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Abstract

The Atacama Desert of northern Chile is the oldest and most arid non-
polar environment on Earth. It is a coastal desert covering approximately
180,000 km?, and together with the greater Atacama region it comprises a
dramatically wide range of ecological niches. Long known and exploited for
its mineral resources, the Atacama Desert harbors a rich microbial diver-
sity that has only recently been discovered; the great majority of it has not
yet been recovered in culture or even taxonomically identified. This review
traces the progress of microbiology research in the Atacama and dispels the
popular view that this region is virtually devoid of life. We examine reasons
for such research activity and demonstrate that microbial life is the latest
recognized and least explored resource in this inspiring biome.
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INTRODUCTION

Background

The Atacama Desert is located in the Norte Grande natural region of Chile bordering Peru
in the north and extending to the Copiapé River in the south. It is considered the oldest and
continuously driest nonpolar desert on Earth, being arid since the Jurassic period, 150 million
years ago, and evolving to hyperaridity during the Miocene period, 135 million years later (69).
This temperate desert extends for 1,000 km, from north to south, approximately between latitudes
19°S and 30°S and from the Coastal Cordillera in the west to the Andean Cordillera in the east.
Its elevation ranges between sea level and about 3,500 meters above. Its hyperarid region is in the
valley bounded by the coastal mountains and the medial Cordillera de Domeyko (Figure 1). The
hyperaridity is due to a combination of a subtropical center of high pressure and the cold coastal
Humbolt current that creates a constant temperature inversion, offshore winds, and the Andean
rain shadow effect that restrict moisture advection from east of the Cordillera (26, 75). Hyperarid
conditions exist when the ratio of mean annual rainfall to mean annual evaporation is less than
0.05; when it is less than 0.002, extreme hyperarid conditions exist (73).

Almost without exception, moisture in these arid environments is limited to fog (4) and water
adsorbed on soil (17) and other surfaces, including spider webs (5). The organic carbon content
of the soil is extremely low, approximately 2-50 pg of carbon in 1 g of soil (59, 126). The geo-
chemistry of the Atacama Desert and adjacent Altiplano environments is diverse and similarly
imposes extreme conditions for life. Halite, nitrate, sulfate, and perchlorate salts are prevalent in
much of the land, whereas brines may be enriched with lithium, boron, and potassium in salt flats
(74). Concentrations of arsenic, of both geochemical and anthropogenic origins, in brines and
sediments of the Atacama Desert are among the highest reported worldwide (49).

Apart from the hyperarid and extreme hyperarid environments at the core of the desert sensu
stricto, the region comprises salt flats; the Altiplano, which, at an elevation greater than 3,500 m,
is significantly more humid and supports vegetation that includes bofedales, unique peatlands com-
prising “extremely fragile water features sensitive to climate changes and human disturbances”

Bull et al.
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Figure 1

(@) Map and (b) topographical cross section of the Atacama Desert. The hyperarid core of the desert is
located between approximately 22°S and 26°S. Panel # redrawn with permission of the American Society for
Microbiology; panel 4 adapted from Gémez-Silva (59).

(122); geyser fields; high plateaus; cave systems in the coastal mountains; and occasional river and
salt flat feeder streams. Human occupation of the Atacama Desert, though sparse, is evidenced
by pre-Columbian pucards (fortified communities) and by more recent but abandoned saltpeter-
mining settlements.

Resource Exploitation

The Atacama Desert is resource rich with respect to minerals. The first notable development
occurred in the nineteenth century with the mining of the world’s largest deposit of sodium
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nitrate. Such deposits are unusual and reflect an absence of removal mechanisms owing to the lack
of water, and hence microbial denitrification. Introduction of the Haber-Bosch process in 1909
severely curtailed the saltpeter industry. Only one operating works remains, in Maria Elena, and
the once impressive Humberstone-Santa Laura works has been declared a World Heritage Site.
The Atacama Desert is the center of copper mining in Chile and also has commercial gold and
silver mines. Owing to recent demands for lithium, mining also extends to the salt-rich brines,
which are the world’s second-largest reserve.

Seawater desalination is required to extract these minerals and consumes high levels of energy.
The high irradiance levels in the Atacama Desert make solar energy the ideal solution; thus, a
110-MW concentrated solar power plant using molten salt technology is being developed at Marfa
Elena and is expected to begin operations in 2017.

