
denitrifiers (Luo and Moran 2014). Both ureolysis (Zhu and Dittrich 2016) and 
denitrification metabolisms (Erşan et  al. 2015) increase pH in the surrounding 
medium and favor carbonate precipitation. Hence, phototrophy, ureolysis, and 
denitrification associated with the activity of AAnPB may be important drivers of 
alkalinization and carbonate precipitation in the BPM.

13.7  Concluding Remarks

Carbonate precipitation is expected to occur in the LN, given that mixing between 
groundwater springs (alkalinity-rich) and the main lake waters (calcium-rich) 
increase the saturation state triggering carbonate precipitation (Gomez et  al. 
2014). In addition to mixing, other physicochemical processes such as evapora-
tion and strong CO2 degassing also contribute to increase saturation states, thus 
promoting carbonate precipitation (Beeler et  al. 2020, see also Gomez et  al. 
2019, chapter 16). Despite this, the extensive microbial mat system also contrib-
utes, through its metabolic activity, to carbonate precipitation. This occurs by 
changing chemical equilibrium (producing alkalinity) and providing nucleation 
sites for mineral precipitation, particularly due to the presence of EPS. This is 
recorded in the carbonate micro- textures in the oncoids and stromatolites as well 
as in the microbial mats (Table 13.1). Some of the recognized microbes show 
metabolisms that potentially contribute to carbonate precipitation, including sul-
fate reduction, ammonification, oxygenic and anoxygenic phototrophic bacteria, 
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uroelyzers, and denitrifiers (Gomez et al. 2018; Mlewski et al. 2018). This micro-
bial influence has an impact on the texture of the microbial carbonates, which is 
evident when comparing laminar crusts (where no microbial mats are visible), 
oncoids, and stromatolites (where microbial mats and biofilms are present). By 
using carbon and oxygen isotope proxies, the LN carbonates have also proven to 
be useful for recording local environmental changes (Gomez et  al. 2014; 
Buongiorno et  al. 2018). These include variable mixing rates of groundwaters 
and lake waters, strong CO2 degassing and evaporation, as well as regional envi-
ronmental changes, for example, the progressive increase in moisture and fresh-
ening of lake waters is related to recent climate changes. Unraveling the relative 
influences of these different controls in carbonate precipitation, micro- textures, 
and geochemical signatures is challenging, even in these modern active systems, 
so care must be taken when working in the rock record. Thus, a combined multi-
proxy approach in modern systems such as the LN provides some insights to 
better understand the biosphere–geosphere interactions and record in modern 
and ancient systems.
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Chapter 14
Extreme Microbiology at Laguna 
Socompa: A High-Altitude Andean Lake 
(3570 m a.s.l.) in Salta, Argentina

Virginia Helena Albarracín, Fátima Silvina Galván, 
and María Eugenia Farías

14.1  Introduction

“High-Altitude Andean Lakes” (HAAL) are unexplored ecosystems of shallow 
lakes and salt flats at altitudes between 3000 and 6000 m located at The Central 
Andes region. These pristine environments are a rich source of poly-extremophilic 
microbes that adapt to various physical and chemical stresses. For instance, large 
daily ambient thermal amplitude, alkalinity, high concentrations of arsenic (up to 
200 ppm) and dissolved salts (Escudero et al. 2007; Farías et al. 2011a; Dib et al. 
2008; Escalante et  al. 2009; Ordoñez et  al. 2009; Albarracín et  al. 2015, 2016). 
Nonetheless, the main factor limiting life at the HAAL is the high solar irradiance. 
The values of UV-B flux at noon reach 10 W m−2 with a monthly average of daily 
insolation of 6.6 kWh m−2 d−1; these parameters are among the highest in the world 
(Albarracín et al. 2015, 2016; Portero et al. 2019; Escudero et al. 2007; Cabrol et al. 
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2014). The intense UV radiation is due to the low latitude and high altitude at 
HAAL, thin ozone layer, and a clear sky (Portero et al. 2019).

UV radiation is subdivided into ultraviolet A (UV-A) (315–400  nm), UV-B 
(280–315 nm), and UV-C (<280 nm) (Comité Internationale de l’Eclairage, CIE 
2011). As the solar UV-C spectrum is filtered by the atmospheric gases O2, H2O, 
CO2, and mainly O3, the UV range affecting life on Earth falls only between 280 to 
400 nm. Of the UV spectrum that reaches the earth, 95% is UV-A; it causes cell 
damage indirectly by producing photooxidation of compounds and reactive oxygen 
species (Hernández et al. 2007; Portero et al. 2019). UV-B represents less than 5% 
of incident solar radiation caused oxidative damage, and UV-B is also able to excite 
and ionize biologically relevant molecules, such as lipids, proteins, and DNA. DNA 
damage produced by UV-B irradiation generated dimers or adducts formation 
between adjacent pyrimidines bases on one DNA strand (Mitchell and Karentz 
1993; Portero et al. 2019). The dimerization products called cyclobutane pyrimidine 
dimers (CPDs) constitute 70–80% of total photoproducts, while the adducts 
accounting for the rest and are termed 6–4 [pyrimidine-2′-one] pyrimidines or (6–4) 
photoproducts ((6–4)PPs) photoproducts ((6–4)PPs) (Mitchell and Karentz 1993; 
Friedberg et al. 2005).

UV irradiation and the effect on microbial diversity and ecological impact was 
studied in Laguna Socompa. It is considered a hypersaline and moderate alkaline 
lake and is located at 3570 m a.s.l. at the base of the active Socompa volcano. The 
microbialites thriving on its shore are the highest on Earth (Farías et  al. 2013), 
which exhibit an atypical microbial community with abundant representatives of 
Deinococcus–Thermus, Rhodobacteraceae, Desulfobacterales, and Spirochaetes. 
Their metagenome showed a high proportion of sequences depicting less than 80% 
identity to the best hit in the NCBI database, an indication of novel distant lineages 
(Farías et al. 2013). Several bacterial and archaeal strains from Socompa stromato-
lites were isolated, physiologically characterized, and subjected to genome pyrose-
quencing (Farías et al. 2011b; Ordoñez et al. 2013; Gorriti et al. 2014; Albarracín 
et al. 2016). Screening of the genomes of these strains, i.e., Exiguobacterium sp. 
S17, Sphingomonas sp. S17, Nesterenkonia sp. Act20, and Salinivibrio spp., yielded 
genes putatively encoding essential traits for survival under multiple extreme envi-
ronmental conditions, e.g., high levels of UV radiation, elevated salinity, and the 
presence of poisonous arsenic concentrations (Farías et  al. 2011b; Belfiore et  al. 
2013; Ordoñez et  al. 2013, 2015; Gorriti et  al. 2014; Albarracín et  al. 2016). 
Additionally, a new species of Salinivibrio was recently proposed in this microbial 
ecosystem: Salinivibrio socompensis (Galisteo et al. 2019).

Thus, the study of microbes associated with Socompa stromatolites and their 
environment opens a window to the past by providing a modern analog to their 
Precambrian counterparts. On the other hand, they serve as models for further 
understanding of adaptation and the function of proteins under extremely harsh con-
ditions, which offers a biotechnological interest.

In this chapter, we compare the microbial diversity of the different microbial 
niches found in Laguna Socompa (3570 m), i.e., lake water, sediments, stromato-
lites, and soil surrounding the lake.

V. H. Albarracín et al.
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14.2  The Environment

In a Tertiary and Cuaternary volcanic and volcaniclastic geological setting, Laguna 
Socompa (Fig. 14.1) is located at the northern part of Salta Province in Argentina 
near the border with Chile (S 24°35′34″ W 68°12′42″) at the base of the still active 
Socompa volcano (6031  m  a.s.l.). With incipient access roads and far from any 
urban population, the lake is isolated and suffers from arid climate and desert condi-
tions: daily temperatures range from 20 to −10 °C in summer and 10 to −40 °C in 
winter (Farías et al. 2011a, 2013).

The lake is shallow (60 cm) and presents high arsenic content (32 mg/L). A salin-
ity gradient (from 3 mS in the west side to 125 mS in the east side) was likewise 
reported (Farías et al. 2011a). Stromatolites are located around the border of the 
lagoon, on the east side. During the summer, they are partially exposed depending 
on the tide and hydrological regime, but they are completely submerged during 

Fig. 14.1 Laguna Socompa. (a) General Landscape showing the lake and the stromatolites at the 
shore. (b) Closer view of the stromatolites domes. (c) Perpendicular cut of the top 5 cm of the 
stromatolites showing the different colored layers
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winter and spring seasons. Hydrothermal water is introduced to Laguna Socompa as 
part of the modern Andean volcanic system causing the water surrounding stro-
matolites to be relatively warm (20–24 °C), alkaline, rich in dissolved ions such as 
Na+, K+, Mg2+, Ca2+, Cl−, and SO4

−2, rich in organic carbon, nitrate, phosphate, sili-
cate, and iron (Farías et al. 2013; Albarracín et al. 2015; Rasuk et al. 2017). In fact, 
this scenario is deemed to resemble some of the conditions that prevailed anciently 
on Earth and Mars, rendering models for evolutionary studies.

14.3  Microbial Diversity

Microorganisms that colonize extreme environments are called extremophiles, a 
group that includes representatives of all three domains (Bacteria, Archaea, and 
Eukarya). They are categorized into subgroups according to the environmental 
specificity of their surroundings, i.e., psychrophilic, thermophilic, halophilic, alka-
lophilic, and acidophilic (Albarracín et  al. 2016). In their natural habitat, many 
extremophiles tolerate several extremes combined and are better termed “poly- 
extremophiles” to indicate their ability to cope with several concurrent stressors. 
This definition also corresponds to Socompa’s microbes since they simultaneously 
deal with the stress produced by extraordinary UV exposure, hipersalinity, high 
arsenic content, and alkaline pH values (pH 8–10).

Laguna Socompa (LS) and surrounding areas harbor a distinct and varied micro-
biodiversity thriving in most niches: as dispersed cells in shallow waters (plankton), 
sediments (benthos), or forming cooperative benthonic structures such as microbial 
mats and microbialites (Albarracín et al. 2015). Moreover, the dry, hypersaline, and 
alkaline soil surrounding the lake also showed an interesting microbiome. Diversity 
is highly dependent on the microecosystem considered, which is briefly reviewed in 
the next sections.

14.3.1  Microbes from the Lake Water/Sediments

HAAL are usually shallow lakes (10–400 cm) where benthic communities share 
members with planktonic communities, as winds might often stir up the sediment 
(Cabrol et al. 2007). A remarkable aspect of HAAL microbiodiversity is that, in 
general, bacterial communities dominate planktonic microecosystems—with 
Archaea represented to a much lower extent (Escudero et  al. 2007; Demergasso 
et al. 2010; Dorador et al. 2013; Rascovan et al. 2016). In Laguna Socompa, halo-
philic Euryarchaeota were detected from water and sediment samples by culture- 
dependent and independent methods (Maldonado et  al. 2018). DGGE bands 
sequencing identified the non-culturable community as belonging to the class 
Halobacteria, Methanobacteria, Methanococci, and Methanomicrobia with repre-
sentative genus Haloterrigena, Natrinema, Natrialba, Methanobacterium, 

V. H. Albarracín et al.
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Methanotorris, and Methanococcus (Maldonado et  al. 2018). Nevertheless, only 
members of the class Halobacteria were isolated: Natrinema, Halorubrum, and 
Natronorubrum. All isolates were considered neutrophil with pH 8 being the opti-
mum value; they also grew between 10% and 30% NaCl, a typical feature of the 
Halobacteriaceae family (Oren 2006). In accordance with their isolation origin, all 
strains were able to tolerate a total UV-B dose of up to 66.11 kJ m−2. The pigmented 
strains displayed a higher tolerance to UV-B than the non-pigmented strains, sug-
gesting a protective mechanism of carotenoid pigments against UVR damage 
(Moeller et al. 2005; Chattopadhyay 2008).

Bacteria were also present in Laguna Socompa water; Salinivibrio sp. S35, 
recently reported as Salinivibrio socompensis (Galisteo et al. 2019), which is gram- 
negative with motile, non-sporulating curved rods (Gorriti et al. 2014). The genome 
was sequenced and compared with other members of the same genus. Among all 
genes, the ones annotated as coding for cobalamine biosynthesis, Tra elements and 
Type II/IV secretion systems were considered to have an ecological interest. These 
genes may enable S35 to interact with dominant diatoms of the Socompa Lake 
through exudates of cobalamin, a vitamin that is necessary for the development of 
such microalgae communities (Haines and Guillard 1974; Farías et al. 2013; Gorriti 
et al. 2014). This is possible as diatoms represented the main algal group on LS’s 
phytoplankton (Farías et  al. 2011b); the genera Nitzschia and Navicula were 
reported as the most abundant. Cyanobacteria such as chrysophycea, euglenophyta, 
and chlorophyceae were also found, but in lower numbers and diversity (Farías et al. 
2011b). Macroscopic eukayotes (e.g., crustaceans or insects) were not reported for 
this lake; otherwise, they would graze on the microbial mats and would not allow 
the formation of laminated structures such as the stromatolites (Farías et al. 2011a).

14.3.2  Stromatolites

Microbial mats are benthic communities growing on a solid substrate (e.g., sand, 
rock or sediments) as vertical layers of functional groups of microbes embedded in 
a mineral–organic matrix, most often exopolysaccharides, silicates, and carbonates 
(Kremer et al. 2008; Dupraz et al. 2009; Glunk et al. 2011; Albarracín et al. 2016). 
When these organic sedimentary structures present various degrees of mineral pre-
cipitation and lithification they are called microbialites (Baumgartner et al. 2009; 
Dupraz et al. 2009; Glunk et al. 2011; Albarracín et al. 2016). Typically, vertical 
stratification on mats/microbialites originates from the physicochemical gradients 
and their indigenous microbial activity. In phototrophic microbial mats, cyanobac-
teria and phototrophic eukaryotes harvest light and fix CO2. The food chain of the 
microbialite and of the surrounding ecosystem is based on the organic matter and 
extracellular polymers (EPS) of these primary producers. In deeper layers, the sys-
tem becomes anoxic and is fueled by microbial degradation of carbon reserves, i.e., 
fermenting and producing low-molecular organic acids and alcohols. Methanogenic 
and sulfate-reducing bacteria oxidize these byproducts and produce methane and 
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sulfide. This last compound is also a sulfur-oxidizing bacteria subtract (Farías et al. 
2013; Dupraz et al. 2009; Baumgartner et al. 2009; Decho et al. 2005; Visscher and 
Stolz 2005).

In recent years, microbial mat communities with different degrees of lithification 
at HAAL and the Atacama Desert area have been characterized and proposed as 
early Earth models. For instance, microbial mats formed mainly by Proteobacteria 
and Bacteroidetes were recorded in Laguna Llamara and Laguna Cejar in Chile 
(Rasuk et al. 2016). Also, in the Salar de Llamara of the Atacama Desert, dome- 
shaped biohermos, which present a stratified distribution of microbial communities, 
were described (Pueyo et  al. 2001; Rasuk et  al. 2014). Llamara endoevaporitic 
dome diversity changed in different seasons (summer and winter) and at the top and 
bottom layers. Alpha and Gamma Proteobacteria were dominant in summer and 
winter samples followed by Bacteroidetes. Planctomycetes were third in abundance 
(Rasuk et al. 2014). In the bottom layer, substantial differences were found between 
samples collected in winter and summer: while Proteobacteria were predominant in 
summer, they diminished in winter (26%); in contrast, Bacteroidetes were under-
represented in summer and were predominant in winter. Verrucomicrobia 
(Spartobacteria) became very abundant only in the summer bottom layer. Minority 
groups were more abundant during winter enlarging the biodiversity (Planctomycetes, 
OP8, OP1, OD1, Lentisphaerae, Firmicutes, Gemmatimonadetes, NKB19, 
Spirochaetas, etc.). As in other high Andean microbial ecosystems, percentages of 
detected Cyanobacteria were low (2% in both seasons) (Rasuk et  al. 2014). 
Likewise, the Diamante Lake, in the caldera of the Galán volcano, Antofagasta de la 
Sierra, Catamarca (4600 m a.s.l.), showed a special organo-sedimentary ecosystem 
at the bottom of calcareous rocks, i.e., a red biofilm of coccoid cells embedded in 
extracellular polymeric substances (EPS) and associated with gaylussite crystals. 
Metagenomics analyses showed it was composed almost exclusively of haloarchaea 
(94% is classified as Archaea and 6% as Bacteria). All Archaea sequences were 
assigned to the family Halobacteriaceae and nearly 20 different haloarchaea genera 
were identified as Halorubrum (55%), Natronomonas (14%), Halonotius (4%), 
Halohasta (2%), Natronococcus (2%), and Halorhabdus (1%) (Rascovan 
et al. 2016).

