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Originality-Significant Statement 24 

This study provides the first microbial diversity analysis from Atacama Desert soil, presents the 25 

cultivation and isolation of 74 unique bacterial isolates, many of which may be novel genera and 26 

species, and explores pigment production, antibiotic production and resistance, and unique 27 

biofilm development as bacterial survival strategies for living within extreme environments.  28 

 29 
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Abstract  43 

The Atacama Desert, the driest and oldest desert in the world, is a hostile environment for 44 

life. Despite the inhospitable conditions, bacterial sequences detected in this location suggest rich 45 

bacterial life. This study tested the idea that certain bacteria would thrive in this location and that 46 

some of them could be cultivated permitting further characterization. Environmental surface soil 47 

samples from 1-5 cm deep were collected from 18 diverse locations within the Atacama Desert. 48 

To assess the bacterial taxa, diversity, and abundance, Illumina 16S rRNA gene sequencing was 49 

performed directly on soil samples. Bacteria were also cultured from the samples. We have a 50 

collection of 74 unique bacterial isolates after cultivation and confirmation by 16S rRNA gene 51 

sequencing. Pigmentation, biofilm formation, antibiotic production against Escherichia coli 52 

MG1655 and Staphylococcus aureus HG003, and antibiotic resistance were assessed on these 53 

isolates. We found that approximately a third of the colonies produced pigments, 80% of isolates 54 

formed biofilms, many isolates had antibiotic activity against E. coli and/or S. aureus, and many 55 

were resistant to commercial antibiotics. The functional characterization of these isolates gives 56 

us insight into the adaptive bacterial strategies in harsh environments and enables us to learn 57 

about their possible use in agriculture, healthcare, or biotechnology.  58 

 59 
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INTRODUCTION 65 

Extreme environments are challenging for life, yet bacteria are resourceful and have developed 66 

multiple strategies for survival. One location in the world characterized by its extreme 67 

environment is the Atacama Desert, located in the north of Chile at the border of Bolivia and 68 

Argentina spanning about 128,000 km2 (Rundel P 2007). Bound by mountain ranges that prevent 69 

precipitation, the Atacama Desert is the oldest and driest, temperate desert in the world (Bull et 70 

al. 2018; Azua-Bustos, Urrejola, and Vicuna 2012; Azua-Bustos, Caro-Lara, and Vicuna 2015). 71 

Described as an extremobiosphere, the hyper-arid Atacama Desert contains a chain of Andean 72 

volcanoes, large salt flats, high mineral deposits, and altiplano lakes (Bull et al. 2018; Orellana et 73 

al. 2018). Ranging between 2,000 and over 5,000 meters above sea level, the region experiences 74 

the highest levels of UV radiation in the world and low levels of oxygen, as well as large 75 

temperature fluctuations and extremely low precipitation levels (Orellana et al. 2018) (Bull et al. 76 

2016) (Cordero et al. 2018; Azua-Bustos, Urrejola, and Vicuna 2012; Azua-Bustos and 77 

Gonzalez-Silva 2014; Demergasso 2010). Thus, the Atacama Desert is of increasing interest for 78 

understanding the microbial diversity and strategies to survive in extreme conditions including 79 

alkaline or acidic pH, temperature variabilities, water stress, and high UV radiation (Orellana et 80 

al. 2018), conditions that resemble those of other planets (Parro et al. 2011).  81 

 82 

Extremophiles are bacteria that adjust to and survive in hostile environments once thought too 83 

harsh to sustain life (Rampelotto 2013). These bacteria are categorized into two types: those that 84 

require the extreme condition, and those that tolerate extreme conditions, but can also grow 85 

optimally in “standard” conditions (Rampelotto 2013). To thrive in harsh conditions, 86 

extremophiles use a variety of strategies to maintain their communities. These strategies have 87 
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been extensively reviewed and include accumulation of certain molecules to counteract 88 

imbalances produced by the extreme conditions, production of specially designed enzymes and 89 

cell membranes, and enhanced DNA-repair mechanisms (Orellana et al. 2018) (Bull et al. 2016) 90 

(Azua-Bustos and Gonzalez-Silva 2014; Azua-Bustos, Urrejola, and Vicuna 2012).  91 

 92 

Other such strategies include biofilm formation and antibiotic and pigment production (Hall-93 

Stoodley, Costerton, and Stoodley 2004) (Azua-Bustos, Urrejola, and Vicuna 2012; Gerardin, 94 

Springer, and Kishony 2016). Biofilm is a community of surface attached bacterial cells encased 95 

in a self-produced, protective matrix that primarily consists of protein, exopolysaccharide, and 96 

extracellular DNA (Vlamakis et al. 2013; Hall-Stoodley, Costerton, and Stoodley 2004). 97 