Purpose of This Review

Alittle over a decade ago the hyperarid core of the Atacama Desert was considered to represent “the
dry limit of microbial life” (91). However, subsequent investigations made in the same hyperarid
core demonstrated that several kinds of cultivable microorganisms can be recovered from this
harsh environment. Thus, the whole of the Atacama region, including its areas of environmental
extremes, provides another and perhaps unexpected resource—microbiological diversity.

The microbiology of extreme environments has progressed substantially over the last two
decades (72), but as Gould commented, “Bacteria dwell in virtually every spot that can sustain
any form of life... we have underestimated their global number because we, as members of a
kingdom far more restricted in potential habitation, never appreciated the full range of places
that might be searched” (63). Whereas attention has long focused on deep-sea, hyperthermal, and
permanently cold environments, research on hyperarid deserts is more recent and understanding
of their microbiology fragmentary.

The earliest records of bacteria in the Atacama Desert soils came from the Jet Propulsion
Laboratory in Pasadena, California, in the 1960s (18). At about the same time, Opfell & Zebal
(97) performed important microbiological analyses of salt flats and sand dunes near Antofagasta.
However, not until two decades later did a (first slow) flow of publications begin. In this review
we trace the growth of microbiological investigations in the world’s oldest, driest desert and
analyze the drivers of and changing trends in research; we conclude by identifying aspects of
desert microbiology that merit greater attention and argue why the Atacama Desert has prime
relevance in this context.

ATACAMA MICROBIOLOGY
The Catalyst for Microbiology Studies

A small cluster of studies published in the 1960s was catalyzed by the development of life detection
systems in preparation for NASA’s (i.e., the US National Aeronautics and Space Administration’s)
Viking Mission in 1975. The prevailing conditions in the Atacama Desert were thought to “repre-
sent in several respects the closest approach to the Martian environment that is available on earth”
(97). These early studies are exemplary in their planning and execution and emphasize the impor-
tance of intelligent site selection, aseptic sampling, comprehensive site and sample descriptions,
isolation procedures, selective media, and—not least—long incubation times needed to isolate
particular groups of microorganisms. These all remain essential features of contemporary desert
microbiology. However, after six years of data collection by Viking Lander no conclusive signs of

Bull et al.



Annu. Rev. Micrabiol. 2016.70:215-234. Downloaded from www.annualreviews.org
Access provided by Universidad de Chile on 10/23/17. For personal use only.

life had been detected; consequently, interest in the microbiology of Mars-like environments on
Earth waned. However, one finding from the Viking mission suggested that organic material from
a labeled-release experiment was consumed, a result explained in terms of inorganic oxidants in
Martian soil and one that reignited interest in the Atacama. Research targeted the extreme hyper-
arid core of the desert at the University of Antofagasta/NASA Yungay Station, and because of the
extreme dryness, very low organic matter content, and apparent lack of bacteria, it was posited that
these soils were beyond the threshold for life. This hypothesis was presented in two papers (83, 91)
reporting that extremely low concentrations of cultivable bacteria—but no DNA—had been re-
covered from soil. A Viking-type labeled-release experiment (91) revealed active decomposition
of organic species in the Yungay soils by nonbiological processes, thus confirming the presence
of oxidants in Atacama Desert soils.

Atacama Desert microbiology was regenerated by two pioneering Chilean scientists, Victoriano
Campos in Valparaiso and Benito Gémez-Silva in Antofagasta, who initiated studies on halotol-
erant and halophilic bacteria in the Salar de Atacama (106) and microalgae of athalassohaline
lakes (60), respectively. These studies provided an early indication of potential biotechnology ap-
plications (e.g., B-carotene from Dunaliella species; 2) and of the prevalence of cyanobacteria in
Atacama Desert habitats (19, 58). The few additional topics to excite interest during the final years
of the twentieth century included limnology-paleohydrology—climate change studies of Altiplano
lakes (66, 67, 87); lichen diversity (55); and aspects of the paleopathology (53, 68, 82) of early
Atacama human communities.

The Blossoming of Microbiology Research

The annual output of research publications on Atacama microbiology increased tenfold during
the last decade, reflecting the substantial widening of interests in both fundamental and applied
topics (Table 1). Major areas were microbial diversity, ecology, biogeochemistry, and the Mars
analog projects.