In turn, Laguna Socompa’s microbialites were reported as columnar round 
dome-shaped, laminar mats and fit perfectly to the term “modern stromatolites” 
(Farías et al. 2013). Fossil stromatolites are considered as the earliest evidence of 
life on Earth, with geological records dating back 3.5 billion years (Burne and 
Moore 1987; Schopf 2006; Allwood et al. 2006). Modern stromatolites only exist 
today at some places, and the most thoroughly studied ones are located at the hyper-
saline region of Hamelin Pool, Shark Bay in Western Australia (Goh et al. 2009), 
and at the shallow subtidal regions at the margin of Exuma Soundin the Bahamas 
(Foster et al. 2009). The Socompa stromatolites (Fig. 14.2) are rich in silica due to 
diatomeas frustules and calcium carbonate (aragonite). The main diatomeas found 
at the stromatolites included Cymbella sp., Navicula sp., Hantzschia sp., Nitzschia 
sp., Synedra sp., Surirella sp., Rhopalodia sp., and Pinnularia sp. The analysis of 
bacterial 16S pyrotags showed Proteobacteria as the most abundant phylum (34% of 
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all sequences). Other main phyla were Spirochetes (8%), Deinococcus–Thermus 
(7%), Bacteroidetes (6%), Firmicutes (5%), Cyanobacteria (3%, dominated by the 
genus Microcoleus), and Chloroflexi (1%). One percent of all sequences correspond 
to the 16S rRNA gene of Bacillaryophyta (diatoms) chloroplast (Toneatti et al. 2017).

Scompa’s stromatolites were found submerged along the southern shore, near 
several hydrothermal inputs (26 °C) and thereby protected from the direct incidence 
of high solar radiation levels during the summer. In the winter, the water level 
decreased and, consequently, top layers of the stromatolites were directly exposed 
to UV-A/B light affecting its structure and microbial distribution; this phenomenon 
was also observed in experimental conditions at the lab. When the stromatolite is 
exposed to direct UV, a white-pinkish crust dominated by Deinococci–Thermus 
microbes covered the surface followed by a second layer (ca 0.5–1.5 mm thickness) 
of cyanobacteria. This may allow cyanobacteria to minimize exposure to deleterious 
UV radiation while staying close to the surface to perform photosynthesis. When 
the mats are submerged in the lake or exposed to darkness in the lab, the top layer 
became green, indicating a phototaxis mechanism for cyanobacteria (Farías et al. 
2013). A detailed metagenomic analyses of the different layers of the stromatolite 
showed how microbial communities shift from a UV-high/oxic world to an IR-low/
anoxic/high H2S environment within the first 7 mm. These drastic changes of condi-
tions force stratification and metabolic specialization of the bacterial community, 
thus modulating the chemical faces of the Socompa stromatolites. The oxic zone 
was dominated by Deinococcus sp. at the top surface (0.3 mm), followed by a sec-
ond layer of Coleofasciculus sp. (0.3–2 mm). At middle layers, there were anoxy-
genic phototrophic Alphaproteobacteria, along with an increasing diversity of phyla 
including Bacteroidetes and Spirochaetes. Deeper layers (5–7  mm) were mostly 

Fig. 14.2 Inside the stromatolite. Scanning electron microscopy showed the microbes, mainly 
cyanobacteria and diatoms, associated with aragonite crystals in the first layers of the stromato-
lites. Bar: 10 μm
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occupied by sulfate reducers of Deltaproteobacteria, Bacteroidetes, and Firmicutes, 
next to a high diversity and equitable community of rare, unclassified, and candi-
date phyla.

Apart from the UV stress, the microbial community has to deal with high con-
centration of arsenic as a selective pressure. The arsenic resistance mechanism 
developed by these microbial communities consisted mainly of the reduction and 
extrusion of As(V) by diverse Acr3 efflux pumps, associated with ArsC (thioredoxin 
type) reductases, which was also observed in strains that were isolated from 
Socompa. In the stromatolites, a complete set of arsenic metabolism genes was 
unraveled (Kurth et  al. 2017), including ArsM methyltransferases from the most 
varied phyla, as well as respiratory AioA oxidases, ArrA reductases, and even novel 
ArxA oxidases; therefore, the community is able to carry out a complete arsenic 
cycle, even using it as a source of energy, allowing microorganisms to grow and 
adapt to high concentration of arsenic.

Isolation programs of bacteria from the stromatolites also yielded novel strains; 
Rasuk et al. (2017) characterized four rare actinobacteria; according to 16S ADNr 
sequencing, strain ST80 (Accession Number KJ187450) showed 100% identity to 
Micromonospora maritima D10-9-5, while strain ST82 (Accession Number 
KJ187452) presented 98.46% identity to Blastococcus jejuensis KST3-10. Likewise, 
strain ST84 (Accession Number KJ187454) had 99.92% identity to Micrococcus 
yunnanensis YIM 65004 and strain ST85 99.85% identity to Streptomyces pratensis 
ch24 (Accession Number KJ187455). This is the first report of the presence of 
Micromonospora, Blastococcus, Micrococcus, and Streptomyces strains in stromat-
olites. Interestingly, the Blastococcus genus belonging to the Geodermatophilaceae 
family comprises species considered model microbes to study the ability to thrive 
on or within stones (Urzi et  al. 2001). For instance, Blastococcus saxobsidens 
strains were isolated from calcareous stones (Urzi et  al. 2004) and genome- 
sequenced together with Modestobacter marinus and Geodermatophilus obscurus 
(Sghaier et al. 2016). These microbes also have the ability to resist adverse environ-
mental conditions such as ultraviolet light, ionizing radiation, desiccation, and 
heavy metals (Montero-Calasanz et al. 2014; Gtari et al. 2012). This resistance to 
environmental hazards represents a trait of Terrabacteria, a phylogenetic group that 
colonized land 3.05–2.78  Ga and that comprises Actinobacteria, Firmicutes, 
Cyanobacteria, Chloroflexi, and Deinococcus-Thermus.

Another gram-positive strain Exiguobacterium sp. S17 (Fig. 14.3) was isolated 
from the stromatolite. The genus Exiguobacterium is one of the most widespread 
and representative genera in the HAAL, being detected by direct (pure culture isola-
tion) and indirect (DGGE) techniques (Ordoñez et  al. 2009) and also present in 
other lakes. Representatives of this genus were detected in a wide range of habitats, 
including cold and hot environments (Vishnivetskaya et  al. 2006; Rodrigues and 
Tiedje 2008). This fact confers substantial interest to the genus as a potential model 
system for the investigation of attributes that may correlate with adaptation and 
evolution of organisms to diverse thermal regimes (Vishnivetskaya et  al. 2009). 
Several studies have shown that some strains of Exiguobacterium possess unique 
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properties of interest for applications in biotechnology, bioremediation, industry, 
and agriculture (Pattanapipitpaisal et al. 2002; López et al. 2005; Okeke et al. 2007).

As most HAAL strains, S17 presents a multi-resistance profile against arsenic, 
UV-B, and high salinity. This bacteria was further studied for its remarkable resis-
tance and molecular mechanisms to cope with arsenic salts in laboratory conditions. 
Indeed, Exiguobacterium sp. S17 demonstrated to be much more resistant than 
other Exiguobacterium strains as it was able to grow in media amended with con-
centrations up to 100 mM of arsenate and 5 mM arsenite. Arsenic-induced molecu-
lar mechanisms were studied in S17 by a proteomic approach: 25 proteins were 
described as differentially expressed under As(V) or As(III) exposition; all (100%) 
of these proteins were expressed or over-expressed in the presence of As(V), while 
32% and 48% of these were detected in the As(III)-supplemented medium with 
As(III) and/or in the control, respectively. The over-expression of proteins in 
arsenic- grown strains was related to oxidative stress response (e.g., SOD). The over- 
expression of SOD in Exiguobacterium sp. S17 under As exposition is thus consid-
ered to be directly involved in the cellular response to reduce the alterations, such as 
DNA damage and protein oxidation, caused by the presence of this metalloid. In the 
presence of arsenate, heat-shock proteins (Hsps) were over-expressed, e.g., DnaK 
chaperone, GroEL, and cpn10. The Hsps have an important function against envi-
ronmental stress conferring tolerance to high temperatures, high salt, and heavy 
metal concentrations (Tkáĉová and Angeloviĉová 2012; Ron 2006; Kiriyama et al. 
2001; Tedengren et  al. 1999; Parsell and Lindquist 1993). So too, one universal 
stress protein, UspA was expressed; conversely, the Hsps proteins, GroEL, Cpn10, 
and UspA, were not detected in the presence of arsenite, probably because the cell 
removes the arsenite and the defense mechanism in the presence of this metalloid 

Fig. 14.3 Exiguobacterium sp. S17. A gram-positive strain isolated from the stromatolites and 
observed by scanning electron microscopy. Bar: 500 nm
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may not be activated. Ordoñez (2012) reported that the genome of Exiguobacterium 
sp. S17 carries a copy of an ArsB gene encoding a protein that acts as an efflux 
pump of cytoplasmic arsenite. In addition, an As(III) resistance protein (ARC3) that 
acts as a flow pump was also reported. The combined work of both efflux pumps 
(arsB and ACR3) might explain the enhanced tolerance of this strain to As(III) 
(Ordoñez et al. 2015). Two proteins involved in transport of arsenic were detected 
only in the presence of As(V): ABC transporter that binds and uses the energy of 
ATP to transport substances across membranes (Couoh Uicab et  al. 2010) and a 
protein member of the family of toxic anion resistance proteins where it could be 
assumed that cells promote the elimination of toxic anionic arsenite as a mechanism 
of arsenic resistance. Sigma 54 modulation protein/ribosomal protein S30EA, ribo-
somal protein S2, ribosome recycling factor, prolyl-tRNA synthetase, and elonga-
tion factor TS are all over-expressed in the presence of As(V). All of these proteins 
are involved in transcriptional and translational processes. Baker-Austin et  al. 
(2007) suggested that the amount of ribosomal sub-units increases due to the 
requirement of increased protein biosynthesis to combat the cellular stress caused 
by the presence of metalloids. Screening of response against arsenic stress by 2DE 
also yielded proteins that belong to the general metabolism pathways (carbohydrate 
and amino acid metabolism) in the presence of As(V). The results could suggest that 
in Exiguobacterium sp. S17 significantly upregulates the increment of energy- 
providing metabolic pathways to overcome the cellular stress caused by the expo-
sure to arsenic (Belfiore et al. 2013).

Biofilm formation was also studied in S17. The formation of biofilm was evident 
in S17 cells grown in media supplemented with different doses of arsenic (50, 100, 
150, 200, 250, and 350 mM for arsenate (As[V])), being able to grow at all tested 
concentrations. It was observed that arsenic had strong effects on cell adhesion 
directly influencing the number of attached cells per sample and the probability of 
cell–cell aggregation and, therefore, on the biofilm structure. Anderson and Cook 
(2004) conducted a comparable study on Exiguobacterium sp. WK6 and explain 
this phenomenon as a result of a detoxifying arsenate to arsenite process in which 
the external pH becomes alkaline, allowing the bacteria to grow for extended peri-
ods of time. As discussed by Ordoñez et al., this fact should be explained by the 
promotion of a more active metabolism as suggested by the over expression of gly-
colysis proteins in the presence of As[V] (Belfiore et al. 2013; Ordoñez et al. 2015; 
Zannier et al. 2019).

Gram-negative bacteria were also presented in the stromatolites. Salinivibrio sp. 
S10B and S34 were isolated from the top and the medium pink layer, respectively 
(Gorriti et al. 2014). These obligate halophiles were able to grow with up to 15% 
NaCl in the culture media. Moreover, they grew in medium supplemented with 
200 mM of arsenate and 2.5 mM arsenite and resisted a UV-B radiation dose as high 
as 19 kJ m−2. Accordingly, their genome analyses revealed genes with a potential 
role in DNA repair such as genes for RecBCD helicase/nuclease and UvrABC 
endonuclease holoenzymes involved in the recombination repair. The ssDNA bind-
ing protein RecA acts centrally in SOS response (i.e., Rec repair system) and other 
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homologous-recombination-based DNA repair, initiating the exchange of strands 
between two recombining DNA molecules. RecX modulates RecA activity by 
direct protein–protein interaction, blocking the extension of RecA filaments to 
avoid aberrant DNA transactions. Gene homologs of deoxyribodipyrimidine pho-
tolyase, and one gene coding for a transcriptional regulator of the Mer family, asso-
ciated with photolyases were also found. Photolyases are enzymes that catalyze the 
light-dependent monomerization (300–600 nm) of cyclobutyl pyrimidine dimers, 
which are formed between adjacent bases on the same DNA strand upon exposure 
to UV radiation.

S10B presented several ORFs with similarity to phage genes flanked by IS ele-
ments, tRNAs, and integrases genes, indicating an important role of horizontal 
genetic transfer in genome evolution in the Socompa Lake. In turn, S34 presented a 
gene coding for a capsular polysaccharide synthesis enzyme. These enzymes may 
be responsible for biofilm formation, a strategy also used by the S17 strain for sur-
vival during periods of nutrient scarcity and/or environmental fluctuations. It may 
help S34 to establish favorable interactions with other bacteria and to build the 
stromatolites matrix. Interestingly, genes identified with clustered regularly inter-
spaced short palindromic repeats elements (CRISPR) were also found in the S34 
genome indicating the existence of adaptive immunity for defense against the inva-
sion of foreign genetic elements.

14.3.3  Soil Microbes

Dry soil surrounding the lake and in the vicinity was also subjected to microbial 
isolation programs and biodiversity studies. Rasuk et al. (2017) reported the isola-
tion of 29 actinobacteria strains from LS soil; most of the strains belong to the genus 
Streptomyces, including a novel strain Act15 with low similarity to a type strain of 
Streptomyces pratensis ch24T (JQ806215). The rest of the isolates corresponded to 
the so-called “rare actinobacteria”: Microbacterium, Nesterenkonia, Kocuria, and 
Arthrobacter. The actinobacteria were characterized as poly-extremophiles for their 
multiple resistance profile toward UV, NaCl, alkalinity, and arsenic. Moreover, they 
showed potential for antimicrobial compounds production as all the isolates exhib-
ited antagonistic activities against each other and against at least one of the control 
bacteria including E. coli, Bacillus, Enterococcus faecalis, Staphylococcus aureus, 
and two yeasts (Rhodotorula sp.).

14.4  Conclusions and Future Prospects

High solar irradiation and other extremes challenged microbial communities from 
High-Altitude Andean Lakes, in many forms, to select resistance/adaptation pheno-
types (Albarracín et al. 2012, 2014, 2016). Albeit these conditions, a rich biodiver-
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sity was reported for all HAAL, and especially in Laguna Socompa where microbiota 
diversity is not only evident in terms of phylogenetic distribution of microbes but 
also as a consequence of the existence of differential micro-niches where microbial 
communities can be specialized and evolved.

The Socompa’s stromatolites are a clear example of adaptation and specializa-
tion; this associative behavior pursues a common benefit to microbial survival. 
Moreover, the physicochemical gradient within the stromatolites explains the spa-
tial compartmentalization of diverse taxonomic groups in a “cooperative” microbial 
society and the concomitant functional specialization of each layer. As microbialites 
thriving under a natural high-UV radiation regime and in an arsenic-rich environ-
ment, they represent a modern analog of their counterparts to study the process of 
microbialite formation in a close proxy environment to early Earth. The study of 
specific metabolisms of As, UV-resistance, and other extremes provides an open 
window to better understand the ecology, biogeochemistry, and evolution of 
Precambrian analogs.

Understanding the limits for life precedes the applications of extremophiles and 
their biomolecules in industrial processes. Microbial strains isolated from Laguna 
Socompa are probed to tolerate multiple harsh conditions and, thus, are excellent 
models for studying adaptive responses and mechanisms involved in UV, salt, and 
arsenic resistance in environmental microbes. On-going mining of available 
genomes of model Socompa polyextremophilic microbes and several metagenomes 
of microbialites is revealing that these microbes possess enzymatic and metabolic 
potential to be of biotechnological use, e.g., antibiotic production, anti-age prod-
ucts, solar creams, and bioremediation.