Biofilms enhance nutrient sharing, cell-cell communication (Hall-Stoodley, Costerton, and 98 

Stoodley 2004; Vlamakis et al. 2013), and provide a protective barrier against antimicrobials, 99 

UV damage, and other pathogens (Hall-Stoodley, Costerton, and Stoodley 2004; Hall and Mah 100 

2017; de Carvalho 2017). As such, biofilm-producing bacteria are one of the leading causes of 101 

human and plant pathogenesis, consistent with its role as a bacterial survival strategy (Vlamakis 102 

et al. 2013; Hall-Stoodley, Costerton, and Stoodley 2004).  103 

 104 

Bacterial antibiotic production is a competitive advantage since it allows antibiotic producing 105 

bacteria to fend off other colonizers and protect the population from further harm (Gerardin, 106 

Springer, and Kishony 2016). For this reason, the search for novel antibiotics from 107 

environmental isolates is a very active area of research. The hope is to discover antibiotics to use 108 

against specific pathogenic bacteria without harming the general microbiome (Ferri et al. 2017) 109 

(Azua-Bustos and Gonzalez-Silva 2014) (Lewis 2017). Many groups have isolated and identified 110 
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new compounds produced by Actinobacteria from the Atacama Desert, supporting the study of 111 

extremophiles for novel antibiotic discovery (Rateb, Houssen, Harrison, et al. 2011; Rateb, 112 

Houssen, Arnold, et al. 2011; Undabarrena et al. 2016; Goodfellow et al. 2018; Santhanam, 113 

Okoro, Rong, Huang, Bull, Andrews, et al. 2012; Santhanam, Okoro, Rong, Huang, Bull, Weon, 114 

et al. 2012; Okoro et al. 2009). But because bacteria are exposed to antimicrobials produced in 115 

their environment, they are apt to develop strategies for surviving these challenges (Ferri et al. 116 

2017; Lewis 2017). Antibiotic resistance has created a billion-dollar problem in the healthcare 117 

system (Ferri et al. 2017). Moreover, identifying naturally resistant bacteria will provide us with 118 

mechanistic models to better understand how bacteria become antibiotic resistant as well as 119 

insights into how to combat this rapidly increasing problem.  120 

 121 

Microbial diversity studies from the Atacama Desert have only been published within the last 15 122 

years (Bull et al. 2016). Those that have focused on bacteria, have analyzed individual phyla 123 

such as Cyanobacteria and Actinobacteria  (Bull et al. 2016). More recent publications have 124 

found the dominant phyla in the Atacama Desert to consist of Actinobacteria, Proteobacteria, 125 

and Bacteriodetes (Mandakovic, Maldonado, et al. 2018; Mandakovic, Rojas, et al. 2018; 126 

Dorador et al. 2018; Demergasso et al. 2004; Demergasso et al. 2008; Drees et al. 2006; Schulze-127 

Makuch et al. 2018; Dorador et al. 2010; Demergasso 2010). Depending on the sampling 128 

location, sample type (water vs. soil), sample depth, and time of year, these communities change; 129 

though the overall function within a specific ecological landscape remains (Demergasso et al. 130 

2004; Demergasso et al. 2008; Dorador et al. 2018; Mandakovic, Rojas, et al. 2018; Uritskiy and 131 

DiRuggiero 2019). Overall, there is still a large gap in knowledge of the microbial diversity in 132 

the Atacama Desert. With better sequencing technology and increased characterization of 133 
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cultivable isolates, we will gain a more complete view of what and how extremophiles live in 134 

their environment. Additionally, investigating which bacterial communities live in different 135 

locations is essential for understanding how they contribute to the environmental ecology and 136 

drive global dynamics.  137 

 138 

Here, we provide a comprehensive picture of the microbial diversity and investigation into the 139 

survival strategies of bacteria living in the Atacama Desert. We sampled from 18 locations 140 

within the Atacama Desert. By applying Illumina 16S rRNA gene sequencing directly on soil 141 

samples, we provide a picture of microbial diversity in this extreme environment. Further, we 142 

cultivated 74 unique isolates and performed characterization assays to identify pigment 143 

production, biofilm formation, antibiotic production, and antibiotic resistance as probable 144 

survival mechanisms. In this study we provide insights into bacterial diversity and the strategies 145 

that bacteria use to survive in extreme environments. 146 

 147 

RESULTS 148 

Locations and environmental sampling 149 

The Atacama Desert exhibits the most extreme environment in Chile (Orellana et al. 2018; Bull 150 

et al. 2018). For this reason, we were curious to see what bacteria were present in order to 151 

identify what strategies they may use to survive in such a harsh environment. During the months 152 

of May and June of 2018, we travelled to 18 locations in the Atacama Desert (Figure 1, Figure 153 