The strong interest in the microbial diversity of the Atacama, especially its hyperarid core
(29, 45, 78, 92), is unsurprising given that the descriptive biology of this biome is still sparse.
Increased research on two bacterial phyla is noteworthy: Cyanobacteria, well-known pioneer or-
ganisms still being studied in the context of environmental stress resistance and in capacity as
primary colonizers, and Actinobacteria. The detection and frequent dominant position of the mem-
bers of the latter phylum were also mentioned in early publications, but only in the mid-2000s
did directed research on actinobacteria begin, first on their numbers, diversity, and distribution
in hyperarid and extreme hyperarid soils (94), and subsequently on the capacity of novel isolates
to produce new bioactive compounds (12). New areas of eukaryotic microbial diversity were also
being explored—notably, the myxomycetes (136) and nonlichenized fungi (28).

Our designation of biogeochemistry encompasses several topics: biomineralization related to
carbonates (113) and gypsum evaporites (50), bioleaching, and arsenic mobilization. Similarly,
the literature relating to ecology is broad and encompasses relationships of microorganisms to
each other and to their biologic and abiotic environments. Opfell & Zebal (97) noted that the
factors defining ecological niches and relationships in Atacama soils were largely unknown, and
to a large extent functional ecology (the mechanistic understanding of ecological patterns and
processes) remained in its infancy. Reports pertaining to ecology are dominated by descriptions
of microbial consortia associated with various desert substrata and habitats, but more recently
attempts have been made to reveal the underlying determinants of spatial and temporal changes
in microbial communities. For example, spatial landscape studies of phototroph patchiness on
translucent rocks concluded that patchiness was the result of nonrandom factors, including rock
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Table 1 Topics of Atacama microbiology publications, 1966-2015

Topic 1966-2015 2006-2015
Microbial diversity 115 83
Cyanobacteria 30 28
Actinobacteria 20 20
Microalgae 15 9
Fungi/lichens 14 9
Archaea 12 10
Myxomycetes 6 6
Other 18 1
Molecular biology 43 40
Phylogenetic analysis 21 18
Culture-independent surveys/pyrosequencing 10 7
Whole-genome sequencing 2 2
Other 10 13
Biogeochemistry 39 38
Method developments and applications® 25 21
Biomass measurement/viability testing 11 8
Applications of Raman and mass spectroscopy 9
Application of molecular chip and array technology 4 4
Robotic mapping
Endolithic/hypolithic colonization 24 21
Mars-like soils/Mars analogue studies 23 20
Ecology, environment related 19 16
Systematics 19 15
Biotechnology® 15 12
Bioleaching 15 13
Bioactive natural products 7 7
Stress tolerance/desiccation response/UV effects 8 6
Climate/climate change 7 5
Hygroscopy/limits of life conditions 6 3
Human paleopathology 6 4

*The sums of the subcategories exceed those in this row because the topic is common to individual publications.

size and orientation, water availability, and organism dispersal (132, 133). In a very different
Atacama ecosystem, the hypersaline Lake Tebenquiche, groundwater affects salinity and controls
the spatial heterogeneity of populations, whereas seasonal changes have little effect (37). In yet
another Atacama ecosystem, gypsum evaporite domes, distinct winter and summer microbial
communities develop in the submerged part of the dome (107).

An exciting development that opens up functional ecology per se in the Atacama Desert relates
to the mineralogical generation of water. Mineral deliquescence had been proposed as a source
of water for endolithic communities (33, 135), but definitive evidence for this appeared in a
groundbreaking study by Parro et al. (102; see below). Subsequently Davila et al. (34) showed
that cyanobacterial photosynthesis can be sustained within halite crystals by deliquescence events,
while even halite samples from the Yungay region, the driest part of the desert, contain carbon
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from modern atmospheric CO, (138), confirming that active microbial life is possible in this
extreme environment.

The majority of the publications about endolithic/hypolithic colonization in Table 1 could be
categorized under ecology, but they stand out because of the distinctive geomorphology of the
Atacama Desert and the variety of adaptive strategies that have evolved there. The contributions
made by microorganisms to geomorphological processes have been relatively neglected (127);
consequently, this aspect of Atacama microbiology deserves emphasis. An increasing number of
reports are analyses of the endolithic and hypolithic colonization of halite (rock salt), gypsum
(calcium sulfate dehydrate), carbonates, quartz, pyroclastic volcanic rock such as ignimbrite, and
rock varnish. Hypersaline halite and perchlorate deposits, some of which have remained unaltered
for millions of years (e.g., Permian halite), have been found to preserve biomolecules (52, 65).
These findings could make saline materials a prime target in the search for evidence of life on
Mars.