The uniqueness of the Socompa environment, especially the stromatolites, with 
regard to their broad unknown microbial diversity demands active protection poli-
cies and continuous monitoring to avoid the huge impact of nearby and current 
mining activities menacing the preservation of these microbial treasures. This con-
tribution aims to give arguments to this novel goal.
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Chapter 15
Mats and Microbialites from Laguna  
La Brava

María Cecilia Rasuk, Pieter T. Visscher, Manuel Contreras Leiva, 
and María Eugenia Farías

15.1  Introduction

The Salar de Atacama is a tectonic intermontane basin filled with Tertiary to 
Quaternary clastic and evaporitic deposits of continental origin. The hydrogeologi-
cal setting of the salar is complex, mostly receiving groundwater input but also 
surface water, predominantly from the east (Risacher et al. 2003). The dominant 
input into Laguna La Brava is upwelling of sulfidic groundwater containing leached 
volcanic material, including lithium, sodium, and arsenic. A series of lakes have 
formed in the lowest region of the Atacama basin, including Laguna de Piedra, 
Tebenquiche, Chaxas, Burro Muerto, and La Brava (Risacher and Alonso 1996). 
The environmental conditions in which these lakes have formed are characterized 
by (1) high ultraviolet (UV) radiation (Cabrera and Pizarro 1992), due to less light 
scatter; (2)  extreme diel temperature fluctuations typical of desert environments; 
(3) net evaporation, producing hypersaline water; (4) extremely low relative humid-
ity (Cáceres et  al. 2007); and (5)  high arsenic and lithium concentrations in the 
water, due to volcanic events (Lara et al. 2012). The conditions in Laguna La Brava 
are ideal for supporting the development of microbial mats and microbialites 
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(Dupraz et  al. 2011). It is a shallow hypersaline lake surrounded by the thick 
gypsum crust of the salar, with a seasonally fluctuating water level, a salinity gradient 
(with around 119 g/L in the area of the mats and 72 g/L in the area of the microbial-
ites), and alkaline conditions (pH 8).

15.2  Benthic Microbial Ecosystems in Laguna La Brava

The gradients in the dissolved chemicals, water depth, salinity, and exposure to 
strong evaporation support a number of different microbial ecosystems in Laguna La 
Brava. In total, six different types of sedimentary ecosystems have been described 
(Fig. 15.1), the most abundant of which are nonlithifying microbial mats (Fig. 15.1c). 
These mats are located along the western and southern shoreline of the lake, typi-
cally submerged in 3–10 cm of water during the wet season and partially exposed to 
the air during the dry season. They are abundant on the southwestern shoreline and 
have semispheroidal morphologies covered by pink or black biofilms (Fig. 15.1a, b, d). 
They grow upward until they reach the water/air interface, after which some expand 
laterally, forming platforms (Fig. 15.1a). The western shore of the lake harbors 
partially lithified structures, which are called rhizome-associated concretions; they 
are found where Distichlis spicata (Gramineae) grows abundantly on a carbonate 
substrate and consists of a laminated microbial subsurface community, which resem-
bles the microbialite platforms described above. Oncolites, or concentric microbial-
ite deposits, are distributed along the northern and northwestern shoreline, where 
they can be found in dense patches. Their internal structure is laminated, and their 
size ranges from several millimeters to around 10 cm in diameter.

15.2.1  Sediment Geochemistry

Some of the microbial mats and microbialites have been investigated in detail, using 
needle-type microelectrodes. The results showed various degrees of active photo-
synthesis and sulfide production. The distribution of O2 and sulfide with depth was 
determined during the peak of photosynthesis, which occurred in the middle of the 
day (12:00–14:00). The intensity of the photosynthetically active radiation (PAR) 
was 1410–1620 μE m−2 s−1 at the surface of the mat and 1850–2550 μE m−2 s−1 at 
the surface of a pink microbialite and a black one, the latter being submerged in 
shallower water. An increasing oxygen concentration with depth was found in all 
three mat types; the highest maximum value (>200% in the microbialites versus 
~140% in the microbial mat) and the steepest profile were observed in black micro-
bialites, suggesting that O2 production and consumption are greater in microbialites 
than in nonlithified microbial mats. The sulfide profiles confirmed greater activity in 
microbialites, as documented by the highest H2S concentration at a 10 mm depth 
and steeper profiles. Similar differences between profiles in microbialites and 
nonlithifying mats were documented for other hypersaline microbialite systems 
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Fig. 15.1 Microbial ecosystems in Laguna La Brava. a  Microbialite platforms. b  Rhizome- 
associated concretions. c  Submerged microbialites. d  Microbialite section. e  Oncolite section. 
f Microbial mat section
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(e.g., Dupraz et  al. (2004, 2009)). This broadens the evidence supporting the 
concept that steeper geochemical gradients associated with higher metabolic rates 
in the entire community support lithification of microbial mats. High concentrations 
of  polysulfides (Sx

2−; ~190 μM sulfane S) and thiosulfate (S2O3
2−; ~112 μM) were 

measured in both nonlithifying mats and microbialites (pink and black) than during 
the daytime (Farias et al. 2017), arguing for an important role of the sulfur cycle in 
benthic microbial ecosystems. Of note, the concentrations and the rates of change 
(i.e., the turnover) of both polysulfides and thiosulfate were 2–3 times higher in the 
mats than in the microbialites, suggesting that a substantial part of the oxygen pro-
duced by cyanobacteria is used in cycling of sulfur (Visscher and Van Gemerden 
1993a, b; Van Gemerden 1993); consequently, the production is greater than the 
respiration (i.e., P/R > 1, Pinckney and Reid 1997), favoring carbonate precipitation 
(Dupraz and Visscher 2005).

The mineralogy in all of the samples revealed that they precipitated more arago-
nite. Concerning halite, it was identified as a major mineral in early studies, but later 
investigations conclusively showed that this was an artifact (Sancho-Tomas et al. 
2018; Farias et al. 2017).

15.3  Microbial Diversity and Alternative Pathways 
for Carbon Fixation

The microbial ecosystems of La Brava revealed an unusual community in which 
Euryarchaeota, Crenarchaeota, Acetothermia, Firmicutes, and Planctomycetes were 
the most abundant groups (Figs. 15.2, 15.3). Surprisingly, cyanobacterial sequences, 
which are typically a major component and the main primary producer in microbial 
mats and microbialites (Van Gemerden 1993; Pinckney and Reid 1997), were rela-
tively insignificant or absent.

The diversity in the microbial mats at La Brava showed an unusual contribution 
from the archaeal domain: 43% of the total diversity was made up by members of 
this domain (see Farias et  al. (2017) in comparison with Ley et  al. (2006) and 
Baumgartner et al. (2009a, b)), with 29% belonging to the Euryarchaeota and 14% 
to the Crenarchaeota (Fig. 15.3). The bacterial phyla in the microbial mat included 
Planctomycetes (14%), Firmicutes (11%), and Acetothermia (6%) as the most abun-
dant taxa. In contrast, the microbialite diversity was dominated by the phylum 
Planctomycetes (35%), followed by Euryarchaeota (17%) and Proteobacteria (9%) 
(Fig. 15.2a), taking into account only the functional groups belonging to the bacte-
rial domain, represented in all of the layers. The dominant groups were aerobic 
heterotrophs, fermenters, anaerobic heterotrophs, and anoxygenic phototrophs, 
with the most representatives. It is important to highlight that the minor metabolic 
group that was represented was oxygenic phototrophs (Fig. 15.2b).

Analyses of the archaeal functional groups in the mat sample showed that aero-
bic heterotrophic representatives from this domain dominated the upper two layers 
and methanogens were found only in the deepest layer. Marine benthic group B 
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Fig. 15.2 Prokaryotic diversity in microbial mats (Farias et al. 2017). a Phylum abundance based 
on bacterial 16S rRNA gene sequences. b  Percentage of sequences belonging to Bacteria and 
Archaea metabolic groups (log scale)

and D (MBGB) phylotypes, which are major contributors to crenarchaeal diversity, 
were present in all layers and decreased with depth; the functional roles of these 
groups remain unknown (Fig. 15.2b). In the microbialite sample, a distribution 
similar to that of the bacterial metabolic groups in the mat sample was found.
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The diversity in La Brava samples reported by Farias et al. (2017) included 
Euryarchaeota, Crenarchaeota, Firmicutes, Planctomycetes, and Acetothermia as 
the major phyla; in contrast, a previous study had shown that Bacteroidetes and 
Proteobacteria constituted the major phyla in the bacterial diversity of both 
microbial mats and microbialites (Farías et al. 2014).
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As outlined above, typically, the main carbon-fixing organisms in microbial mats 
are cyanobacteria (Visscher et  al. 1991; Van Gemerden 1993; Pinckney and Reid 
1997). In the benthic microbial ecosystems studied in Laguna La Brava, cyanobacte-
ria were always low in abundance both in the microbialites (2–4% of the total diver-
sity) and in the microbial mats (<1%). Although chlorophyll a (Chla) was found in 
the water column of the lake (≤1 μg/L) (Farías et al. 2014), investigations of the 
microbial mats and microbialites at La Brava showed almost no Chla levels.

The maximum oxygen values at the subsurface of the microbial mats and micro-
bialites ranged from 140% to 200% as discussed above—values considerably lower 
than those observed in other hypersaline mats (400–600% of air saturation), most of 
which were at sea level (Dupraz et al. 2004, 2009; Glunk et al. 2011; Tkavc et al. 
2011; Casillas-Martinez et al. 2005a, b; Visscher et al. 2003) and thus exposed to 
lower levels of UV radiation.

Possibly, a few cyanobacterial phyla highly adapted to the extreme conditions at 
La Brava were present in low diversity but in large numbers and with a low specific 
Chla content (Farías et al. 2014). Alternatively, diatoms, which were readily observed 
by scanning electron microscopy, could have contributed to the O2 production.

Anoxygenic phototrophic sequences were well represented in the mat sample 
and microbialite sample from La Brava. Furthermore, the presence of sulfide, thio-
sulfate, and polysulfides suggests the use of thiosulfate and/or polysulfide by the 
anoxygenic phototrophs. These findings agree with others in similar high-altitude 
systems such as Socompa (Farías et  al. 2013), Llamara (Rasuk et al. 2014), and 
Tebenquiche (Fernandez et al. 2016), and also in geographically different microbial 
mats or microbialite systems such as Shark Bay (Wong et al. 2015; Ruvindy et al. 
2016) and Guerrero Negro (Ley et al. 2006), all of which are systems where anoxy-
genic phototrophs are abundant.

The low abundance of phototrophs implies that in the microbial ecosystems of 
La Brava, particularly the microbial mats, a large fraction of the carbon appears to 
be fixed by alternative pathways. Perhaps little-known pathways and/or poorly char-
acterized phylogenetic groups such as Planctomycetes, Firmicutes, Acetothermia, 
Euryarchaeota, and Crenarchaeota play an important autotrophic role.

15.4  Arsenic Metabolism in Laguna La Brava, 
an Early- Earth Counterpart

As described in other chapters of this book, potential analogs of Precambrian eco-
systems can be found today in remote areas such as the hypersaline lakes in the 
Altiplano Andino. In addition, La Brava receives drained groundwater containing 
leached volcanic material (Corenthal et al. 2016; Boutt et al. 2016), in which high 
concentrations of arsenic and sulfide are found. Hence, the microbial metabolism in 
the mats is possibly driven by anoxygenic photosynthesis using reduced sulfur and 
arsenic compounds. Anaerobic processes could include fermentation, methanogen-
esis, sulfate reduction, and likely arsenate reduction. The widespread volcanism and 
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geothermal activity characteristic of the Precambrian environment would present 
considerably more arsenic accumulation on the Earth’s surface than there is today 
(Cabral and Beaudoin 2007; Witt-Eickschen et al. 2009). However, very few bio-
geochemical data supporting this claim have been put forward so far. Recently, 
Sforna et al. (2014) reported the discovery of 2.7-billion-year- old microbial stro-
matolites from Tumbiana, in which fossilized microorganisms and biogenic miner-
als were associated with high concentrations of As. On the basis of hierarchical 
length-scale information on the element distribution and interelement correlations, 
Sforna and colleagues argued that Tumbiana stromatolites were formed by micro-
bial mats in an anoxic, salt-saturated lake setting and, importantly, that As(III) oxi-
dation occurred there by anoxygenic photosynthesis and/or denitrification. As a 
modern counterpart of this Precambrian system, living microbial mats from Laguna 
Brava were investigated, using an array of conventional geochemical techniques 
(Sancho-Tomás et al 2018). This experimental approach allowed us to unravel the 
relationship between the microbial mat activity, the occurrence of minerals, the 
arsenic speciation, the distribution of major and trace elements, and their relation-
ship with the mineralogy and exopolymeric substances (EPS). In that way, it was 
shown that As was not linked to Ca or Si, and it was only moderately related to Fe, 
resulting from sorption onto an iron (oxy)hydroxide mineral. In that way, a number 
of features that support the biological cycling of arsenic have been documented. 
These include the incorporation of arsenic into EPS, the identification of organic-
rich globules containing abundant arsenic with no other trace metals, and the hetero-
geneous distribution of As(III) and As(V), either together or separately and at 
different scales. Although there is a lack of accurate information on sulfur distribu-
tion and speciation, the high concentrations of both sulfur and arsenic in the water 
column support the notion of a coupled arsenic–sulfur cycle.

15.5  Concluding Remarks

From the microbiological point of view, Laguna La Brava is one of the most 
extraordinary environments in the Central Andes wetlands. This is mainly because 
of the unusual microbial diversity, which includes mainly Planctomycetes, 
Firmicutes, Acetothermia, Euryarchaeota, and Crenarchaeota, with low representa-
tion of phototrophs; this has an implication for possible alternative carbon-fixing 
pathways. In addition, the potential biogeochemical role of arsenic in these sys-
tems would recreate Precambrian microbial metabolism. All of these features 
occur in one of the locations of major environmental impact on the planet, due to 
mining activities, with active implications for scientists laying the foundations to 
preserve these primitive ecosystems.
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Chapter 16
The Carbonate System in Hypersaline 
Lakes: The Case of Laguna Negra (in the 
Puna Region of Catamarca, Argentina)

Fernando Javier Gomez, Flavia Jaquelina Boidi, Estela Cecilia Mlewski, 
and Emmanuelle Gérard

16.1  Introduction

Lacustrine sedimentary carbonates are an excellent record of environmental and 
climate conditions during carbonate deposition (Alonzo-Zarza and Tanner 2010a, b; 
Frantz et al. 2014; Petryshyn et al. 2016). Physicochemical processes and microbio-
logical activity can trigger carbonate precipitation and dissolution by controlling the 
pH, alkalinity, and availability of ions and carbon species (for example, Ca+2 and 
CO3

−2) (Visscher and Stolz 2005; Arp et al. 2001), and this have an impact on calcite 
and aragonite chemical equilibrium (Morse et  al. 2007). In addition, extreme 
changes in environmental factors, such as salinity and temperature (which are par-
ticularly important in Laguna Negra and other systems in the Puna region), have a 
significant influence by controlling the equilibrium constants involved in the reac-
tions of the carbonate system (Saas and Ben-Yaakov 1977; Weiss 1974) (for reviews, 
see Zeebe and Wolf-Gladrow 2001; Mucci 1983). Here, available hydrochemical 
data from Laguna Negra are compiled (from Gomez et al. 2014), as well as data 
from other lakes in the Chilean, Bolivian, and Argentinian region to make some 
general comparisons. The compiled data and references can be seen in Table  1, 
which is a file presented as supporting online material in GitHub (https://github.
com/FernandoJGomez/Gomez-et-al.-2019_Elsevier_Book_Puna), together with 
the Jupyter notebooks that provide most of the plots for this contribution.