S1). Each high-altitude location is distinct in its characteristics: fully barren to presence of low 154 

grasses and high to low mineral and salt content (Table S1, Figure S1).   155 

 156 
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The environment of the Atacama Desert is generally dry and barren (Figure 1). Indeed, the 157 

Atacama Desert is the oldest driest desert in the world and the least inhabited part of Chile (Bull 158 

et al. 2018). The average annual rain fall is 2 mm, which is extremely low when compared to 159 

other arid deserts (Azua-Bustos and Gonzalez-Silva 2014). Remarkably, air humidity is also kept 160 

low, given its geographical location bounded by two large mountain ranges, the Cordillera de los 161 

Andes to the east and the Coastal Cordillera to the west (Bull et al. 2018). Ranging between 162 

2,000 and 5,000 meters above sea level, the Atacama Desert is also subjected to extreme levels 163 

of UV radiation and low oxygen content (Cordero et al. 2018; Escudero L 2007; Demergasso 164 

2010). Large temperature fluctuations also occur, going from 0oC to 20oC in one day. During the 165 

year, the air temperature ranges from -6oC (21.2oF) to 38oC (100.4oF) (Azua-Bustos, Urrejola, 166 

and Vicuna 2012; Bull et al. 2018). The Atacama Desert contains many salt flats, which 167 

contributes to a high salt content and a high density of minerals including nitrates, iodates, boron, 168 

lithium, and copper deposits (Tapia et al. 2018). The Atacama Desert has been considered “a 169 

prime example of the extremobiosphere” (Bull et al. 2018). The ability for microbes to exist and 170 

survive under such extreme conditions makes them not only interesting to study, but key to 171 

understanding life at its limits.  172 

   173 

Specific sampling locations were chosen for their unique characteristics; high altitude, near 174 

water, barren, high salinity, etc. At each location, environmental soil samples between 1-5 cm 175 

were collected. The exact coordinates were recorded at each sampling location (Table S1). 176 

Samples were then processed and analyzed to identify the total bacterial community content and 177 

to cultivate bacterial isolates (Figure 2).  178 

 179 
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Bacterial composition of the Atacama Desert  180 

Archaea and Bacterial Abundance 181 

To assess the microbial community composition of the samples, Illumina 16S rRNA sequencing 182 

was used directly on soil samples from the 18 sampling locations and analyzed for its Archaea 183 

and Bacteria composition. Importantly, the soil samples from Ojos de Salar and Baltinache 184 

(Figure S1P and Q) did not provide reliable data when compared to the negative control and 185 

could not be analyzed any further. This indicates that the soil composition was such that it did 186 

not permit the identification of microbial life with the test used. Community composition was 187 

successful in the remaining 16 soil samples. Of the total microbial content, it was found that 188 

1.1% of the community was Archaea (Figure S2). This is comparable to levels found in the other 189 

hyper-arid desert soils (Bates et al. 2011; Schulze-Makuch et al. 2018).  190 

 191 

Alpha Diversity 192 

The focus of our search was on bacterial diversity. Looking at the number of different taxa in a 193 

sample, the alpha diversity, a measurement of the richness, ranged from 184 to 652 taxa (Figure 194 

3A). Overall, this is low compared to other environments. Sea water has an estimated 10,000 195 

species richness, the temperate forest and grasslands soil has a few thousand species, and the gut 196 

microbiome has about one thousand species (Kerrigan, Kirkpatrick, and D'Hondt 2019; George 197 

et al. 2019; Sears 2005; D'Argenio and Salvatore 2015). As predicted, our results suggest that the 198 

extreme environment has a significantly lower number of unique taxa detected using the direct 199 

sequencing method. Unfortunately, it is difficult to make direct comparisons with other studies 200 

as the sequencing methods have changed dramatically since these started.  201 

 202 
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We find that locations that have more plant life, had a greater richness (Figure 3A). Hierbas 203 

Buenas (Good Herbs) has an abundance of low grass and bushes, and accordingly, had the 204 

largest richness at 652 taxa (Figure 3A, Figure S1B). Conversely, the locations with the driest 205 

and most barren soil had the lowest richness as seen at Laguna Chita, Ckari Mirador, 206 

Tebenquiche, Salar de Tara, and Valle de Arcoiris with 184, 194, 227, 240, and 265 taxa, 207 

respectively (Figure 3A, Figure S1R, A, O, J, and F). The correlation of “plant-rich” areas 208 

containing higher bacterial richness is expected due to the strong symbiosis and known 209 

importance that the bacterial rhizobiome has for plant growth and survival (S 2018).  210 

 211 

Phyla Relative Abundance 212 

The two dominant phyla across all locations were Actinobacteria at 35.9% (pink bars) and 213 