Atacama Desert microbiology has benefitted from new technologies. These have included
methods to estimate soil microbial biomass (e.g., sublimation of adenine; 56), developments in
spectroscopy to detect and identify endolithic phototrophs and epilithic lichens (114, 128-131),
robotic biosignature mapping (134), and high-throughput molecular detection technologies.

CHANGING TRENDS—FROM FUNDAMENTAL SCIENCE
TO MICROBIAL TECHNOLOGY

Molecular Biology

The impact of molecular biology has spanned several areas of Atacama microbiology, including
biotechnology, community analysis, functional ecology, genomics, and systematics. Taxonomic
studies have focused on cyanobacteria—where polyphasic methods have led to the characteriza-
tion of new, including cryptic, species (88, 89, 100)—and actinobacteria (12). Actinobacteria are a
dominant taxon in many Atacama Desert habitats, and new species have been reported regularly
in recent years based on polyphasic approaches (15, 16, 94, 95, 115-117). Putatively novel species
of rare and poorly studied taxa, notably Actinomadura, Blastococcus, Geodermatophilus, Modestobacter,
Pseudonocardia, and Saccharothrix, have been detected in extensive 16S rRINA gene-sequencing
studies (14). Other notable taxonomic-physiological reports refer to novel psychrotolerant, aci-
dophilic Acidithiobacillus ferrivorans (8), and Pseudomonas arsenicoxydans sp. nov. (22).

Metagenomic analyses of Atacama microbial communities have been taxon- and habitat-
oriented. The former have emphasized cyanobacteria (41, 103), but research has extended to
archaea (36, 43, 64) that, in the case of certain high-altitude athalassohaline lakes, may be the dom-
inant prokaryotic population (42) and also to fungi. In pioneering high-altitude studies, Schmidt
et al. (118) described very low—diversity fungal communities dominated by basidiomycete yeasts
in soils collected between 6,000 m and 7,000 m from the Socompa and Llullaillaco volcanoes.

Habitat-oriented studies have focused on an almost full range of Atacama environments, in-
cluding bioleaching heaps (39). Profiling using denaturing gradient gel electrophoresis revealed
the presence of archaea, cyanobacteria, and heterotrophic bacteria in halite evaporate communi-
ties (35), whereas 454 pyrosequencing studies have shown that hyperarid soils from in and around
the Yungay region are dominated by actinobacteria (32).

The work comparing high-altitude fumarolic and nonfumarolic communities on Socompa
(31) is remarkable both for its cryospheric nature and sample collection. Standard 16S rRNA
gene amplifications and phylogenetic analyses showed that nonfumarolic soil communities were
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dominated by actinobacteria and fungi, in contrast to fumarolic sites, where photoautotrophic
phylotypes, including green algal lineages, were dominant. These latter sites contained increased
moisture and nutrient contents compared to the nonfumarolic soils that had the characteristics of
the most extreme Atacama Desert soils.

Functional microbial ecology studies of the Atacama Desert have been initiated in the last few
years. Aspects of nitrogen cycling at Altiplano and arid desert sites suggest metabolic activity;
enrichment culture and culture-independent approaches indicate the genetic potential for this.
Dorador and colleagues (40), in exploring nitrification activity in athalassohaline lake habitats,
identified ammonia-oxidizing bacteria from 16S rDNA and am0A gene sequence analyses. Sim-
ilar observations were made in soils affected by ephemeral desert bloom events in the southern
limit of the desert (98). Nitrogen loss has been investigated via denitrification of nitrogen-limited
desert soil (99). Use of functional gene markers for bacterial denitrifier communities (7K, nirS)
allowed detection of only nirK-type denitrifier genotypes, and it was concluded that these geno-
types are predominantly dormant and stable over long periods but may become active when
conditions become favorable for denitrification. Schmidt’s group recently obtained convincing
metagenomic evidence for the assimilation of atmospheric gases in high-altitude mineral soils
(81). Approximately 98% of the metagenome of the debris field on the volcano Llullaillaco (80)
was from actinobacterial lineages; the most abundant genome belonged to the genus Pseudonocar-
dia, which includes well-known carboxydobacteria. Analysis of the metabolic pathways encoded
by this genome revealed capacities to assimilate CO,, trace gases (CO, H,), and other C1 com-
pounds, suggesting that the “community structure and various functional genes have undergone
strong selection in the nutrient poor desert mineral soils and high-elevation atmospheric con-
ditions” (80). Other targets for functional ecological investigations have included tolerance of
high-altitude acidic saline lake systems (48), desiccation (77), and UV (104). The heterotrophic
phylotypes common to all hypoliths examined were associated largely with desiccation-tolerant
actinobacteria and deinococci. Another innovative application of molecular biology has been used
to determine photobiont selectivity in populations of the lichen Caloplaca spp. in an isolated,
fog-sustained oasis in the Atacama Desert (23).