Laguna Negra is a shallow (≤2 m) hypersaline lake located 4200 m above sea 
level. The high-altitude, hot, and dry climate (with a strongly negative water  balance) 

F. J. Gomez (*) · F. J. Boidi · E. C. Mlewski 
Centro de Investigaciones en Ciencias de la Tierra (CICTERRA), Consejo Nacional de 
Investigaciones Científicas y Técnicas (CONICET)–Universidad Nacional de Córdoba 
(UNC), Córdoba, Argentina 

E. Gérard 
Institut de Physique du Globe de Paris, Université de Paris, Centre national de la recherche 
scientifique (CNRS), Unité mixte de recherche (UMR) 7154, Paris, France

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36192-1_16&domain=pdf
https://github.com/FernandoJGomez/Gomez-et-al.-2019_Elsevier_Book_Puna
https://github.com/FernandoJGomez/Gomez-et-al.-2019_Elsevier_Book_Puna


232

favors the precipitation of evaporites (halite, gypsum, calcite, etc.) and produces 
favorable conditions for the development of microbial mats, where abundant car-
bonate precipitation takes place, particularly in the mixing zone between groundwa-
ter springs and the main lake waters. For details of the microbial biodiversity, as 
well as the textural and geochemical aspects of these carbonates, see Gomez et al. 
(2014, 2018), Mlewski et  al. (2018), Buongiorno et  al. (2018), Shalygin et  al. 
(2018), and Boidi et al. (2019, chapter 14 this volume). Beeler et al. (2020) provide 
further details regarding the Laguna Negra hydrochemistry and water isotope signa-
ture. Here, we focus on discussing some relevant aspects regarding the carbonate 
system in Laguna Negra and similar lakes in the region.

The carbonate system parameters were calculated by using published informa-
tion on these hypersaline systems. References that provided the necessary data to 
calculate the carbonate system parameters (cf. Zeebe and Wolf-Gladrow 2001) and 
calcite–aragonite solubility (Mucci 1983) were selected. Given that some data 
recorded either salinity or conductivity, to estimate the salinity from the available 
conductivity data, a polynomy was fitted to those data where both salinity and con-
ductivity were known. Then this was used to calculate the salinity when only the 
conductivity was known. Weiss (1974) was used for Henry’s constant (KH). Given 
that the experimental determinations of the acidity constants (K1 and K2), as pub-
lished by Roy et al. (1993), were focused on seawater and were not parameterized 
for high salinity, Saas and Ben-Yaakov (1977) was used because these were deter-
mined for salinities of up to ~300 parts per trillion (ppt) (see also Beeler et al. 2020). 
It is worth mentioning that most of the compiled studies (supplementary Table 1) 
did not publish full water chemistry that would allow use of a more proper specia-
tion model to calculate cation and anion activities (for example, Pitzer 1971) and 
mineral saturation states (Harvie et al. 1984). Our approach here seems reasonable 
given our main goal, which is just to make some general comparisons of the carbon-
ate systems in Laguna Negra and other lakes in the region. Besides, the effect of 
high ionic strength on the activities of the carbonate system ions is implicit in the 
Saas and Ben-Yaakov (1977) experimental determination of K1 and K2. Solubility 
product constants for calcite and aragonite (Kspc and Kspa, respectively) were calcu-
lated by using the data from Mucci (1983), although it is necessary to be aware that 
these were parameterized only for salinities of up to 45 ppt (almost an order of 
magnitude lower). The Python Jupyter notebooks that perform the calculations and 
plots can be downloaded from the GitHub website, together with Table 1  (https://
github.com/FernandoJGomez/Gomez-et-al.-2019_Elsevier_Book_Puna).

16.2  The Laguna Negra Carbonate System: Comparison 
with Other Lakes in the Puna

Figure 16.1 shows dissolved inorganic carbon (DIC) and alkalinity (Alk) data from 
Gomez et al. (2014), recalculated by using Saas and Ben-Yaakov (1977) and Mucci 
(1983). As expected, the alkalinity and DIC show a strong positive covariation and 
these variables also positively correlate with salinity (Fig. 16.1) (see also Beeler 
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et al. 2020) for additional data and a deeper analysis using DIC stable isotopes). 
Fitting a trend line to a scatter plot of the Laguna Negra data shows that the Alk:DIC 
ratio is 1.12:1. Calcium carbonate precipitation consumes alkalinity and DIC in a 
2:1 ratio (Zeebe and Wolf-Gladrow 2001). The Laguna Negra Alk:DIC ratio of 
1.12:1 suggests that, besides carbonate precipitation, more DIC is also lost through 
other processes (a smaller slope in the trend line). Most probably, this is due to CO2 
degassing, which also consumes DIC, and strong degassing has been suggested to 
explain covariation and extreme enrichments in carbon and oxygen stable isotopes 
(Gomez et al. 2014; Buongiorno et al. 2018; Beeler et al. 2020). Beeler et al. (2020) 
did more detailed work, which also recorded a similar Alk:DIC ratio value (1.27:1) 
and showed, by mass balance carbon isotope modeling, that 60% of DIC loss was 
due to carbonate precipitation and the remaining loss was due to other processes, 
where CO2 degassing was suggested (Beeler et al. 2020).

As observed in Fig.  16.2, most DIC and alkalinity values for the lakes are 
≤0.025  moles/L and ≤0.05  moles/L, respectively, with a median below 
0.01 moles/L. The same is observed for Laguna Negra. Both (DIC and alkalinity) 
are enriched (~1 order of magnitude higher) when compared with seawater (typi-
cally 0.0021 for DIC and 0.00236 moles/L (Zeebe and Wolf-Gladrow 2001). The 
values are also higher than those in some hypersaline systems such as the Dead Sea 
(Barkan et al. 2001). The median DIC and alkalinity values in Laguna Negra are 
similar to those in all of the lakes (Fig. 16.2). Given that many of these lakes are also 
enriched in calcium (Ca+2) (Table 1), it is expected that many of them are also satu-
rated in carbonate minerals (Fig. 16.7).

Fig. 16.1 Scatter plot of alkalinity (Alk) and dissolved inorganic carbon (DIC) values in Laguna 
Negra (recalculated from Gomez et al. 2014). The color bar shows how salinity correlates with 
these variables. The equation is the trend line adjusted to the data.
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16.3  pH and Salinity of Some Puna–Altiplano Lakes

When analyzing saline lakes of the Puna–Altiplano region, it can be seen that the 
pH has a bimodal distribution, with pH values of around 5.5–6 and 7.5–8, with just 
a few alkaline lakes having a pH above 9.5 (Fig. 16.3). The salinity is also highly 
variable because of the net balance between evaporation, mineral precipitation, and 

Fig. 16.2 Histograms and box plots of compiled alkalinity (Alk) and dissolved inorganic carbon 
(DIC) data from lakes in the Puna–Altiplano region, including Laguna Negra. The panel on the 
right shows the box plots after some outliers were removed to better compare the Laguna Negra 
data (AlkLN and DICLN) with the whole data set (AlkAll and DICAll)
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Fig. 16.3 Compiled pH data from the Puna–Altiplano lakes
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freshwater input, with some lakes reaching 400 ppt (Fig. 16.4). Laguna Negra shows 
a lower pH in the main lake (pH 5.6) and a higher pH in the inlet, as well as in the 
mixing zone waters (pH up to 7.8). The salinity is also variable in Laguna Negra, 
where the inlet waters (9 ppt) and main lake waters (325 ppt) are the two end mem-
bers (Table 1). Even when a relatively low pH has been recorded in the main lake, it 
has been shown to be variable, since a pH above 7 has also been recorded (data not 
shown, and Beeler et al. 2020). These changes in the pH could be related to increased 
CO2 input into the main lake area or could also be due to carbonate precipitation 
events, which can also increase CO2 (Barkan et al. 2001; Golan et al. 2017), thus 
lowering the pH through the following reaction:

 Ca HCO CaCO CO H O+ −+ ↔ + +2
3 3 2 22  (16.1)

According to the Le Châtelier principle, when degassing occurs, reaction (16.1) 
proceeds to the right to restore the equilibrium, and carbonate precipitation takes 
place, also producing CO2. Even when for each mole of carbonate precipitated, CO2 
should increase by 1 mole as well, it does not actually happen, because of buffering, 
since CO2 is transformed into bicarbonate (HCO3

−) (Zeebe and Wolf-Gladrow 2001).

16.4  CO2 Degassing and pH

Measured pH and calculated CO2 covariates obtained (by use of the pH and alkalin-
ity) in a nonlinear way and a decreasing logarithmic function can be fitted to these 
data (Fig. 16.5). The salinity also shows a trend with these variables: as salinity 
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Fig. 16.4 Compiled salinity data from the Puna–Altiplano lakes
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increases, CO2 and the pH decrease (Fig. 16.5). When CO2 is lost through degassing 
to the atmosphere (or is consumed by photosynthesis and other metabolic pro-
cesses), the pH increases, increasing the carbonate ion concentration (CO3

−2), and, 
if enough calcium (Ca+2) is available to overcome carbonate saturation, this triggers 
carbonate precipitation according to calcite equilibrium (Eqs. 16.1 and 16.2).

 Ca CO CaCO+ −+ ↔2
3

2
3 (16.2)

If equilibrium with calcite is assumed, it can be seen how the pH may change as 
CO2 degassing occurs (Fig. 16.5). This can be shown by modeling the pH versus 
CO2 in equilibrium with calcite (through Eqs. 16.3 and 16.4, from Kano (2019); see 
the derivation in the supporting online material). The model follows the same trend 
as the data (Fig. 16.5), and differences in the pH may occur because even when CO2 
degassing increases the pH, carbonate precipitation also produces CO2 and lowers 
the pH. Thus, the net balance of these driving processes will define the final pH and 
CO2 concentration during the degassing-precipitation trend (Fig. 16.5).

 
H pCOH sp

+ = ( )( )K K K K2
1 3

1

2 3 1 3
2
2 32/ / / //

 
(16.3)

 pH H= −  
+log  (16.4)

Fig. 16.5 CO2 versus pH data from Laguna Negra (colored dots according to salinity). The red 
dashed trend line represents an exponential function fitted to the data, and the blue continuous line 
shows values calculated according to Eqs. (16.3) and (16.4)
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16.5  Calcite and Aragonite Saturation and Processes 
Triggering Carbonate Precipitation

The main problem when calculating the saturation state of carbonate minerals in 
hypersaline lakes is the lack of experimental data on the solubility product (Ksp) of 
calcite and aragonite at high ionic strength and salinities. The classic work of Mucci 
(1983) focused on seawater and salinities of up to 45 ppt. Saas and Ben-Yaakov 
(1977) determined K1 and K2 for salinities of up to 309 ppt (at 30 °C) and suggested 
a Ksp value for calcite of 6.7 ∗ 10−4. This is about 1000 times higher than typical 
values for seawater (Saas and Ben-Yaakov 1977), and this would lower the satura-
tion state for carbonate minerals. With these lower values for Ksp and the saturation 
state of calcite, it is implicit that, at high ionic strength, the activities of carbonate 
and calcium ions will be lesser, given ion interactions and pairing that decrease ion 
activities. With the aim of illustrating the effect of salinity and using available data, 
Fig. 16.6 shows saturation states for calcite (Ωcal) versus DIC and salinity to show 
how, as salinity increases, the saturation state decreases (using K1 and K2 from Saas 
and Ben-Yaakov (1977) and the Ksp of calcite from Mucci (1983)). As a reference, 
the white dot in Fig.  16.6 represents a sample of the groundwater springs with 
 salinity  of  9.1 and DIC  of 0.0173  moles/L (sample IW-7 from Laguna Negra; 
Gomez et al. 2014), which is oversaturated.

As observed in Fig. 16.7, the saturation index (S.I. = log(Ω), where S.I. > 0 and 
S.I.  <  0 indicates over- and undersaturation of carbonate minerals, respectively) 
suggests that the Laguna Negra lake waters are undersaturated (given the relatively 
low pH of 5.7) and that most mixing zone and inlet waters are oversaturated with 
calcite. When the saturation state was calculated with a pH of 7, as has also been 
observed (Beeler et al. 2020), the main lake waters became slightly oversaturated, 
so the main lake may fluctuate between oversaturated and undersaturated states.

Strong evaporation, as is observed in Laguna Negra, increases the saturation 
state and CO2 degassing, also increasing the pH and thus triggering carbonate pre-
cipitation. As salinity increases, carbonate precipitation takes place and thus the pH 
becomes lower, as well as the saturation index (Fig. 16.7). Beeler et al. (2020) docu-
mented that the pH and DIC spatially change from the groundwater springs to the 
mixing zones and reaching the main lake, and this has been interpreted as being 
related to calcite precipitation. It is the net balance of these complex interacting 
processes that controls the saturation state and mineral precipitation in Laguna Negra.

As shown in Fig. 16.7 (left panel), most lakes are oversaturated with calcite and 
aragonite, and, although the Laguna Negra samples are variable, they show similar 
degrees of saturation when compared with other lakes (Fig. 16.7, right panel).

16 The Carbonate System in Hypersaline Lakes: The Case of Laguna Negra (in…
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16.6  The Mg/Ca Molar Ratio of Laguna Negra and Other 
Puna–Altiplano Lakes

The Mg/Ca molar ratio for the Laguna Negra waters fluctuates between ~0.08 and 
~2, like those for more than half (62%; Fig.  16.8) of the lakes in the Chilean–
Argentinian–Bolivian Puna–Altiplano area. Given that, as shown by experimental 

Fig. 16.6 Omega versus dissolved inorganic carbon (DIC) and salinity at pH  7.84 and 
Ca = 0.0115 moles, using the acidity constants (K1 and K2) from Saas and Ben-Yaakov (1977) and 
the solubility product constant for calcite (Kspc) from Mucci (1983). Note that at constant DIC and 
pH values, when salinity increases, the saturation state for calcite (Ωcal) decreases. The vertical 
blue dotted line shows the salinity range up to which the Mucci (1983) Kspc is valid

Fig. 16.7 Saturation index (S.I.) histograms and box plots for calcite and aragonite for the whole 
data set (including Laguna Negra) and for Laguna Negra itself. The vertical red and blue dotted 
lines show the equilibrium line where S.I. = 0
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and thermodynamic models (see Sun et  al. 2015 and references therein), Mg/Ca 
ratios below 2 are considered important for calcite precipitation, it is expected that 
calcite should be the predominant calcium carbonate mineral species (if oversatura-
tion is reached). The other 38% is above this boundary (Fig. 16.8) and some of them 
even show Mg/Ca molar ratios that are extremely high (between 25–35), such as 
Diamante Lake (in Argentina) and Chaxa and Tebenquiche Lakes (in Chile; there, 
gypsum and halite predominate, and aragonite is subordinated). Thus, aragonite is 
expected to be the main carbonate mineral in these lakes. Even when mineralogy 
data are scarce, it has been observed that in Diamante and La Brava Lakes, aragonite 
precipitation prevails (M. E. Farías, personal communication, 2019). In hypersaline 
lakes, the Mg/Ca molar ratio will be controlled by the local geology (weathering of 
the available rocks and minerals), hydrothermal input (in some cases), and the evo-
lution of the lake during evaporation, so this ratio, as opposed to that in seawater, is 
expected to be highly variable and thus the carbonate mineralogy will be as well. 
Further studies integrating hydrochemistry, evaporite mineralogy, and local geology 
would be necessary to have a better understanding of the main controls on calcium 
carbonate mineralogy in hypersaline lakes.

It is worth mentioning that the aragonite/calcite ratio is controlled not only by the 
Mg/Ca molar ratio but also by many other processes, such as the precipitation rate, 
temperature, salinity, and solution composition (see Morse et al. 2007; Jones 2017 
for a recent review). In Laguna Negra, only two samples were close to the value at 
which aragonite should precipitate, one coming from the groundwater and the other 
from the mixing zone. In Laguna Negra, calcite is the predominant mineral, as 
observed in the main lake, in the mixing zone sediments, in the oncoids (Gomez 
et al. 2014; Buongiorno et al. 2018), and within the microbial mats. It is worth men-
tioning that aragonite traces have been recorded within some laminae in the oncoids 
(Buongiorno et al. 2018). More interestingly, aragonite has recently been recorded 
during a local diatom bloom event (Gomez et al. 2018), associated with cyanobac-

Fig. 16.8 Mg/Ca molar ratio in lakes in the Puna–Altiplano region
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teria such as Rivularia (Mlewski et  al. 2018), in areas where the Mg/Ca ratio is 
clearly below 2. This suggests the presence of other controls on carbonate poly-
morph selection, probably related to the kinetic influence of microbial metabo-
lism—in this case, photosynthesis, given the direct association with cyanobacteria 
and diatoms (Gomez et al. 2018; Boidi et al. 2019). In addition, Rivularia has been 
observed to concentrate calcium on the cell surface (Mlewski et al. 2018) and could 
be locally modifying the Mg/Ca ratio on the sheats and thus controlling carbonate 
polymorph selection.