Proteobacteria (dark blue bars) at 26.7% (Figure 3B, Table S2A). Our results are consistent with 214 

other studies that have investigated the bacterial content in the Atacama Desert (Demergasso et 215 

al. 2008; Aguayo et al. 2017; Schulze-Makuch et al. 2018). Other studies have also found 216 

Bacteroidetes and Cyanobacteria to be the dominant phyla, however they were sampling water, 217 

while we sampled soil (Demergasso 2010; Mandakovic, Maldonado, et al. 2018; Dorador et al. 218 

2018). Bacteroidetes is the third most abundant phylum across all the samples at 11.3% 219 

abundance (Figure 3B, Table S2A). At the genus level, the most abundant was Arthrobacter 220 

(total percent in all samples 5.7%), found in all samples except for Chaxa (Figure S1E), followed 221 

by Bacillus (total percent in all samples 4.3%) (Table S2B) found everywhere (Table S2B).  222 

 223 

Looking at specific locations, the two salt flats, Chaxa and Tebenquiche (Figure S1E and O), 224 

have different abundance distributions compared to the other locations. Chaxa is within the Salar 225 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 24, 2020. ; https://doi.org/10.1101/2020.09.24.312199doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.24.312199
http://creativecommons.org/licenses/by/4.0/


de Atacama and has very low bacterial diversity; 96.7% of its taxa were within Actinobacteria, 226 

Proteobacteria, and Firmicutes, and all other phyla contributed to less than 1% of the total 227 

bacteria (Table S2A). The high Firmicutes abundance is consistent with another study 228 

investigating the diversity in this location (Dorador et al. 2018). The Firmicutes phylum contains 229 

a high number of halophiles and spore-formers, and are known to have exceptional resistance to 230 

environmental stresses (Schulze-Makuch et al. 2018).  231 

 232 

Tebenquiche, a large hyper-saline and high-altitude lake within the Salar de Atacama and known 233 

for its bacterial heterogeneity, has a unique phylum profile (Demergasso et al. 2004; Demergasso 234 

et al. 2008). Interestingly, this location contains the greatest abundance of Bacteroidetes at 235 

30.6% compared to the average of 11.0% (Table S2A). This taxa distribution is consistent with 236 

analyses from other studies (Demergasso et al. 2004; Demergasso et al. 2008), (Oren 2013). Also 237 

of note, is that of the 227 unique species, there is a striking abundance of Salinibacter (21.4%) 238 

(Table S2B). Salinibacter is only detected at Tebenquiche (Table S2B). All other locations have 239 

a large species diversity, thus making this high singular species abundance and specific 240 

localization of interest.    241 

 242 

Detected Isolates of Interest 243 

It is important to note that 1.21% of the total bacterial content within the soil samples were 244 

unidentified phyla (Table S2A). Ckari Mirador (Figure S1A) had the highest percentage of 245 

unidentified phyla at 3.75% (Table S2A). This group of unidentified sequences may contain new 246 

species yet to be identified and characterized.  247 

 248 
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Other specific genera of interest, because they are poorly understood, are those that are found in 249 

high relative abundance (>10%) within their location (Table S2B). Genus Segetibacter was 250 

found at 21.5% in Miscanti. Genus Marinicella was found in high abundance at 15.0% in 251 

Talabre (Figure S1G). In Salar de Tara (Figure S1J), genus Crossiella and the unidentified 252 

family of order Solirubrobacterales were found in high abundance at 11.6% and 11.1%, 253 

respectively. Each genus has only been characterized in the last 15 years and only contains one 254 

to three identified species (Labeda 2001; Wang et al. 2018; Weon et al. 2010; Seki et al. 2015). 255 

Further, Marinicella has only been found in seawater and here, we detected it in soil from a 256 

location that is characteristically dry and kilometers away from the ocean. Further investigation 257 

of these bacteria will provide insights into the selectivity by the location and calls importance to 258 

the ecosystem dynamic.  259 

 260 

Cluster Analysis 261 

To compare the bacterial diversity across the different sampling locations, we generated a genus 262 

level cluster plot (Figure 3C). The salt flat, Tebenquiche, was the outlier group and the other salt 263 

flat, Chaxa, was in another outlier grouping with Talabre (Figure S1O, E, G). The clustering of 264 

Apacheta and Miscanti is most likely due to their high altitude, shrub-containing characteristics 265 

(Table S1, Figure S1R and H). Salar de Tara and Aguas Calientes are closely located and near 266 

high altitude lakes (Figure 1, Figure S1J and I)). Rio Grande and Valle de Arcoiris are two very 267 

dry and barren locations (Figure S1D and F). The clustering based on location similarities 268 

highlights that the genera are most likely selected by the environmental conditions.  269 