An astrobiological field laboratory at a mountain apron site was designed to study the geomi-
crobiology of the Atacama subsurface (102). A range of molecular biology-based instruments,
including a life detector chip comprising antibodies to detect prokaryotes and a broad selection
of biomarkers, were used to gather a comprehensive data set that in several cases enabled im-
mediate analysis of samples in the field. These data when combined with those from extensive
geochemical analyses enabled the definition of a 2-m subsurface microbial ecosystem sustained by
mineral deliquescence and fueled by nonphototrophic primary production. This ecosystem com-
prised abundant hygroscopic salts, including halite and perchlorate, within which deliquescence
occurred even at low relative humidity. The resultant thin liquid water films would be sufficient to
permit microorganisms to proliferate by using detected organic acids such as acetate and formate
as electron donors and sulfate, nitrate, and/or perchlorate as electron acceptors. Thus the critical
zone, defined as the “near surface environment in which complex interactions involving rock,
soil, water, air, and living organisms regulate the natural habitat and determine the availability of
life-sustaining resources” in deserts, may extend deep below the surface rather than “just at, on or
in the top few centimeters of rock or soil surfaces,” as proposed by Pointing & Belnap (105).

Biotechnology Developments

The exploration of microbial life in extreme environments and surge of interest in biotechnol-
ogy occurred more or less simultaneously, and it was “not surprising that extremophiles and
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extremotrophs became prime targets in search and discovery programs” (72). Interests in the
Atacama Desert have centered mainly on aspects of biohydrometallurgy, bioremediation, and
bioactive natural products, although other activities based on harvesting renewable resources of
the desert have been explored. Low-cost cultivation of algae has demonstrated the possibilities
for producing p-carotene (2) or hydrocarbon-rich biomass (9) and takes advantage of year-round
high solar radiation. Attention is turning to enzymes that have commercially attractive properties,
such as the capacity to catalyze reactions at low water activities or in the presence of toxic metals.
These enzymes and the organisms that produce them might have applications in bioremediation
technology (86).

Bioremediation may also be able to utilize the arsenic that is found extensively in parts of the
Atacama Desert. Campos and colleagues (20, 47) initiated arsenic mobilization studies, isolating
bacteria tolerant of very high concentrations of the especially toxic arsenite [As (III)] species and
capable of oxidizing it to arsenate [As (V); (21)]. Subsequently, arsenic-stress-related genes have
been mapped that code for oxidation, reduction, and extrusion in bacterial communities isolated
from salt deposits, geyser fields, and feeder rivers to the Salar de Atacama (49), and the draft
genome sequence of a Nitricola strain isolated from the Salar de Ascotdn (125) includes arsenic
resistance and arsenic metabolism genes. Reverse osmosis and nanofiltration technologies for
removing arsenic from drinking water, though effective, are costly, and chemical oxidation of As
(III) to As (V) is slow and contaminate the environment. Consequently, efforts to develop cleaner
biotreatment options merit consideration.

Copper bioleaching. The declining copper content of Chilean ores has heightened interest
in bioleaching technologies. An early indication of the impact of bacteria in this context came
from a study of supergene enrichment of copper-rich sulfide deposits at several Chilean copper
mines (121), a process previously believed to be abiotic. Subsequently a series of papers have
described aspects of heap leaching at the Escondida mine. A test heap of marginal copper ore
was first built in 2006 has been extended during intervening years to become a commercial
bioleaching operation. Quantitative analysis of microbial community dynamics revealed that
variables such as pH and the Fe**: Fe’* ratio were the principal regulating factors (111) and
enabled the bioleaching cycle to be defined as a succession of five stages (38). As the height of the
heap increased, temperatures up to 50°C were generated and the microbial community changed
from mesophilic to one comprising moderate thermophiles and thermotolerant organisms (1);
because of the high diversity of the initial populations, reinoculation of the maturing heap was not
necessary.