16.7  Concluding Remarks

In hypersaline environments, alkalinity and DIC changes are strongly controlled by 
a set of physicochemical processes such as evaporation and strong CO2 degassing. 
In Laguna Negra, CO2 degassing, as well as carbonate precipitation, have been 
shown to be a main control on the pH, alkalinity, and DIC evolution of lake waters. 
In addition, water mixing also contributes to changes in these variables and can be 
particularly important in increasing saturation states, thus promoting carbonate pre-
cipitation as observed in the mixing zone in Laguna Negra. By changing chemical 
equilibrium, microbial activity can also modify alkalinity and DIC. Photosynthesis 
consumes CO2, lowering DIC and thus changing the pH, and consequently trigger-
ing carbonate precipitation. Anoxic degradation of organic matter increases alkalin-
ity, also promoting oversaturation of carbonate minerals. Exopolymeric substances 
and other organic matrices can also serve as nucleation sites for mineral precipita-
tion. Thus, the net balance of these combined microbiological and physicochemical 
processes will define the textural and chemical signatures preserved in these sedi-
mentary carbonates.

The Mg/Ca molar ratio is known to influence the carbonate polymorph that may 
precipitate, and this has been observed in several lakes in the Puna–Altiplano area, 
where a high Mg/Ca molar ratio favors aragonite precipitation. Examples are 
Diamante Lake (in Argentina) and Tebenquiche and Chaxa Lakes (in Chile), where 
abundant aragonite has been recorded. Although the prevalence of aragonite at high 
Mg/Ca ratios is supported by thermodynamics, several processes control carbonate 
polymorph selection. For example, aragonite precipitation has been observed in 
Laguna Negra, where the Mg/Ca molar ration is low, and is related to the photosyn-
thetic activity of diatoms and cyanobacteria, suggesting kinetic control of mineral 
polymorphism.

There is a need to gain better understanding of the carbonate system in hypersa-
line lakes, particularly given that some of the parameters and equilibrium constants 
that are useful for calculation of carbon species concentrations have not been deter-
mined for high-ionic-strength solutions such as those that are typically observed in 
the Puna–Altiplano region. Improving this understanding can help us to better 
understand geomicrobiological aspects and the environmental record of carbonate 
precipitation in modern and ancient hypersaline systems.

F. J. Gomez et al.
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Chapter 17
Integral Prospection of Andean Microbial 
Ecosystem Project

María Eugenia Farías, Patricio G. Villafañe, and Agustina I. Lencina

17.1  Introduction: Particular Characteristics of Andean 
Microbial Ecosystems

When microbial ecosystems first started to be reported 10 years ago, nobody really 
had a notion of the relevance they would have in the Central Andean region. 
Consequently, the heritage of the microbialites reported in El Peinado, Laguna 
Negra, Laguna Pozo Bravo, Laguna La Brava, etc. promises to position the Andes as 
reservoirs of the most relevant modern microbialites on the planet (Table  17.1, 
Fig. 17.1). Furthermore, the number of different ecosystems is worth paying close 
attention to, as it gives rise to questions such as: What favors the development of 
these ecosystems? What are the conditions that influence the precipitation of a carbo-
naceous or a gypsum system at such a short distance and under similar environmental 
conditions, such as at the Atacama salt flat? Why are oncolites distributed so? Until 
now, it has been possible only to survey the systems and to carry out more in-depth 
studies in some of them to try to achieve their preservation. Throughout the prospection 
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of the Andean microbial ecosystems (AMEs), some shared characteristics have been 
found from the geological, physical, and chemical points of view [(1) active volcanic 
incidence: all of the microbial ecosystems that have been found are in some way con-
nected to areas where active volcanoes are present; (2)  underground water input; 
(3) mixed zones with different salinities: underground low- conductivity water and 
salar thalassic water; (4)  two kinds of microbialites found: oncolites (at Laguna 
Negra, Tres Quebradas, Las Quinoas, etc.) or domes with thrombolites at the bottom 
and stromatolites at the top surface (at La Brava, Pozo Bravo, Ojos Bravos, and El 
Peinado)] and from the biological point of view [(5) predominance of diatoms, the 
main component in all studied systems; (6) predominance of anaerobic over aerobic 
photosynthetic microorganisms; (7) microbial rhodopsin as the main system for pro-

Fig. 17.1 Maps of Bolivia, Chile, and Argentina, showing the locations of salars and lakes with 
microbial systems. Bolivia: 1 Salar de Uyuni, 2 Salar San Pedro de Quemes, 3 Laguna Hedionda, 
4 Laguna Capina, 5 Laguna Verde, 6 Laguna Blanca, 7 Laguna Mama Khumu, 8 Laguna Busch, 
9 Campo de Géiseres. Argentina: 10 Laguna Vilama, 11 Ojos de Tolar, 12 Salar de Socompa, 
13 Salar Llullaillaco, 14 Humedal Rojo, 15 Laguna Verde, 16 Laguna Pozo Bravo, 17 Ojo Luz, 
18 Ojo María, 19 Ojo Valentina, 20 Ojo Azul, 21 Ojo Naranja, 22 Las Quinoas, 23 Laguna El 
Peinado, 24 Laguna Diamante, 25 Laguna Carachipampa, 26 Laguna Tres Quebradas, 27 Laguna 
Negra. Chile: 28 Salar de Huasco, 29 Laguna Llamara, 30 Salar de Carcote, 31 Salar de Ascotán, 
32 Campo de Géiseres El Tatio, 33 Laguna Baltinache, 34 Laguna Cejar, 35 Laguna Tebenquiche, 
36 Laguna Chaxas, 37 Laguna Barros Negros, 38 Salar Aguas de Quelana, 39 Laguna Salada, 
40 Laguna La Brava, 41 Salar de Tara, 42 Salar de Aguas Calientes, 43 Laguna Punta Negra
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ducing adenosine triphosphate (ATP); (8)  arsenic resistance and bioenergetic mecha-
nisms; and (9)  predominance of Carbon fixation pathways other than the Calvin 
cycle]. The biological aspects of these are being studied thoroughly in our lab and are 
briefly discussed below.

17.2  Diatoms

Associations among microbialites and diatoms have been extensively reported in 
microbialite and mat ecosystems in Andean lakes, denoting that eukaryotes are an 
important component of these Andean systems (Farías et  al. 2013; Gomez et  al. 
2014; Rasuk et al. 2014, 2016a, b). So far, the main diatom groups recognized have 
been Achnanthes, Halamphora, Navicula, Surirella, and Striatula. Diatoms are also 
known to produce copious amounts of extracellular polymers (EPSs) (Awramik and 
Riding 1988; Brinkmann 2007; Stal and Défarge 2005; Underwood et  al. 2010; 
Urbani et al. 2012); thus, EPS-related calcification of diatoms is also possible. In 
this sense, although they are predominant in microbial mats, their role is still 
unknown. Thus, diatoms might also have a role as primary EPS producers in micro-
bial mats. Another possibility is that they are accumulated as dust by the wind and 
accreted by the EPS that covers the systems. This could be the case in Laguna 
Socompa microbialites, a system surrounded by diatomite sedimentary rocks, which 
are constantly weathered by the wind. The Socompa  microbialites are located in an 
area where the wind deposits all of the eroded material, including fossilized diatoms 
from diatomite rocks. In addition, copious diatom occurrence in microbialites might 
ensue from in situ flourishing during the winter (as these systems are submerged 
only during this season), from deposition of fossilized diatoms that come from 
weathered diatomite deposits around the lagoon, or as a sum of all of the above 
(Farías et al. 2013).

In addition to EPS production, diatoms could be involved in carbonate precipita-
tion by forming bacteria–diatom aggregates with precipitation of nanoglobular car-
bonates. These microformations have been largely observed in Scanning Electron 
Microscopy (SEM) in Laguna Negra, Laguna Socompa, Laguna Tebenquiche, and 
La Brava microbial mats, and they have also been recorded inside carbonate micro-
bialites and gypsum evaporites (Farías et al. 2017; Fernandez et al. 2016; Rasuk 
et al. 2014, 2016a, b; Gomez et al. 2018).

17.3  Microbial Diversity and Carbon Fixation Pathways

The microbial diversity associated with each microbial ecosystem also presents 
great variation where, in general, Proteobacteria, Bacteroidetes, and Firmicutes 
dominate most mat systems. However, examples of some peculiarities worth high-
lighting are the phylum Thermi (Deinococcus radiodurans), which is predominant 
on the top surfaces of carbonatic systems (in the Socompa, Tebenquiche, and La 

M. E. Farías et al.



251

Brava mats), probably because they are the most ultraviolet (UV) resistant ones and 
are able to dominate such an exposed area. Nevertheless, in gypsum systems (in the 
Llamara and Tebenquiche gypsum domes) they do not dominate the top layers, 
probably because the gypsum mineral is able to reflect UV radiation, providing a 
more protected niche where UV radiation is not a selecting factor. What is more, the 
surfaces of the Socompa system become green as a result of cyanobacterial 
 dominance when UV radiation is removed (Farías et al. 2013). Another particularity 
of these systems is the small proportion of Cyanobacteria, supported by small 
amounts of chlorophyll a in pigment analyses (Farías et al. 2013, 2014; Rasuk et al. 
2014), and the small proportion of Calvin cycle genes reported in metagenomic 
analyses (Kurth et al. 2017; Lynch et al. 2012; Rascovan et al. 2016).

The hypothesis developing around the small proportion of Cyanobacteria in 
Andean systems is that the extreme conditions of elevated UV radiation incidence, 
arsenic, conductivity, and pH are likely to prevent cyanobacterial development. As 
a result, anoxygenic photosynthesizers might complement primary production, 
complementing that performed by diatoms. Purple sulfur and nonsulfur bacteria 
from the classes Alphaproteobacteria and Gammaproteobacteria are involved in this 
metabolism and are present in most of the studied environments. Usually, members 
of the Rhodospirillaceae and Rhodobacteraceae families are abundant. Green sulfur 
and nonsulfur bacteria (Chlorobi and Chloroflexi) are also present but less abun-
dant. Pigment analyses of AME layers of microbialites, evaporites, and mats in the 
Socompa, Llamara, Tebenquiche, and La Brava ecosystems have demonstrated the 
existence of bacteriochlorophyll pigments, supporting the contribution of anoxy-
genic photosynthetic bacteria (Farías and Contreras 2013; Farías et al. 2014; Rasuk 
et al. 2014).

Carbon fixation in phototrophs goes through the Calvin–Benson cycle, reductive 
tricarboxylic acid (rTCA) cycle, and 3-hydroxypropionate (3HP) bi-cycle (Tang 
et al. 2011). The abundance of carbon fixation pathways as alternatives to Calvin–
Benson in AME environments supports the role of anoxygenic phototrophs or even 
chemolithotrophs in primary production, as has been observed in other systems 
(Gomez-Saez et  al. 2017). Members of the Verrucomicrobia, Planctomycetes, 
Crenarchaeota, Spirochaetes, and OP1 phyla present in AME carbon fixation could 
also be involved in alternative carbon fixation pathways (Berg 2011). In that sense, 
in metagenomic studies from Socompa, analysis of the abundance of key enzymes 
from each of the known carbon fixation pathways shows that the most abundant is 
ATP citrate lyase (which represents the rTCA cycle), followed by ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (for the Calvin–Benson 
cycle), and the bifunctional enzyme carbon monoxide dehydrogenase/acetyl 
 coenzyme A (CODH/acetyl-CoA) synthase (for the reductive acetyl-CoA pathway 
(Wood–Ljungdahl pathway)) (Kurth et al. 2017). This pattern was also observed in 
a similar study of La Brava and Tebenquiche microbial mats. In Llamara evaporites, 
a large number of genes related to alternative carbon fixation pathways, such as the 
ancient reductive acetyl-CoA, were revealed. CODH/acetyl-CoA synthase (a key 
enzyme of the pathway) was even more strongly represented than RubisCO from 
the classic Calvin–Benson cycle (Gutiérrez-Preciado et al. 2018). Laguna Diamante 
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biofilms dominated by Archaea revealed only an incomplete rTCA pathway 
(Rascovan et  al. 2016). Consistent with the observations in AMEs, a functional 
analysis carried out on the Shark Bay stromatolite metagenome also showed a sig-
nificant abundance of alternative carbon fixation pathways, such as rTCA and 
3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycles. Although it has not 
been demonstrated yet, it is presumed that these pathways would have potential 
relevance in the carbon cycle and precipitation process in this microbial system 
(Ruvindy et  al. 2016). Moreover, analysis with carbon isotopes in Tumbiana 
Formation stromatolites demonstrated that the fixation of atmospheric CO2 in these 
structures did not involve the Calvin–Benson cycle, suggesting that primitive organ-
isms may have used the reductive acetyl-CoA pathway to carry out this process 
(Slotznick and Fischer 2016).

17.4  Archaea in Andean Microbial Ecosystems

Archaea have also been detected as an important component of microbial diversity 
in Andean environments in general (Maldonado et  al. 2018). In AMEs, multiple 
diversity studies have been performed, amplifying the V4 hypervariable region of 
the 16S ribosomal RNA gene. A high abundance of Archaea was detected in sedi-
mentary ecosystems in Laguna Tebenquiche and Laguna La Brava, using RK prim-
ers (F515 and R806) designed to be universal for a broad range of archaeal and 
bacterial taxa (Farías et al. 2017; Fernandez et al. 2016). However, Archaea were 
almost absent in a previous study carried out in Laguna Tebenquiche, using 
F563-R802 universal primers, which are reliable for amplifying bacteria but not 
Archaea (Farías et al. 2013, 2014; Rasuk et al. 2014, 2016a; Stivaletta et al. 2010). 
A similar situation occurred with red biofilms from Laguna Diamante, showing a 
predominance of Firmicutes when F563-R802 universal primers were used and 
dominance of Halobacteria, with 94% of 16S rDNA gene sequences when the taxo-
nomic composition was analyzed on the basis of metagenomic shotgun sequencing 
of total DNA (Rascovan et al. 2016).

What is more, in Tebenquiche and La Brava, AME analyses layer by layer 
showed that Euryarchaeota were mainly represented by aerobic heterotrophs 
belonging to Halobacterium in the upper layers and sulfate reducers belonging to 
Thermoplasmatales in the deeper layers. In addition, Crenarchaeota—represented 
by the miscellaneous marine benthic group B and D (MBGB)—were reported for 
the first time in mat systems dominating anoxygenic layers at La Brava and 
Tebenquiche (Fernandez et al. 2016; Farías et al. 2017).

Thus, the incidence of Archaea in the communities should be carefully con-
sidered in Andean AMEs studies, not only in biodiversity studies but also in func-
tional analyses, since in Andean AMEs, nothing is as it seems. That is what we 
found in the entire communities of Laguna Diamante microbialites dominated by 
Halorubrum—hitherto considered anaerobic heterotrophs—which showed a possi-
ble dominant role in arsenic respiration and bacteriorhodopsin production, from 
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the moment when metagenomic analyses revealed a surprisingly high abundance 
of genes used for arsenite oxidation (aioBA) and respiratory arsenate reduction 
(arrCBA). These results suggested that Haloarchaea might use arsenic compounds 
as bioenergetic substrates (Rascovan et  al. 2016), and the results in isolated 
Halorubrum from the Laguna Diamante system reinforced that theory (Ordoñez 
et al. 2018).

Methanogenic Archaea were also detected in sampling of microbial mats in the 
El Tatio geyser field, which indicated that methanogenic Archaea are dominated by 
microorganisms within the genera Methanospirillum and Methanobrevibacter. 
These microbes are associated with a number of unclassified Archaea in the class 
Thermoplasmata, the order Halobacteriales, and unclassified Crenarchaeota. In addi-
tion, the preliminary results include an unclassified Thaumarchaeota clone—a member 
of the recently proposed third archaeal phylum, Thaumarchaeota. Nonspecific micro-
bial mat samples from a nonethanogenic site included only crenarchaeal clones within 
the Desulfurococcales order of Thermoprotei (Franks et al. 2008).

17.5  Microbial Rhodopsin Systems

Microbial rhodopsins are considered the simplest energy-harvesting photorecep-
tors, consisting of a single membrane-embedded protein covalently binding a retinal 
(vitamin A aldehyde) chromophore. These proteins are able to absorb and transduce 
light into energy, performing a variety of functions (Ernst et al. 2014). Microbial 
rhodopsin systems also represent an important characteristic of AMEs, as they have 
been detected in metagenomes (Kurth and Farías 2016; Rascovan et al. 2016; Rasuk 
et al. 2016a, b). Most of these functions are found in isolated genomes, as well as in 
AME metagenomic sequences. However, microbial rhodopsins have wide diver-
sity—many of them having unassigned functions—and this is reflected in AME 
microbial rhodopsins, which include several sequences with unknown functions. 
Interestingly, AME rhodopsins are taxonomically related to phyla with low relative 
abundance in the metagenomes.