 270 

Valle de Arcoiris Soil Analysis 271 
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Looking within a specific location’s bacterial diversity allows us to dive deeper into the 272 

understanding of what geophysical properties can support specific bacterial growth. Valle de 273 

Arcoiris (Rainbow Valley) is one such location that contains geophysical properties of interest 274 

(Figure S1F). Named for its different colored soils, it is an area enriched in clays, minerals, and 275 

metals (Figure 4A).  276 

 277 

The bacterial diversity was analyzed in 5 different soils; red, green, black, white, and white 278 

mineral. The two latter soils are of white color, but they are different since what we called “white 279 

mineral” soil did not amplify compared to negative control. This is indicative of undetectable 280 

microbial life in this soil sample. The others had sufficient amplification for comparative 281 

analysis. The green soil had the largest richness at 305 taxa, closely followed by the black soil at 282 

265 taxa (Figure 4B). The red and white soils, however had a significantly reduced richness with 283 

both at 67 unique taxa. This indicates that either the mineral contents of the red and white soils 284 

are selective and preclude bacterial diversity, or that the detection method fails to find bacteria as 285 

the soil contents may be inhibitory to the methodology used.  286 

 287 

Remarkably, there are no analyses that we could find indicating what specific salts were present 288 

in the different colored soils. It is likely that the soil color is given by the richness of transition 289 

metals such as Copper, Nickel, Cobalt, Iron, and Manganese in association with alkali metals 290 

such as Lithium, Sodium, and Potassium. All these salts are known to exist in the soils of the 291 

Atacama (Tapia et al. 2018). The green soil is believed to have an enrichment of magnesium, 292 

cobalt, and sulfur, while the red soil contains an enrichment of iron, and the white soil an 293 

enrichment of sodium chloride and calcium from shell erosion, among multiple other metals and 294 
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minerals. More studies are needed in this area to advance the understanding of the Atacama soil 295 

microbiome.  296 

 297 

As seen in the phyla relative abundance comparison, the percentage of Proteobacteria is 298 

different across soils in the Valle de Arcoiris (red 28.3%, black 16.1%, white 9.7%, green 299 

33.1%) (Table S2C-1) indicating that this could be the phyla that is impacted the most by the 300 

differences in soil composition. Compared to the other three soils, the white soil had the most 301 

significant difference in abundance. Interestingly, the white soil had 5.5% of bacteria not 302 

identified to a known phylum, compared to the other three soils at <0.05%, 1%, and 0.3% (Table 303 

S2C-1). It is also the highest percentage of unknowns across all the Atacama Desert soil samples. 304 

This suggests several novel bacteria are contained in the white soil sample. Overall, the examples 305 

we find demonstrate an apparent pattern that at the genus level, what survives in the white soil is 306 

not found in the red soil, and vice versa (Figure 4D) (Table S2C-2).  307 

 308 

Together, the microbial phyla and genera abundances provide insights in the taxa that are 309 

selected for by the components in these soils. These bacteria could also be the primary 310 

metabolizers that produce the different metals and minerals and thereby contribute to the specific 311 

soil composition. Further investigation of these bacteria will provide more insight into the 312 

dynamics between the bacteria and their ecosystem.  313 

 314 

Cultivation and isolation of unique colonies 315 

Our next goal for gaining insights into the behavior of bacteria in the Atacama Desert was to 316 

cultivate and isolate single bacterial colonies from the samples that we collected. As indicated in 317 
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detail in the materials and methods section, we used lysogeny broth (LB), diluted LB medium 318 

(1:100), and a low nutrient medium (R2) (Berdy et al. 2017). We found that, in general, isolates 319 

grew much better on the R2 medium than on the LB or 1:100 LB media plates. This was to be 320 

expected because bacteria from these locations are more accustomed to growing in low nutrient 321 

environments. Colonies were then purified on solid medium based on visual morphology 322 

differences. Two approaches were taken for cultivation (Figure 2). One approach involved 323 

arbitrarily adding ~100 mg samples directly to cultivation medium either to liquid medium or 324 

spread on solid medium plates and incubated for a day at room temperature. The liquid-grown 325 

cultures were deposited on the surfaces of the same solid medium plates to allow for colony 326 

formation.  327 

 328 

The other method for cultivation used a soil filtration method. Briefly, soil samples were 329 

resuspended in sterile water, filtered first through a filter paper to eliminate large size particles, 330 

and then through a 0.22 m vacuum filtration system, and any trapped bacteria on the filter was 331 

kept for cultivation. To cultivate, a sterile stick scraped the surface of the filter disc, which was 332 

then resuspended into sterile water. The resuspension was then immediately spread onto R2 solid 333 

agar plates to allow for colony growth and further isolation. Colonies were grown at room 334 

temperature and were purified to a single colony morphology. 335 

 336 

All the isolates from both cultivation methods were combined into a single set, and an initial 337 

screening among isolates from the same location was done to remove any isolates with the same 338 

colony morphology. This was performed to remove any potential sister colonies and resampling. 339 