Copper bioleaching technology also is being investigated by the Santiago-based BioSigma
group, who argue that continuous inoculation with specifically adapted microorganisms substan-
tially reduces the time for the indigenous ore microbiota to become established and thus increases
bioleaching rates. A large-scale airlift bioreactor has been developed for producing either iron- or
sulfur-oxidizing bacteria, and inoculations of bioleaching heaps and dumps have been successful
(101). Genomic studies of native chemolithotrophic bacteria have provided insight into bacterial
adhesion and the identity of a single lipoprotein (licanantase) that enhanced the bioleaching rate
of chalcopyrite (51). The genome of Acidithiobacillus thiooxidans (124), the first obtained from an
industrial bioleaching process, contains strain-specific genes related to heavy metal tolerances and
mineral attachment, several of which were located close to genetic mobility elements, suggesting
the existence of genomic islands resulting from horizontal gene transfer in bioleaching environ-
ments. Analysis of copper homeostasis in a strain of Acidithiobacillus ferrooxidans showed that 9% of
genes were upregulated by copper (including copper efflux and sulfur metabolism genes), whereas
iron transport genes were repressed.
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Metabolic models have been constructed for several of the key bioleaching bacteria. These
include bioleaching flux analysis of A. ferrooxidans (71); ferrous iron oxidation and nitrogen and
CO; assimilation by Leprospirillum ferrooxidans (84); metabolic reconstruction of mixed populations
of dominant leaching bacteria in Chilean operations (85); and modeling of the bacterial biomass
at the mineral surface (96).

Bioactive compounds. Deserts have often been overlooked in the search for bioactive, natu-
ral products, and the focus on the Atacama Desert is very recent in this regard. The success of
bioprospecting is dependent upon a number of critical elements, particularly chemical, environ-
mental, and taxonomic space from which we have argued that there is a high probability of isolating
novel organisms that present novel chemistry from extreme environments (11, 62).

A variety of methods are available for detecting novel natural products, a common approach
being bioassay-guided isolation of active compounds followed by structure determination. This
strategy led to the discovery of new types of aminobenzoquinones (abenquines) that contain
rare combinations of benzoquinones and a range of amino acids (119). These compounds were
produced by a streptomycete isolated from soil sampled at the Salar de Tara (4,500 meters above sea
level); they present weak antibacterial and antifungal activities but also inhibitory activity against
type 4 phosphodiesterase (PDE4b) that might be explored in the context of inflammatory diseases.
The group led by Bull and Goodfellow and their scientific partners in Chile is generating extensive
information on bioactive metabolites produced by Atacama Desert actinobacteria (12). The first
report from this group (90) described a new family of 22-membered macrolactone (atacamycin)
antibiotics from a Strepromyces leeuwenhoekii strain isolated from lake sediment. Atacamycins A,
B, and C exhibited moderate inhibitory activities against type 4 phosphodiesterase (PDE-4b2),
and atacamycin A showed moderate antiproliferative activity against adenocarcinoma and breast
carcinoma cells. The OSMAC (one strain—many compounds) approach, which seeks to maximize
the productivity of a given microorganism through expression of silent or cryptic biosynthetic
genes, was successfully applied to a strain of S. leewwenhboekii to isolate three new metabolites
(chaxalactins) of the rare class of 22-membered macrolactone polyketides (110) by varying the
composition of the fermentation medium. These compounds showed strong activities against
gram-positive bacteria. A new lasso peptide (chaxapeptin) is produced by another member of the
S. leeuwenhoekii 16S rRNA gene clade, strain C58 (46). These rare peptides have a topology that
resembles a threaded lasso and exhibit a range of potentially therapeutic characteristics, including
antimicrobial activity, receptor antagonism, and enzyme inhibition. Chaxapeptin has inhibitory
activity in cell invasion assays with human lung cancer cells.

Coculture screening has been applied successfully using an Atacama Desert actinobacterium.
The induction of biosynthetic pathways in Aspergillus fumigatus in response to a strain of Strepto-
myces bullii (117) led to the isolation of ergosterol, seven metabolites belonging to the diketopiper-
azine class of alkaloids, and two metabolites from the rare class of pseurotins (108). None of these
compounds were observed in pure independent cultures of the fungus or bacterium.