To complement the results found in metagenome analyses, bacterial and archaeal 
genomes isolated from those AMEs were mined for microbial rhodopsin systems. 
As a result, xanthorhodopsin and proteorhodopsin were detected in Salinivibrio and 
Exiguobacterium genomes, respectively, both isolated from Socompa stromatolites. 
These microbial rhodopsin systems have never been reported before in these 
 phylogenetic groups. They were heterologously expressed in Escherichia coli BL21, 
and their functional capacity was determined (Albarracín et al. 2016). The putative 
xanthorhodopsin found in Salinibacter S34, isolated from Socompa stromatolites 
by Gorriti et al. (2014), was named xanthorhodopsin 34 (XR34). To confirm whether 
XR34 encodes a functional photoactive protein, the recombinant protein was suc-
cessfully expressed in E. coli BL21 cells. The biochemical steady state, together 
with the spectral properties of XR34, was determined, showing its functionality. It 
has been suggested that proteorhodopsins play a key role in carbon cycles and 
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energy flux in aquatic microbial systems (Beja et al. 2001; Bohorquez et al. 2012; 
de la Torre et al. 2003). It has been suggested that in marine microbial ecosystems, 
where environmental conditions are variable and periods of starvation occur, organ-
isms that express proteorhodopsin could have an adaptive advantage. In this sce-
nario, the photoproteins would serve to harvest extra energy by phototrophy 
(Albarracín et al. 2016; Bohorquez et al. 2012; Gómez-Consarnau et al. 2010). This 
could also be the case in the AMEs that present proteorhodopsins and develop under 
extreme conditions.

17.6  The Prospection

The prospected ecosystems and their geographic data (e.g., data on their altitude, 
global position, physicochemical parameters of the water, and AMEs present) are 
listed in Table 17.1. Below, a brief description of these systems is presented.

17.6.1  Chile: The Atacama Desert

In Chile, most of the studied sites are within the Atacama Desert, related to its inter-
est as a Mars analog model (Azua-Bustos et al. 2012). Here, a wide range of hyper-
saline environments with different characteristics are associated with salt deposits 
(Risacher et al. 2003). The extreme conditions, along with the input of groundwater, 
promote the development of either carbonaceous or gypsum precipitation systems 
(Farías et  al. 2014). The best-known locations, reported in several publications, 
include Laguna Cejar, Laguna Brava, Laguna Tebenquiche, and Salar de Llamara. 
All of them harbor several types of AMEs, and some of their main features are 
described in the following sections. Among the locations reported to contain AMEs 
in this work (Table 17.1, Fig. 17.1), we highlight the Salar de Aguas Calientes and 
Salar de Carcote. In Aguas Calientes, microbial mats are located in an area irrigated 
by a warm stream (27 °C) coming from the north, close to a bofedal (high-altitude 
peatland). The bottom layers of the mat show yellow lines, which are probably due 
to arsenic sulfide. Yellow minerals have also been observed at the Salar de Coposa 
and Salar de Tara, and previously at the Salar de Ascotán (Demergasso et al. 2007). 
The Salar de Carcote presents a series of wetlands in the western region, surrounded 
by small wet patches and pools, which harbor microbial mats, endoevaporite eco-
systems, and a great diversity of invertebrates at their larval stages. Finally, the most 
recently found ecosystems (found in December 2017), which have just begun to be 
studied, include black carbonatic microbialites in Laguna Chaxas, gypsum domes 
inhabited by endoevaporitic microbial communities in Laguna Barros Negros, and 
abundant development of microbial mats in Aguas de Quelana and Salada Saladita.
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17.6.2  Argentine: The Puna

In Argentina, besides the already mentioned AMEs in Laguna Socompa and Laguna 
Diamante, another well studied site is Laguna Negra (Table 17.1, Fig. 17.1 [location 
27]). AMEs can be found all over the Andean area; however, recent work in 
Catamarca Province has revealed several new locations. The most recently discov-
ered, with studies in progress, include microbialites at Laguna Tres Quebradas and 
evaporitic domes with typical three-color layers (yellow, green, and purple) at 
Laguna Verde and Humedal Rojo (Salar de Antofalla). At this latter site, because of 
the magnitude of the evaporitic ecosystems inhabited by green layers, we are start-
ing to introduce the concept of bosques del salar (salar forests) on the basis that 
large areas of the salars are alive and deserve to be protected like forests, since they 
could function as carbon sinks in completely deserted areas. Other locations in 
Catamarca where diversity has been analyzed include:

• Laguna Verde (salar forest): Evaporitic domes inhabited typically by three color 
pigments (yellow, green, and purple). These ecosystems have only recently been 
reported, so there is no relevant information available yet (Fig. 17.1 [location 
15]).

• Laguna Pozo Bravo: The microbialites of Pozo Bravo are stromatolite-thrombo-
lite-like types. Three different morphological external types have been recog-
nized: domic, discoidal, and tabular shapes, with heights from 0.05 to 0.7 m. 
Tabular shapes are predominant on the eastern margin, constituting a 500 m–
long continuous belt. Meanwhile, on the western margin, the three shapes are 
present with a predominance of domic and discoidal shapes. Also, on this same 
margin, microbial mats are more abundant (Fig. 17.1 [location 16]).

• Puquios Ojos de Campo: This is a complex of eight small pools (around 40 m in 
diameter) close to each other, with very different characteristics. Ojo Naranja is 
the most striking pool because of its red color, and it has the highest conductivity. 
The parameters listed in the table pertain to this pool. Ojo Naranja, Ojo Valentina, 
and Ojo María harbor microbial mats, while Ojo Luz presents a narrow micro-
bialite belt across its west margin (Fig. 17.1 [locations 17–21]).

• Las Quinoas: The microbialites of the Las Quinoas wetland run for 500 m, forming 
a belt between the vega to the west and the salt flat to the east. Oncolite-type micro-
bialites are present in the small channels, which go from the vega into the salar. 
Their diameter varies between 1 and 12 cm on average, and they have rounded/
subrounded and discoidal external morphologies. In addition, microbial mats are 
found, which present lithification in the dry season. DNA extraction from this sys-
tem has proved to be difficult, but the efforts continue (Fig. 17.1 [location 22]).

• Hydrothermal vent located in the Galán Volcano crater: A microbial mat has 
developed around a fissure from which geothermally heated (about 80 °C) water 
issues, running down to Laguna Diamante. In comparison with other AMEs, the 
microbial diversity is unusual, dominated by Chloroflexi, Bacteroidetes, and 
Armatimonadales (Fig. 17.1 [location 24]).
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• Laguna Farallon: Located at the southwest margin of the Galán Volcano crater, 
in a different drainage basin from Laguna Diamante, this freshwater lake harbors 
microbial mats with abundant Betaproteobacteria.

• Laguna Carachipampa: Microbial mat systems appear 2 km along the eastern 
lake margin, although it was in small hydrothermal pools near the lake that the 
main microbial systems were registered. Associated directly with the small 
hydrothermal pools, there are flat oncolites and microbial buildups with a flat 
top. Other types are large carbonate “pavements” with internal lamination 
(Fig. 17.1 [location 25]).

• Laguna El Peinado: Microbialites extend about 2 km along the western margin 
and have been described as being like stromatolites, forming small mounds up 
to 20 cm thick, with a patchy distribution along the emergent shore of Laguna 
El Peinado (Valero-Garcés et al. 2001). So far, El Peinado microbialite system 
is the largest one registered at the Puna in Catamarca Province (Fig. 17.1 [loca-
tion 23]).

• Salar de la Laguna Verde: This salt flat is located in western Catamarca Province 
and includes several lakes where AMEs have developed:

 – Laguna Tres Quebradas: Microbialites are located in the Salado River delta fan, 
which receives groundwater flows from the east margin. These microbialites are 
mainly formed by calcite, and they occupy an area of 14,000 m2. Two main 
external morphologies can be distinguished: round/subrounded and discoidal 
types. On the basis of their internal structure, they have been distinguished as 
oncolitic and stromatolitic microbialites (Fig. 17.1 [location 26]).

 – Laguna Negra: The microbialites and associated carbonate crusts of Laguna 
Negra are intimately associated with the microbial mat system and display a 
diverse set of morphologies at both the macroscopic and microscopic scales. 
The morphologies include millimeter- to centimeter-thick laminated crusts, 
which form patchy to laterally extensive pavements, and centimeter- to 
 decimeter-scale concentrically laminated disks, spheres, and flattened domes, 
which are referred to as oncoids. In addition to these discrete morphologies, 
oncoids also occur as complex composite structures. Oncoids are broadly 
distributed in Laguna Negra as both subaqueous and subaerially exposed sur-
face accumulations, and as discrete bodies within the upper meter of sediment 
(Gomez et al. 2014) (Fig. 17.1 [location 27]).

17.6.3  Bolivia: The Altiplano

On the Bolivian Altiplano, a 2015 campaign to the Sud Lípez region in the 
Departamento de Potosi explored more than 20 saline lakes. Microbial mats were 
found in Laguna Hedionda and Laguna Mama Khumu. In Laguna Hedionda a high 
concentration of sulfates (530 mg L−1) may be one of the causes of the lake’s charac-
teristic hydrogen sulfide odor. The name Laguna Hedionda means “Stinking Lake” 
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in Spanish. Large amounts of exopolysaccharides accumulating on the lake’s shores 
may have prevented DNA extraction. Laguna Mama Khumu is characterized mainly 
by its ulexite reserves and other less concentrated minerals. Another iconic place in 
the Bolivian Andean region is the Salar de Uyuni, which is probably one of the 
largest salt flats in the world, with an area of about 10,000 km2. Microbiological 
studies at this site are very recent (dC Rubin et al. 2017; Haferburg et al. 2017).
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Chapter 18
Linear Megaplasmids Spreading 
in the Andean Resistome

Martin Wagenknecht, María Florencia Pérez, and Julián Rafael Dib

18.1  Introduction—Extreme Environments

Extreme environments, such as the Andean Puna, are characterized by conditions 
that hinder the development of living beings. Among them, the following stand out: 
exposure to high levels of ultraviolet (UV) radiation, low oxygen content, high ther-
mal amplitude, and high concentrations of arsenic—conditions very similar to those 
at the origins of life. However, these pristine environments at an elevation of more 
than 4000 m above sea level comprise wetlands with hypersaline lagoons—places 
that represent prolific sources of microorganisms with exceptional phenotypic and 
genotypic characteristics. Microorganisms that inhabit these environments need to 
develop efficient mechanisms and strategies to thrive under such hostile conditions 
(Albarracín et al. 2015, 2016; Dib et al. 2009; Farías et al. 2013; Rasuk et al. 2014, 
2015; Ordoñez et al. 2009).
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18.2  Actinobacteria

The class Actinobacteria represents one of the largest taxonomic units within the 
domain Bacteria. It stands out because of the large number of identified species and 
also because of their wide variety. Actinobacteria comprise Gram-positive bacteria 
with a high G+C content; it ranges from approximately 50% to more than 70% 
(Ventura et  al. 2007). The latter is particularly found in Streptomyces species. 
Actinobacteria can be divided into two groups: Streptomyces and non-Streptomyces 
(also known as rare actinobacteria) (Azman et al. 2015). The important actinobacte-
rial order Actinomycetales, commonly referred to as actinomycetes, is represented 
by genera, such as Brevibacterium, Micrococcus, Mycobacterium, and Streptomyces.

Actinobacteria excel because they have a wide variety of diverse physiological 
properties and metabolic traits. For example, they produce extracellular enzymes 
and secondary metabolites (Schrempf 2001). In particular, many of the latter attract 
attention as potent antibiotics (Demain 1999). In particular, streptomycetes produce 
many antimicrobial compounds, which account for their substantial pharmaceutical 
and economic importance (Bérdy 2005).

Actinobacteria also stand out in terms of their morphological diversity. Besides 
coccoid cells and fragmenting hyphal forms, cells switching between a coccoid and 
a rod shape exist. Many species produce spores and are characterized by highly dif-
ferentiated branched mycelial growth (Embley and Stackebrandt 1994). Moreover, 
actinobacteria are found in both terrestrial and aquatic habitats (Embley and 
Stackebrandt 1994; Das et al. 2008). A multitude of different lifestyles is realized: 
actinobacteria exist as plant commensals, pathogens, nitrogen-fixing symbionts, 
inhabitants of the gastrointestinal tract, and—first and foremost—soil inhabitants 
(Ventura et al. 2007).

18.3  Actinobacteria from High-Altitude Wetlands and Lakes

In the northwest of Argentina and in some other South American countries, Andean 
high-altitude wetlands are found. These aquatic environments are located at eleva-
tions of more than 4000 m above sea level and are considered pristine. The extreme 
and hostile nature of these regions is demonstrated by attributes, such as high salin-
ity, oligotrophy, and heavy metals—in particular, arsenic. Moreover, these environ-
ments are characterized by high levels of UV radiation, low nutrient concentrations, 
and high daily air temperature fluctuations (Dib et  al. 2008; Flores et  al. 2009; 
Ordoñez et al. 2009). The hostile conditions present in these high-altitude wetlands 
result in exceptional phenotypic and genotypic adaptations realized by the inhabiting 
microorganisms. Unexpectedly, a high degree of diversity of the microbial commu-
nities from these environments has been revealed by several studies (Demergasso 
et al. 2004; Ordoñez et al. 2009; Rascovan et al. 2016). Actinobacterial species isolated 
from such habitats showed resistance to high levels of UV radiation and  arsenic 
(Ordoñez et al. 2009; Dib et al. 2008) as an adaptation to the hostile conditions. 
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Moreover, multiple forms of resistance to antibiotics—in particular, macrolides—
were shown (Dib et al. 2008). However, because of the pristine nature of these habi-
tats, the dissemination and functional relevance of this attribute are still unclear. In 
addition, actinobacteria were identified to be part of the microbial communities of 
living stromatolites found in the wetlands (Belluscio 2009, 2010). Many of them 
harbor extrachromosomal DNA elements ranging between some 10 and more than 
100 kb in size (Dib et al. 2010a, b, 2013a, b, c, 2015).

18.4  Plasmids

Plasmids, as self-replicating extrachromosomal genetic elements, are fundamental 
for genetic exchange between microorganisms (Halary et al. 2010) and contribute 
significantly to the evolution of prokaryotic genomes (Koonin and Wolf 2008). In 
addition to coding for the functions required for their replication and mobilization, 
plasmids also contain accessory genes that contribute to their host’s phenotypic 
diversity (Kav et al. 2012). These genes usually confer an advantage on their hosts 
within a certain ecological niche (Crossman 2005; Frost et al. 2005; Gil et al. 2006; 
Heuer et al. 2008; Novick 2003; Van der Meer and Sentchilo 2003). Therefore, it is 
expected that certain accessory plasmid-borne functions are enriched in a specific 
ecological niche. Because of this important ecological role, characterization of plas-
mids and understanding of the function of the encoded attributes are of great impor-
tance for characterization and understanding of microbial environments.

18.4.1  Linear Plasmids

Originally, plasmids were considered to be covalently closed circular molecules. 
However, about four to five decades ago, linear elements were reported to also exist. 
At first, they were found in the mitochondria of maize (Pring et al. 1977). Since 
then, a large number of linear plasmids have been discovered in a multitude of 
organisms, including both prokaryotes and eukaryotes. Nowadays, novel linear ele-
ments are identified in the course of frequently performed whole-genome- 
sequencing studies (Baker et al. 2007; Sekine et al. 2006).

Linear plasmids of prokaryotes are found in both Gram-positive bacteria 
(Hinnebusch and Tilly 1993; Meinhardt and Klassen 2007) and Gram-negative bac-
teria (Baker et al. 2007). However, the majority of them have been found in Gram- 
positive species, particularly in actinomycetes. The first described bacterial linear 
plasmid is pSLA2, harbored by Streptomyces rochei (Hayakawa et al. 1979). Linear 
plasmids of eukaryotes exist in yeasts, filamentous fungi, and higher plants.