For species identification, the 16S ribosomal gene was amplified and sequenced for all isolates.  340 
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 341 

It is important to note that we were not able to isolate any colonies from the Baltinache samples 342 

(Figure S1Q). This is consistent with the lack of amplification in the 16S metagenomic data set. 343 

This indicates that the Baltinache soil is either not hospitable to bacterial life, or our cultivation 344 

conditions were not conducive for the growth of bacteria that inhabit this soil. Baltinache is a salt 345 

flat, and the high salinity was not represented in our cultivation methods.  346 

 347 

Results of the 16S rRNA gene sequencing identified 74 unique strains out of the 142 isolates 348 

(52%) across all sample locations (Table S3). Those strains belonged to 27 unique genera (19%) 349 

and 74 unique species (52%). Unique was defined as any isolate different to another isolate 350 

within a given sample. For example, if two isolates were identified to be Enterobacter sp. from 351 

the Cactus Canyon 1 location, but one was from a soil sample and another was from a moss 352 

sample, then they were considered unique. However, if two Enterobacter sp. isolates from 353 

Cactus Canyon 1 were both from a soil sample and both had a percent identification above 97% 354 

by 16SrRNA, then they were considered sisters and non-unique. A distribution of the unique and 355 

non-unique isolates from the different sampling locations was made using the above definition 356 

(Figure 5A). 357 

 358 

Based on Figure 5A, Cactus Canyon 1 had the greatest cultivability and diversity and Salar de 359 

Tara had the lowest diversity (Figure S1M, J). Chaxa, Aguas Calientes, and Cactus Canyon 1 360 

had the best cultivability, and Rio Grande and Tebenquiche had the lowest cultivability based on 361 

our methods (Figure 5A, Figure S1E, I, M, D, O). To compare our cultivation success to the total 362 

amount of possible bacteria to cultivate from each soil sample, we calculated a cultivability ratio. 363 
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This is the number of unique cultivated species (Figure 5A) divided by the alpha diversity 364 

detected by the Illumina 16S rRNA sequencing directly from the full soil sample (Figure 3A). 365 

These data demonstrated that the bacteria from Laguna Chita, followed by Ckari Mirador and 366 

Aguas Calientes, had the greatest success in cultivation with our methods (Figure 5B, Figure 367 

S1K, A, I)). Consistent with the 16S rRNA sequencing, we could not generate a ratio for 368 

Baltinache (Figure S1Q) because there was no detection by sequencing, nor was there any 369 

cultivation. A ratio also could not be calculated for Ojos de Salar (Figure S1P) because the 16S 370 

rRNA sequencing did not accurately detect bacteria in the sample; however, we were able to 371 

cultivate three unique isolates from this location (Figure 5A). This finding suggests that there 372 

may have been inhibitory compounds in the soil sample from Ojos del Salar that did not allow 373 

for sufficient DNA amplification that is required by the methodology used.  374 

 375 

For species identification, 97% was used as the species separation and confidence interval that a 376 

species was identified correctly, though 98.65% has also been used (Yoon et al. 2017).  In our case, 377 

any percent identity below 97% indicates that the isolate is a novel species, which we may be 378 

undercounting. Interestingly, 34% of our isolates had a percent identity below 97%, and 4% of 379 

all isolates had a percent identity below 90%. This suggests that we may have at least 48 new 380 

species within our collection.     381 

 382 

Of all the isolates, the most abundant genus was Bacillus sp. Forty-three isolates belonged to this 383 

genus and it was found in 13 locations (Table S3). Bacillus simplex was the most abundant 384 

species found in 10 locations (Table S3, Table 1). The next abundant genus was Arthrobacter. 385 

Fourteen isolates (9.8% of all isolates) were found in 7 locations (Table S3). These data 386 
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demonstrate that Bacillus and Arthrobacter are non-discriminatory and can live in many diverse 387 

locations. These abundances also match the most abundant genera in the Illumina 16S 388 

sequencing data (Table S2B).  389 

 390 

From our list of identified isolates, we found 28 unique species that are known to be plant-391 

associated (7 species contain isolates with identities < 97%) (Table 1, Table S3). They were 392 

found in all locations, except for Apacheta (Figure S1R). Some are beneficial and examples 393 

include Bacillus subtilis, Pseudomonas brassicacearum strain L13-6-12, Serratia fonticola strain 394 

GS2, and Rahnella aquatilis HX2 (Jeong et al. 2018; Vlamakis et al. 2013; Zachow et al. 2017; 395 