In contrast to bioassay-guided and chemical profiling approaches, genome mining (“translating
secondary metabolite-encoding gene sequence data into purified molecules”; 7) has the potential
to eliminate chance from bioprospecting, and now that whole-genome sequencing is fast and
inexpensive it seems sure to become the screening method of choice. In this context S. leeuwenboekii
DSM 421227 (15) has the hallmarks of a key model organism for the study of actinobacterial natural
products. Prior to its taxonomic characterization and genome sequencing, an in silico genome-
mining strategy was used to discover four new ansamycin-type polyketides produced by this strain.
Amino-hydroxybenzoic acid (AHBA) synthetase provides an excellent target in genetic screening
for novel compounds including ansamycin antibiotics related to rifamycin. Thus genome mining
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was used successfully to target the gene encoding rifamycin-specific AHBA synthase and led to the
discovery of chaxamycins (109). Chaxamycin D was active against clinical isolates of methicillin-
resistant Staphylococcus aureus, whereas chaxamycins A, B, and C had inhibitory activity against the
intrinsic ATPase of the human Hsp90 heat shock protein, indicating putative antitumor activities.
The draft genome sequence of S. leeuwenhoekii DSM 421227 (15) revealed strong potential for
the synthesis of natural products. Subsequently, next-generation DNA sequencing technologies
yielded a greatly refined, nonfragmented genome sequence for this strain (57) that contains 38 gene
clusters for specialized metabolites.

Development of genetic tools to manipulate S. Jeeuwenhboekii DSM 421221 has continued; thus,
the 80.2-kb chaxamycin biosynthetic gene cluster was identified and partially characterized by mu-
tational analysis in the natural producer organism and by heterologous expression in Streptonzyces
coelicolor A3(2) strain M1152. Restoration of chaxamycin production in a nonproducing AcxmK
mutant (cxzK encodes AHBA synthase) was achieved by supplementing the growth medium with
AHBA, showing that mutasynthesis may be a viable approach for the generation of novel chax-
amycin derivatives (24).

Actinobacterial diversity. Bioprospecting ambitions to date have centered on a single actinobac-
terial genus and, moreover, the single clade of Streptomzyces leeuwenhoekii. The reality of actinobac-
terial diversity in the Atacama Desert is quite different. A recent study by our group (H. Idris, A. T.
Bull, M. Goodfellow, unpublished manuscript) illustrates this dramatically. Environmental DNA
recovered from over 23 sites in the Atacama was surveyed for actinobacteria by pyrosequencing
and filtering of sequence artifacts; rarefaction analyses indicated good coverage at nearly all sites.
The results revealed a remarkable and unexpected taxonomic diversity at order, family, and genus
ranks. A total of 391 genera were detected, about 66% of which were unidentified, putatively
novel taxa, facts that emphasize the scale of this untapped actinobacterial “dark matter.” It is no-
table that members of less than 10% of these genera have yet been cultivated. Nevertheless this
metagenomics approach opens the way for identity, isolation, and expression of biosynthetic gene
clusters in heterologous hosts: “Metagenomics has the potential to provide a complete toolkit for
bringing biosynthetic diversity from the environment into drug discovery pipelines” (25). More-
over, the biodiscovery armamentarium can be complemented by in silico data mining programs
such as ChEMBL (10) to predict bioactivities and assess in vivo properties. We are left with the
exciting conclusion that there appear to be no conceptual barriers to exploiting the richness of the
Atacama Desert microbiome for biotechnology discoveries.

UNIQUENESS OF THE ATACAMA DESERT AND FUTURE PRIORITIES

Other great nonpolar deserts have attracted the interest of microbiologists, but the majority of
studies refer to semi- rather than hyperarid deserts, and plant-associated communities are fre-
quently the focus. The uniqueness of the Atacama Desert lies in its amazing diversity of ecological
niches, its geology and geochemistry, its elevation and topography, and the intensity of radiation.
Meteorological data collected at Yungay Station revealed Atacama Desert aridity to be greater
than that of the Gobi, Negev, and Mojave Deserts—as much as 50 times drier that the latter
(61). Although the Yungay region of the desert has been considered the paradigm of the driest
sites on Earth, a recent survey reported that other locations in this desert are even drier and still
yield viable populations of bacteria, most notably actinobacteria (3). Subsurface geochemistry at
various locations provides a unique ecological niche where deliquescence can occur even at low
relative humidity, while other geochemical features (e.g., arsenic enrichment) select for specialist
microbial communities. Finally, the highest levels of UV radiation on Earth’s surface have been
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recorded recently at the Paranal Observatory (2,635 meters above sea level) and the Chajnantor
Plateau (5,000 meters above sea level) (30). UV radiation in itself is not an extreme stressor for life
in the Atacama Desert; rather, its synergy with desiccation is (6, 44). Thus, although extreme des-
iccation and ambient UV flux may render rock surfaces sterile, millimeter-thick mineral coatings
can protect microorganisms (27), a finding consistent with the observed patterns of lithotrophic
colonization in the Atacama Desert.