Usually, prokaryotic linear elements are much larger than eukaryotic ones. The 
latter range in size from about 1 kb to less than approximately 20 kb. Linear  bacterial 
elements often reach sizes of several hundred kilobases. Examples of these repli-
cons (which are often called giant plasmids or megaplasmids) are pSCP1 (356 kb, 

18 Linear Megaplasmids Spreading in the Andean Resistome



264

Streptomyces coelicolor (Bentley et al. 2004)) and pRHL2 (443 kb, Rhodococcus 
jostii RHA1 (Shimizu et  al. 2001)). One of the largest representatives of linear 
megaplasmids is the 1.8-Mb-spanning pSCL4 (Streptomyces clavuligerus ATCC 
27064 (Medema et al. 2010)). pSCL1 of S. clavuligerus (Keen et al. 1988) has a size 
of about 12  kb and is considered one of the shortest linear elements in 
prokaryotes.

Addressing the cellular localization of linear plasmids, it becomes evident that in 
higher plants and filamentous fungi, they are associated with the mitochondria 
(Griffiths 1995; Meinhardt et al. 1990; Warren et al. 2016). In bacteria and yeasts, 
localization in the cytoplasm is realized. Only a few exceptions have been 
described—for example, the yeast linear plasmids pPK1 of Pichia kluyveri and 
pPH1 of Pichia heedi, which are located in the mitochondria (Blaisonneau et al. 
1999), and the linear plasmid of the green alga Chlamydomonas moewusii, which is 
chloroplast associated (Turmel et al. 1986).

The linear state of these elements draws attention to their DNA ends—the telo-
meres. Two types of telomeres have been revealed by means of molecular analyses, 
exhibiting substantial structural differences. On that basis, linear elements are 
divided into elements with proteins attached to their DNA 5′ ends (Fig. 18.1A) and 
the so-called hairpin elements (Fig. 18.1B).

18.4.1.1  Linear Hairpin Elements

At each terminus of a hairpin element, the two DNA single strands are covalently 
linked, leading to the characteristic hairpin loops (Kikuchi et al. 1985). In addition, 
terminal inverted repeats (TIRs) are found at the termini of the linear element. The 
most important bacterial instance harboring plasmids of this type is the genus 
Borrelia (Barbour and Garon 1987; Hinnebusch and Barbour 1991; Hinnebusch 
et al. 1990). It includes human pathogens, such as B. hermsii and B. burgdorferi, 
which cause relapsing fever and Lyme borreliosis, respectively (Burgdorfer et al. 
1982; Dworkin et al. 2002; Miller et al. 2013). Some of the pathogenicity determi-
nants are encoded in Borrelia linear plasmids (Saint Girons et al. 1994).

Further examples of linear hairpin elements are seen in the genomes of a few 
bacteriophages that infect Gram-negative bacteria. However, they appear as linear 
hairpin elements only when the prophages undergo replication (Hertwig 2007).

Fig. 18.1 Schematic representation of linear elements with 5′-linked terminal proteins (A) and 
hairpin elements  (B). The terminal proteins (TPs) and the terminal inverted repeats (TIRs) are 
represented by black circles and arrows, respectively
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Other examples are the genomes of a few eukaryotic viruses; for example, 
African swine fever virus, vaccinia virus, and poxvirus possess a linear hairpin 
structure.

18.4.1.2  Linear Elements with 5′-Attached Proteins

These linear elements are characterized by TIRs and terminal proteins (TPs). The 
TPs are covalently linked to the 5′ ends of the DNA molecule. Elements possessing 
this structure are called invertrons (Sakaguchi 1990). These molecules form the 
largest group of linear elements, and they are found in diverse filamentous fungi, 
bacteria, yeasts, and plants. Also, the genomes of some viruses and bacteriophages 
(e.g., Bacillus phage Φ29 (Anderson et al. 1966)) may possess TIRs and TPs (for 
compilations, see Meinhardt et al. (1990) and Meinhardt and Klassen (2007)).

Most of the linear elements found in filamentous fungi show a rather uniform and 
simple genetic organization (Meinhardt et al. 1997). Because for many of them a 
correlation with a clear phenotype is not possible, they are regarded as parasitic or 
selfish elements (Klassen and Meinhardt 2007).

In yeast, plasmids of the invertron type are found in various species, especially 
in the genera Debaryomyces and Pichia (Klassen and Meinhardt 2007). Often they 
occur as systems comprising two or three elements that differ in size.

Linear bacterial plasmids with 5′-attached proteins have been identified in many 
actinomycetes, first of all in the genus Streptomyces (Chater and Kinashi 2007; 
Chen 2007), but also in Rhodococcus (Kalkus et  al. 1990; Stecker et  al. 2003), 
Mycobacterium (Picardeau and Vincent 1997), and Arthrobacter (Overhage et al. 
2005; Wagenknecht and Meinhardt 2011a, b). Apart from a few exceptions, a phe-
notype can be assigned for most of the actinobacterial linear plasmids.

Interestingly, also, the chromosomes of streptomycetes are linear and belong to the 
invertron type, and genome sequencing studies have shown that the chromosomes of 
two Rhodococcus species are linear too (Takarada et al. 2009; McLeod et al. 2006). 
Notably, the same bacterial host may harbor more than one linear plasmid, and linear 
plasmids are sometimes accompanied by circular ones (Dib et al. 2010b).

18.5  Phenotypes Attributed to Actinobacterial Linear 
Plasmids

Circular bacterial plasmids provide beneficial attributes for their hosts, but also their 
linear counterparts code for many metabolic and physiological qualities found in 
actinobacteria. Examples include gene clusters for catabolic traits allowing degra-
dation and metabolism of various organic compounds (Fetzner et al. 2007).

Other linear elements code for the ability to resist numerous antibiotics and 
heavy metals (e.g., arsenic and mercury). Plasmid-associated resistance determi-
nants have been identified for numerous streptomycetes and some rhodococci. 
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Linear plasmids of Streptomyces not only confer resistance to diverse antibiotics 
(such as lankacidin, lankamycin, and methylenomycin) but also provide a genetic 
tool kit for their biosynthesis (Chater and Kinashi 2007; Kinashi 2011).

Moreover, phytopathogenic capacity may be a plasmid-associated quality too, as 
was shown for the large linear plasmid pFiD188 of the plant pathogen Rhodococcus 
fascians D188 (Francis et al. 2007). Conjugal transfer is a common property for 
most actinobacterial linear plasmids (Chen 2007; Meinhardt et  al. 1997). This 
enables such elements to disseminate within the same species, and it also allows 
transfer to closely related organisms. Hence, many actinomycetes possess the 
potential to share and profit from plasmid-borne attributes.

18.6  Characterization of Novel Linear Megaplasmids 
of Actinobacteria from High-Altitude Lakes

Although large plasmids have been described in many actinobacteria, rather little is 
known as to the occurrence and diversity of linear megaplasmids in actinobacteria 
from extreme environments (Dib et al. 2010a, b).

A great diversity of genera within the so-called rare actinobacteria was isolated 
from surface water and flamingo fecal samples taken from high-altitude Andean 
lakes (HAALs). Nine of these strains contained one or more megaplasmids, ranging 
in size from approximately 75 to 245 kb (Fig. 18.2). Rhodococcus sp. Ch13 (194 kb), 
Kocuria sp. N33 (143 kb), and Micrococcus sp. V7 (92 kb), A1 (109 kb), A7 (82 kb), 
and D12 (75 kb) strains contained one plasmid each; Brevibacterium sp. Ap13 (89 
and 210 kb) and Micrococcus sp. H5 (109 and 215 kb) contained two plasmids each; 
and Nocardia sp. A5 even harbored three large plasmids (93, 177, and 244 kb) (Dib 
et al. 2010a, b, 2015, 2018). It is obvious from these pulsed-field gel electrophoresis 
(PFGE) data that large plasmids are rather widespread in actinobacterial strains 
isolated from these HAALs. With use of different PFGE running conditions, no 
changes in the electrophoretic mobility of plasmids pLMA1, pLMV7, pLMA7, 
pLMH5, pJD12, and pAP13 were observed, indicating that the plasmids were lin-
ear. Besides that, these linear replicons were shown to possess TPs covalently bound 
to the 5′ ends, which was verified by testing for exonuclease sensitivity.

Moreover, Southern analysis and restriction endonuclease digestion patterns 
revealed that pLMA1 and pLMH5 were indistinguishable plasmids although they 
were found in different strains isolated from two distant wetlands—Laguna Azul 
and Laguna Huaca Huasi (Dib et al. 2010a). This points to the dissemination of 
these elements by horizontal transfer.

Plasmid nucleotide sequences were determined as a prerequisite for the investi-
gation of the plasmids’ potential function in the survival and adaptation of their host 
to the harsh environments (Table 18.1) (Dib et al. 2013a, b). For example, in the 
annotation of pAP13 (the 89 kb linear plasmid hosted by Brevibacterium sp. Ap13), 
genes involved in the repair of UV-induced DNA damage (umuC and umuD) 

M. Wagenknecht et al.



267

Fig. 18.2 Pulsed-field gel electrophoresis (PFGE) of DNA plugs of actinobacteria isolated from 
high-altitude Andean wetlands. Lane 1: Nocardia sp. A5; lane 2: Micrococcus sp. V7; lane 3: 
Micrococcus sp.  A7; lane  4: Micrococcus sp.  A1; lane  5: Brevibacterium sp.  Ap13; lane  6: 
Micrococcus sp. H5; lane 7: Rhodococcus sp. Ch13; lane 8: Kokuria sp. N33; lane M: MidRange I 
PFG Marker (New England BioLabs, Ipswich, MA, USA). The ramping time was 1–25 s for 24 h 
(6 V/cm at 14 °C). Part of this figure was originally published by Dib et al. (2010a)

Table 18.1 Sequenced linear megaplasmids of actinobacteria isolated from high-altitude Andean 
lakes

Plasmid Strain

Isolation 
source of 
strain

Plasmid 
size (kb)

GenBank 
accession number 
of plasmid References

pLMA1 Micrococcus sp. 
A1

Laguna Azul 109 LK056645.1 Dib et al. (2013b, 
2018); Wagenknecht 
et al. (2010)

pLMH5 Micrococcus sp. 
H5

Laguna 
Huaca Huasi

109 Sequence not 
determined

Dib et al. (2010b)

pLMV7 Micrococcus sp. 
V7

Laguna 
Vilama

92 KF577591 Dib et al. (2010b, 
2013b)

pLMA7 Micrococcus sp. 
A7

Laguna Azul 82 KJ599675.1 Dib et al. (2018)

pJD12 Micrococcus sp. 
D12

Laguna 
Diamante

75 KR152226.1 Dib et al. (2015)

pAP13 Brevibacterium 
sp. Ap13

Laguna 
Aparejos

89 KF577590 Dib et al. (2010b, 
2013b)
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were found, potentially enhancing cell survival in highly irradiated environments 
(Dib et al. 2013a). Moreover, a gene cluster related to amino acids and fatty acid 
metabolism was identified (Dib et al. 2013a).

In addition, the linear plasmid pJD12 from Micrococcus sp. D12, which was 
isolated from the high-altitude volcanic Laguna Diamante in the northwest of 
Argentina, was completely sequenced and annotated (Dib et al. 2015). The element 
encodes plasmid-typical genes, including those required for conjugation and replica-
tion. Interestingly, it also contains genetic information encoding a glutaredoxin and a 
putative cobalt–zinc cadmium efflux system. These attributes are potentially involved 
in coping with oxidative stress and heavy-metal poisoning, and may be favorable for 
the host’s survival and growth in the hostile environment (Dib et al. 2015).

18.7  Plasmidome

Of note, most of the microbial population of these extreme environments is consid-
ered noncultivable under laboratory conditions. This fact obviously limits the study 
of plasmids (linear and circular) because it restricts the available microbiological 
methods. Even in recent metagenomic studies (Rascovan et al. 2016; Kurth et al. 
2017), the impact of plasmids, particularly linear replicons, has been underesti-
mated because it is difficult to discriminate between chromosomal DNA and 
plasmid DNA, especially when the latter occurs at a low copy number and lower 
concentrations (Dib et al. 2015). A metagenomic study focusing on mobile extra-
chromosomal elements and using protocols suitable for the extraction of (linear 
and circular) plasmids would provide an insight into the plasmid population as a 
whole and allow better understanding of their ecological impact in these extreme 
microbial niches.

18.8  Conclusions

The important role of plasmids in the dissemination of genes for antibiotic resis-
tance (Taylor et al. 2004), for metal resistance (Ravel et al. 1998), as determi-
nants of virulence (Stinear et  al. 2005), and for production of secondary 
metabolites and organic compound catabolism has been extensively studied (Top 
and Springael 2003). However, most of the plasmids that have been studied 
reside within a few restricted bacterial clades; nearly 70% of the sequences in the 
Plasmid Genome Database (http://www.genomics.ceh.ac.uk/plasmiddb/) origi-
nate from Proteobacteria and Firmicutes.

Among actinobacteria, megaplasmids have been of particular interest and have 
been described as occurring in various species, such as Streptomyces (Ravel et al. 
1998, 2000), Mycobacterium (Stinear et al. 2005), Gordonia (Bröker et al. 2004), 
Rhodococcus (Yang et al. 2007), and Arthrobacter (Jerke et al. 2008). However, the 

M. Wagenknecht et al.

http://www.genomics.ceh.ac.uk/plasmiddb/


269

knowledge concerning the occurrence and diversity of megaplasmids in actinobac-
teria from extreme environments, including encoded traits potentially required to 
tolerate the extreme conditions in such habitats, is rather limited.

Linear megaplasmids, ranging in size between approximately 75 and 245 kb, 
have been found to be widespread among the actinobacterial strains isolated from 
HAALs. This suggests that horizontal gene transfer (HGT) is an important driving 
force for the adaptation of actinobacteria to these extreme and hostile habitats.

The hostile conditions present in the HAALs may act as selection pressure 
toward gene mutations and HGT, thus driving gene dissemination and forcing 
widespread phenotypic properties in the population, such as antibiotic and metal 
resistance (Dib et al. 2008, 2009; Ordoñez et al. 2009). Thereby, in the particular 
environment of HAALs, HGT may be expected to occur frequently, as it provides 
the indigenous microbial community with a wide and beneficial gene pool that 
increases resilience to resist the extreme environmental conditions (Gogarten and 
Townsend 2005).
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Chapter 19
Arsenic and Its Biological Role: 
From Early Earth to Current Andean 
Microbial Ecosystems

Luis Alberto Saona Acuña, Mariana N. Soria, Patricio G. Villafañe, 
Tatiana Stepanenko, and María Eugenia Farías

19.1  Introduction

Arsenic (As) is present in the Earth’s crust and is widely distributed in the envi-
ronment. It is frequently a component of sulfidic ores in the form of arsenides of 
nickel, cobalt, copper, and iron (Mandal and Suzuki 2002). The main sources of 
As are natural, mostly associated with volcanic areas and hydrothermal vents 
(Kurth et al. 2017); further, it can also originate as a result of human activities: 
mining, waste treatment, and industrial activities, among others (Mandal and 
Suzuki 2002).

Arsenic is a redox-active metalloid and exists in nature in four oxidation states: 
arsine [As(-III)], elemental [As(0)], arsenate [As(V)], and arsenite [As(III)]. These 
states vary according to changes in pH and the redox environment (Oremland et al. 
2009; Oremland and Stolz 2003). The first two forms are relatively rare; naturally, 
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As is found as As(V) or As(III). As(V) is predominant in oxygenated aqueous envi-
ronments, while As(III) is found in reduced or anoxic conditions.

Arsenic is a highly dangerous element, as As(III) is 100 times more toxic than 
As(V) (Andres and Bertin 2016; Rascovan et al. 2016). Its greatest toxicity is due to 
the fact that it can bind to sulfhydryl groups, affecting the correct functioning of 
many enzymes and proteins (Belfiore et al. 2013; Kurth et al. 2017; Ordoñez et al. 
2015, 2018). As(V), on the other hand, is a chemical analog of phosphate, so it can 
interact and eventually replace it in early steps in different ways (Tawfik and Viola 
2011; Wolfe-Simon et al. 2008). On our planet, there are environments with a high 
arsenic content.

Our research group has worked in bioprospecting in Andean microbial ecosystems 
(AMEs) in the Atacama Desert, Bolivian Altiplano, and Argentine Puna (the so-called 
Puna–High Andes region). In all of these places, there are hypersaline lakes at alti-
tudes higher than 3000 m above sea level (asl) (Albarracín et al. 2015; Farías et al. 
2013; Fernandez et al. 2016; Rasuk et al. 2016). These lakes share the common char-
acteristic of high concentrations of arsenic, normally ranging between 12 and 
230 mg L−1 (Farías et al. 2013; Rascovan et al. 2016). This range of As concentrations 
is one of the highest ranges reported for hypersaline lakes (Table 19.1).