Jung et al. 2017; Guo et al. 2012). Some non-beneficial species include Janthinobacterium 396 

agaricidamnosum and Pseudomonas koreensis (Graupner, Lackner, and Hertweck 2015; Lin et 397 

al. 2016). Another species of note is Enterobacter sp. This is a plant-associated bacterium, but is 398 

also within the list of ESKAPE pathogens, which are nosocomial human pathogens that exhibit 399 

multi-drug resistance and can cause severe and lethal infections (Santajit and Indrawattana 2016; 400 

Taghavi et al. 2010). These groups of plant-associated bacteria may provide insight into how 401 

plants survive in these extreme environments. 402 

 403 

Together, our data demonstrates success in bacterial cultivability from the extreme environments 404 

of the Atacama Desert. These isolates are representatives of where they came from and allow for 405 

the characterization of unknown species and identification of whether any of the known species 406 

have unique characteristics because they were isolated from an extreme environment.  407 

 408 

Pigment producing isolates 409 
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With the cultivated, isolated, and identified species from the Atacama Desert, we wanted to find 410 

out what these extremophiles could do. By identifying certain characteristics of these bacteria, 411 

we gain insights into their strategies for survival in these environments. The first easily identified 412 

characteristic was that 34.5% of our isolates produced a pigment (Figure 6A and 6B), most of 413 

which were cell bound. Of these isolates, 69.4% produced a yellow pigment, 26.5% produced an 414 

orange pigment, and 2 isolates produced a pink pigment. Pigment production by bacteria is 415 

thought to be a protective mechanism against UV radiation (Azua-Bustos, Urrejola, and Vicuna 416 

2012; Narsing Rao, Xiao, and Li 2017) (de Carvalho 2017; Ordenes-Aenishanslins et al. 2016). 417 

Many Actinobacteria and Cyanobacteria from salt flats and hyper-arid locations produce 418 

protective pigments (Bull and Asenjo 2013; Narsing Rao, Xiao, and Li 2017). The Atacama 419 

Desert is known for its extreme levels of UV radiation (Demergasso 2010; Cordero et al. 2018). 420 

It is plausible that these bacteria produce pigments to protect themselves from the DNA-421 

damaging UV that they are exposed to while living in the Atacama Desert. We attempted to 422 

measure the UV resistance of some of our isolates, but it is a difficult endeavor since the 423 

pigments are secondary metabolites produced late in stationary phase. In fact, most of the 424 

isolates tested were UV-sensitive when growing exponentially compared to Escherichia coli 425 

(data not shown). Pigment isolation would allow determination of its functional role.  426 

  427 

Prominent biofilm formation is correlated to more extreme environments  428 

Biofilms enhance colonization to surfaces, increase communication amongst cells, and enable 429 

symbioses (Vlamakis et al. 2013; Hall-Stoodley, Costerton, and Stoodley 2004) as well as 430 

protect against antimicrobials, DNA damage, mechanical forces, and other stresses (Hall-431 

Stoodley, Costerton, and Stoodley 2004). To assess whether biofilm formation was used as a 432 
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survival strategy in the extremophiles of our collection, we performed biofilm assays. Briefly, 433 

cells were inoculated into R2 medium and incubated statically for 5 days at 25oC in glass tubes. 434 

Using a standard Crystal Violet (CV) Assay, in which the CV dye stains cells that remain 435 

attached to surfaces, the degree of cell surface attachment was quantified by absorbance at OD595 436 

of the resuspended CV  (O'Toole 2011). Of all 142 isolates assayed under our conditions, 80% of 437 

isolates attached to surfaces (Figure 7). This was determined by any value greater or equal to 438 

0.05AU, a value in which CV stained cells were visible on the glass. The species that had the 439 

greatest biofilm production across all isolates was Bacillus simplex.  440 

 441 

Also, of interest, were the isolates that produced a pellicle or clumped biofilm. Isolates that 442 

produced a visible pellicle, a biofilm formed at the air-liquid interface (Vlamakis et al. 2013), 443 

were KMK, KMM, KME, APH, AC2F, and STB (Figure S3). Additionally, KMK, RVC, AC2F, 444 

and APH produced a visible clumped biofilm while shaking. These are types of biofilms that 445 

might not be accurately quantified using the CV assay but are important examples of biofilm 446 

producers.  447 

 448 

When comparing the amount of biofilm produced by isolates from the different locations, the 449 

ones from the most extreme environments were more likely to form biofilms. The bacteria 450 

inhabiting Laguna Chita had the most prominent biofilms; they attached to surfaces well. The 451 

location with the greatest number of biofilm producers was Salar de Tara (Figure 7). These 452 