Microbial Diversity and the Rare Biosphere

The Atacama’s array of ecological niches recommends it as a major region for microbial diversity
initiatives that might address a complete inventory of prokaryotes, for example, and for scruti-
nizing the everything-is-everywhere concept. Several complementary issues arise here. First, the
advantages and disadvantages of open format and closed format molecular detection technologies
must be considered before selecting one for diversity surveys (137). Second, high-throughput se-
quencing technologies have revealed the spectacular biosphere of rare microbial taxa (79), which
constitutes <0.1% of any community. Striking examples of such rare actinobacterial biospheres
exist in the Atacama Desert and typically show low taxonomic evenness; i.e., high-ranking taxa
show much higher abundances than low-ranking taxa (H. Idris, A.'T. Bull, M. Goodfellow, un-
published manuscript). The ecological roles of these rare actinobacteria remain to be determined,
but as reservoirs of genetic and functional diversity in extreme environments they are likely very
important. Third is the failure to cultivate a more diverse group of species, given the diversity
identified by metagenomics. While determined efforts are being made to invigorate microbial cul-
tivation methods (e.g., 93, 123) and to accurately quantify low-density populations in desert soils
(54), other emerging approaches undoubtedly will contribute to a more complete understand-
ing of the Atacama Desert’s microbial dark matter. Single-cell genomics has started to uncover
a dramatic range of new candidate prokaryotic phyla that, particularly in the context of desert
microbiology, promise to provide further insights into extremophiles and microbes that tolerate
extreme conditions (70, 112).

Returning briefly to the microbial ecology of the Atacama, several options warrant considera-
tion. First, reverse ecology employs genomics to study organism-habitat interactions without prior
knowledge of the organisms per se. To this end Shapiro et al. (120) advocate sequencing clusters
of closely related genomes from the same environmental sample, in the form of either isolates
or single-cell genomes, searching for genes of potential ecological relevance, and then forming
testable hypotheses of environmental differentiation. Thus some indication of a community’s eco-
logical niche can be established and correlations made with biotic and abiotic environmental data.
Such an approach must consider the minute scale of microbial habitats and interactions. Second,
the well-established technique of DNA stable-isotope probing provides a means of identifying
specific functional groups of microorganisms in a habitat without cultivating them. This tech-
nique has not been utilized in desert ecology, but its potential was demonstrated by a study to
trace autotrophically fixed '*C into phospholipid fatty acids of fungi and bacteria in Mojave Desert
soils (76). Community characteristics in these desert soils have shifted in response to long-term
exposure to increased atmospheric CO;, a conclusion that resonates with early studies of climate
change in the Atacama Desert over geologic time.

EPILOGUE

In 1994 the University of Antofagasta and NASA established a research station in the Atacama’s
hyperarid core at Yungay to study the Atacama as a model of the Mars surface. Now abandoned,
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this initiative rekindles thoughts of an Atacama Desert network—or even a global network—of
observatories loosely modeled on successful ocean observatory projects. Such observatories could
provide a basis for desert microbiology to engage more effectively in functional ecology; establish
quasi-real-time monitoring, including that of anthropogenic disturbance; develop and evaluate
sampling strategies; and prioritize habitat conservation. This would require a substantial financial
commitment; thus, an alternative would be to mount field campaigns similar to AtacaMars2009
(102). Collaboration also promotes adherence to the terms of the Convention on Biological Di-
versity, not the least of which is the 2010 Nagoya Protocol. It is of some concern that a substantial
proportion of publications on Atacama Desert microbiology lack a Chilean coauthor or do not
indicate that samples were collected with permission.

Nearly 25 years ago in this journal, the Annual Review of Microbiology, we first discussed microbial
diversity as a resource for innovations in biotechnology (13). We opine that the conclusions reached
and recommendations made at that time remain valid, and we trust that the wonders of the Atacama
Desert will awe and inspire future generations of microbiologists to study a biome that is teeming
with unexplored life.
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