Despite the high toxicity of As, microorganisms throughout evolution have 
acquired specific genes that allow them to subsist in environments with high concen-
trations of As. These microorganisms are known as extremophiles and can be found in 
high-altitude Andean lakes (HAALs). They cope with arsenic toxicity in different 
ways: extracellular precipitation, chelation, intracellular sequestration, active extru-
sion from the cell, or biochemical transformation (by redox processes or methylation). 
On the other hand, some microorganisms utilize this metalloid as a metabolic energy 
source (Ordoñez et al. 2018; Rascovan et al. 2016) or they also can involve it in their 
biogeochemical cycles; for example, microbial mats in Laguna La Brava incorporate 
this metalloid into exopolysaccharides (EPSs) (Sancho-Tomás et al. 2018).

Arsenic has attracted worldwide attention because of its environmental impact 
and concerns about its effects on human health. High concentrations of As in 

Table 19.1 The main physicochemical parameters of hypersaline lake water (Kurth et al. 2017)

Ions

Ion concentration (mg L−1)
Laguna 
Diamante

Socompa 
Lake

Tebenquiche 
Lake

Laguna La 
Brava

Mono 
Lake

Searles 
Lake

Arsenic 347a 18.5 4.0 15.0 10.0 290.0
Phosphate 25–700 25.0 1.0 4.8 60.0 1, 9000
Sulfate 10,000 31,800 14,671 8, 294 8, 300 91,000
Nitrate 5.0 60.0 1, 100 1, 416 10.0 NA
Sodium 43,800–

53,300
37,100 47,110 47,630 28,000 223,800

Magnesium 20.0 4, 090 3, 109 4, 344 40.0 NA

NA not available
aArsenic concentration at the most recent measurement of Laguna Diamante water in 2017. 
Previous works reported arsenic concentrations of 120–230 mg L−1 (Rascovan et al. 2016)
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water and soil are the subject of study by many research groups. These studies are 
grouped into three different categories: (1)  the biogeochemical cycle (Visscher 
et  al. 2014), (2)  arsenic contamination and bioremediation (Demergasso et  al. 
2007), and (3) the biological role of arsenic (Demergasso et al. 2007; Rascovan 
et al. 2016).

In this chapter, we explore the origin of arsenic, discussing mainly its source in 
the primitive Earth, and the role it could have had in biology before evolution of the 
first cell, and where arsenic was distributed. A hypothesis about the role of arsenic 
in the first steps of life is presented, as are its abundance in HAALs and its biologi-
cal role in the microbial metabolism of AMEs.

19.2  Arsenic in the Origin of Life

19.2.1  Primitive Earth Characteristics

The Archean eon was the time between the appearance of the first material geologi-
cal evidence (formation of the first rocks) 4 billion years ago and the start of the 
Proterozoic eon 2.5 billion years ago. During the Archean eon, there were unique 
and unrepeatable phenomena in the history of our planet, such as the formation of 
the first crust from an ocean of magma, the formation of the seas and the atmo-
sphere, and the origin of life, among others (Benedetto 2010).

Knowledge of the physicochemical composition of the primitive Earth is 
essential for astrobiologists. On the basis of these parameters we can propose 
new hypotheses about the origin and evolution of life. Today there are many 
chemical elements that play a role in the cellular metabolism of existing organ-
isms; however, there are only six fundamental ones: C, O, N, H, S, and P (Karl 
2000). These elements are an essential part of the entire structure of life: DNA, 
RNA, membranes, proteins, organelles, and endless vital chemical reactions 
(Kornberg et  al. 1999). The big question we still ask ourselves is whether, 
3.4 billion years ago, these elements were equally important for the first cells or 
if they were fed and breathed through alternative routes according to the exist-
ing conditions.

The primitive Earth 3.4 billion years ago did not have the same physicochemi-
cal composition as today. The atmosphere of that time was formed gradually by 
the degasification of the mantle and the gases contributed by the great meteorite 
bombardments. Although its original composition is still a matter of speculation, 
there is a consensus on it. In the atmospheric composition, gases such as H2O, 
CO, CO2, H2, HCN, NH3, and CH4 initially predominated; later, volcanic activity 
would have contributed gases such as N2, CO2, and H2O (Holland 1994; Pla-
García and Menor- Salván 1990). The first organisms to inhabit the Earth were 
prokaryotic microorganisms that carried out anoxygenic photosynthesis, which is 
characterized by not releasing dioxygen as a waste product (Kulp et al. 2008; Shih 
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2015). Later, Cyanobacteria evolved and developed oxygenic photosynthesis with 
which they began to release oxygen into the atmosphere (Holland 1997; Kasting 
2001; Summons et al. 1999). In this way, it was not until 2.5 billion years ago that 
the level of oxygen in the atmosphere began to increase in an event known as the 
great  oxygenation event (GOE) (Shih 2015). This event allowed anaerobic life to 
begin to breathe oxygen and evolve, giving way to the great diversity of aerobic 
organisms that inhabit the Earth today.

Like oxygen, phosphorus was not present in the same proportions nor in the 
chemical form it exists in today. Phosphorus is one of the scarcest essential ele-
ments for life at present and has one of the slowest cycles. It is even estimated that 
phosphorus was not available for the metabolic activity of life on the primitive 
Earth (Goldford et al. 2017). This generates questions about why, when, and how 
life began to use phosphorus in all of the pathways and biomolecules in which it 
is now used. The main sources of phosphorus 3.4 billion years ago were minerals, 
which would require enzymatic activity to be developed for it to be possible to 
metabolize it, and the presence of phosphorylated biomolecules in the early 
oceans was not favored thermodynamically, so it is unlikely that this element was 
an essential component of primitive cells (Pasek 2019). By means of computer 
simulations, the possible reactions that could have been present on the primitive 
Earth have been analyzed, and it was concluded that life could have originated 
without the need for phosphate (the pentavalent oxidation state of phosphorus) 
(Goldford et al. 2017).

In this metabolic context—historically speaking—the role of other elements that 
could have been key for the development of life when oxygen and phosphate (among 
others) were not present has been widely studied.

Of the elements that have been studied, arsenic is the focus of this chapter. It is a 
natural constituent of the Earth’s crust, forming part of the chemical structure of 
more than 200 minerals. It is considered a chalcophile element because of its ten-
dency to concentrate in sulfides (Bundschuh et al. 2008). It is assumed that the main 
sources of arsenic on the Earth were meteorites, which, in their base composition, 
contain 0.1% arsenic (Hamaguchi et al. 1969; Olsen et al. 1999; Oremland et al. 
2009). During the Archean eon, the highest concentrations of As were found in rock 
bodies called “green rock belts” (metamorphized into green amphibolite shale 
facies with intrusive granite bodies) because they contained important and massive 
sulfide deposits, which concentrated the As (Benedetto 2010; Bundschuh et  al. 
2008; Lahaye et al. 2001).

The water of the early Earth—where life originated—came from different 
sources: from magmatic degasification and from inside meteorites that hit during 
the great bombardment and formed parts of comets. The Archean ocean was more 
acidic, and its main sources of minerals were submarine vents, which contributed 
elements such as Na, K, Ni, and Fe. The contribution of As to the hydrosphere 
would have been produced mainly by the dissolution of mineral phases (Smedley 
and Kinniburgh 2002).
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19.2.2  Arsenic in the First Steps of Life

The reducing environment of the primitive Earth, with an absence of both oxygen 
and bioavailable phosphorus, presented favorable conditions for metabolic reac-
tions and for establishment and evolution of protocells. In this context, could As 
have been a key element in the evolution of life more than 3.4 billion years ago? It 
may seem unlikely that an element with the toxic characteristics of As would have 
been important at the origin of life; however, various antecedents would say it was.

Today we know that the ability of microbes to metabolize As may have arisen 
more than 3.4 billion years ago. Some of the modern environments in which arsenic 
metabolism occurs are prominently anoxic like the Precambrian oceans. In an arti-
cle published in 2014  in Nature Geoscience, it was demonstrated, by means of 
Raman spectroscopy and x-ray fluorescence, that arsenic is associated with precipi-
tation of carbonates by biological activity in fossil stromatolites (Sforna et al. 2014). 
The authors postulated that (1) these stromatolites were formed from photosynthetic 
microbial mats that grew in an anoxic lake saturated with salt, (2) the metabolism of 
arsenic was centered on redox reactions in which the oxidation of As(III) occurred 
by anoxigenic photosynthesis and/or by denitrification, and (3)  the consequent 
accumulation of As(V) in hypersaline lakes could have created niches in which 
anaerobic chemoautotrophic or heterotrophic microorganisms could breathe As(V). 
These results are found not only in fossil stromatolites but also in extant extreme 
environments such as Laguna Diamante (see Chap. 8 of this book) (Ordoñez et al. 
2018; Rascovan et al. 2016) and Laguna La Brava. In Laguna La Brava, ecosystems 
of microbial mats have been reported where there would be a widely distributed 
arsenic cycle. Arsenic has been found to be part of the EPS of the microorganisms 
of the microbial mats and has been found in organic globules in which there is no 
presence of other metals. In addition, the abundant presence of arsenic and sulfur in 
the water column, added to the heterogeneous distribution between arsenate and 
arsenite, suggests the presence of an arsenic–sulfur cycle (Sancho-Tomás et  al. 
2018). This background raises the possibility that there was an As cycle in the 
Archean eon, similar to what is observed in extant habitats today (Kulp et al. 2008; 
Oremland and Stolz 2003).

19.2.3  Bioenergetic Role of Arsenic in Andean Microbial 
Ecosystems

The waters where the first cells originated were fed by volcanic activity. They pre-
sented high salinity due to the constant evaporation of the waters where salt basins 
were formed, similar to those present on Mars. In addition, there was high ultravio-
let radiation—due to the absence of an ozone-rich atmosphere—and a very low 
oxygen concentration. While it is impossible to find such intact environmental con-
ditions on Earth today, there is the possibility of finding natural laboratories that 
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have conditions as similar as possible to that primitive Earth. The Argentinean Puna 
is one of these places, since it has hypersaline lakes, evaporitic basins, stromatolites, 
and microbial mats, with high ultraviolet radiation, low oxygen pressure, and high 
concentrations of metals and of As, among other features.

In particular, As is a common chemical component for most of the HAALs pros-
pected to date. In these lakes, the concentration of this metalloid can range from 12 
to 230 mg L−1 (Farías et al. 2013, 2014; Rascovan et al. 2016; Zannier et al. 2019). 
Several microorganisms have evolved resistance mechanisms to survive and detox-
ify the cell. These strategies are carried out by genes related to As resistance, usually 
encoded in the ars operon, with genes to express different proteins such as repressor 
ArsR, an arsenate reductase ArsC, and arsenite efflux pumps ArsB and Acr3 (Páez-
Espino et al. 2009) (Fig. 19.1). The acr3 gene was found and described for the first 
time in the genome of Exiguobacterium sp. S17, isolated from Socompa Lake stro-
matolites (Ordoñez et al. 2013). This isolated species had high tolerance of arsenite 
(10 mM), higher than that of Exiguobacterium sp. N139, which was isolated from 
water in Laguna Negra, where the acr3 gene was not found (Ordoñez et al. 2015). 
Therefore, Ordoñez et al. (2015) postulated that the Acr3 efflux pump was the main 
mechanism of the resistance of Exiguobacterium sp. S17 to As. Similar findings of 
Acr3 abundance was reported in Diamante and Socompa lake biofilm and micro-
bialite metagenomes, respectively (Rascovan et al. 2016; Kurth et al. 2017). On the 
other hand, in water and sediments from Andean salt deposits in Northern Chile, the 

Fig. 19.1 Scheme of the arsenic metabolic cycle. Enzymes responsible for the electrochemical 
transformation of extracellular arsenic: AioAB (arsenite oxidase) and ArrAB (arsenate respiratory 
reduction); arsenite efflux pumps: ArsB and Acr3; ArsC (arsenate reductase) and ArsM (arsenite 
methyltransferase). On the other hand, phosphate transports are also observed through which arse-
nate enters the cell: Pit (inorganic phosphate transporter) and Pst (phosphate specific transport)
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presence of arsC, arrA, aioA, and acr3 genes was reported (Escudero et al. 2013). 
That work showed that arsC experienced high diversification and that bacterial lin-
eages inherited variants of the gene, resulting in different ArsC families providing 
different degrees of protection against arsenic (Escudero et al. 2013). In addition, 
the presence of a likely new kind of arsC was shown in a Fusibacter sp. 3D3 genome 
isolated from the Salar de Ascotán in Northern Chile (Serrano et al. 2017).

Not only have most microorganisms developed arsenic resistance mechanisms 
(e.g., the ars operon), but also some of them are able to use it in their metabolism 
(Páez-Espino et al. 2009). In work published by Rascovan et al. (2016), the presence 
of the genes aioA and aioB was reported in Laguna Diamante archeal biofilms 
located in the crater of the Galán volcano. These genes encode the heterodimeric 
enzyme arsenite oxidase, which participates in detoxification of As (Fig. 19.1) in 
heterotrophic bacteria (Muller et al. 2003), as well as generation of energy in che-
moheterotrophic bacteria (Vanden Hoven and Santini 2004) and chemolithoautotro-
phy at the expense of As(III), which is used as a source of electrons (Oremland et al. 
2002). The presence of the ArrA enzyme was also found; it is responsible for the 
process of the dissimilatory reduction of As(V) (Fig. 19.1), which is used as the final 
acceptor of an electron chain (anaerobic respiration of arsenic). The same was con-
firmed in work with microorganisms isolated from biofilms in Laguna Diamante, 
such as Halorubrum sp. DM2, which was shown to grow better in the presence of 
As (Ordoñez et al. 2018). The evolution of these enzymes, as well as a more com-
plete description of arsenic metabolism in Laguna Diamante, are discussed in 
Chap. 9 of this book.

Microbial metabolism mediated by As was also described by Kurth et al. (2017). 
Stromatolite microbial communities in Socompa Lake were analyzed by metage-
nomic DNA sequencing and compared with the microbial communities present in 
Shark Bay stromatolites (Kurth et al. 2017). The Socompa stromatolites are inhab-
ited mainly by Proteobacteria, Bacteroidetes, and Firmicutes, and they showed a 
complete set of arsenic metabolism genes, including arsM, coding for a methyl-
transferase that is responsible for As(III) methylation (Fig. 19.1). In addition, aioA, 
arrA, and arxA genes were found in that metagenomic analysis. This novel arxA 
gene, coding for ArxA oxidases, is related to ArrA proteins, but rather than reducing 
arsenate, ArxA proteins act as an arsenite oxidase (Kurth et al. 2017). In this sense, 
the microbial community present in stromatolites in Socompa Lake have a complete 
arsenic cycle, even using it as an energy source. Besides, through analysis of bin-
ning of the assembled contigs, it was demonstrated that arsenic resistance metabo-
lism is a key factor for growth of hypothetical individual strains, since all of them 
carry resistance genes in their genomes.

Another microbial influence over the As biogeochemical cycle was observed in 
microbial populations from evaporitic basins at the Salar de Ascotán and Salar de 
Atacama. With the goal of knowing which ecotypes are involved in the arsenic 
cycle, the authors used different kinds of samples to prepare culture enrichments. 
They observed that all enrichments presented the As electrochemical transformation 
process, as well as high arsenic tolerance levels (Lara et  al. 2012). Additionally, 
bacterial arsenic sulfide precipitation in the biogeochemical cycle was demonstrated 
(Demergasso et  al. 2007). The authors concluded that the microbial populations 
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have a fully developed arsenic cycle, since (1) they could obtain energy from As 
sources, (2) they could accumulate arsenic, (3) they had the necessary mechanisms 
to produce electrons as potential sources for arsenic reduction, and (4) they could 
tolerate high arsenic levels.

It is not only Laguna Diamante (the lake with the highest arsenic concentration 
(230 mg L−1)) that has genes related to arsenic metabolism; they are distributed in 
most of the HAALs. Knowing the biological role of arsenic in the AMEs of each 
lake is a fundamental part of our research. Waiting for future findings, we can con-
firm again that the HAALs represent a unique environment on the Earth, where we 
can go back to the origin of life and provide knowledge to elucidate one of the great 
unknowns that still remain in science.
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