locations are next to each other, are located at high elevation (>4200 meters above sea level), and 453 

are barren (Figure S1K and J, Table S1). The bacteria from these locations may use biofilms to 454 

facilitate nutrient sharing, protect against the high UV radiation, and enhance colonization. It is 455 
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also of note that three isolates from Ckari Mirador produced pellicles/clumped biofilms. This 456 

location is exceptionally dry within the Atacama Desert and biofilm may be used by these 457 

isolates to enhance their survival in this extreme environment (Figure S1A). 458 

 459 

Together, our data indicate that biofilm production is a strategy that bacteria use to survive in the 460 

extreme environments found in the Atacama Desert.  461 

 462 

Extremophiles produce antibiotics against Gram-positive and Gram-negative bacteria 463 

From the 16S rRNA whole sample analysis, we found that 35.9% of the total bacteria in all the 464 

samples were Actinobacteria (Figure 8A). Within that phylum, 0.48% of all the total bacteria 465 

were within the genus Streptomyces. Talabre and Laguna Cristal (Figure S1G and L) had the 466 

highest relative abundance of Streptomyces at 4.6% and 1.5%, respectively (Table S2B). 467 

Streptomyces are known to contain many natural antibiotic compound producers (Barka et al. 468 

2016). Since, we did not cultivate Streptomyces, we were curious to see if any of our non-469 

Streptomyces isolates produced antibiotics. We chose a select group of isolates for careful 470 

investigation of antibiotic production. We selected the isolates from Tebenquiche, Machuca, and 471 

Hierbas Buenas (Figure S1O, C, and B), all outlier groups according to the 16S rRNA 472 

phylogenetic analysis (Figure 3C). Lastly, we had an interest in the Enterobacter sp. isolates 473 

being that Enterobacter sp. is on the list of ESKAPE pathogens (Santajit and Indrawattana 474 

2016). This group of 21 selected isolates was assayed for antibiotic production (Table S4).  475 

 476 

To identify isolates that produced antibiotic, we performed a zone of inhibition assay against 477 

Gram-positive Staphylococcus aureus HG003 and Gram-negative Escherichia coli MG1655 as 478 
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representatives of their respective groups. Isolates were grown shaking until late stationary phase 479 

and then spotted onto lawns of the target bacteria. Plates were incubated at 30oC and the zones of 480 

inhibitions were measured after one and four days of growth.  481 

 482 

There were two types of inhibition phenomena; haloing and clearing (Figure 8C). Haloing was 483 

when there was a visible ring of inhibition, however the target bacteria still grew. Most of the 484 

isolates demonstrated this phenomenon. Possible explanations for this haloing could be a result 485 

of inhibition then gained resistance by the target bacteria, or due to different growth rates where 486 

the test isolate grew after the target bacterium resulting in a delayed killing. Regardless, the 487 

haloing demonstrated an inhibition of the target bacterium by the test isolate. Further analysis of 488 

the antibiotic resistant isolates would provide insights in the mechanism of resistance to the 489 

antibiotic. The other phenomenon, clearing, suggests the produced antibiotic is much more 490 

potent. The isolates that demonstrated clearing are indicated by stars or pound signs (Figure 8B) 491 

and the cleared zones can be seen in Figure 8C.  Results show that many isolates produced 492 

antibiotics against S. aureus and E. coli (Figure 8B). 16 isolates inhibited the growth of S. 493 

aureus, while 13 exhibited a challenge to E. coli. A loss of inhibition after 4 days showed that 494 

the target bacteria grew resistant to the challenge.  495 

 496 

Of the isolates, TQA (Pseudomonas koreensis, ID:98.32), TQB (Pseudomonas azotoformans, 497 

ID:99.26%) and 710$AA (Pseudomonas brassicacearum, ID: 99.7) produced the most potent 498 

inhibitory compounds against both S. aureus and E. coli (Figure 8B). This was seen by large 499 

clearing zones of inhibition (Figure 8C). Of more interest are isolates 316*$C$B$ (Hafnia alvei, 500 

ID: 98.1%), and 312*$A$B$ (Hafnia alvei, ID: 99.9%), both of which demonstrated killing 501 
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against only the Gram-negative E. coli (Figure 8B). The identification of Gram-negative-specific 502 

antibiotic compounds are of particular interest for drug discovery groups (Lewis 2017). 503 

 504 

Together, these data demonstrated that the chosen isolates produced antibiotics against S. aureus 505 

and E. coli. Antibiotic production is an expected strategy that provides competitive advantage in 506 

an extreme environment.  507 

 508 

Extremophiles are naturally resistant to commercial antibiotics 509 

Coming from remote environmental samples, none of these isolates have been exposed to 510 

commercially available antibiotics. Many of these isolates were also identified as genera that 511 

have developed multi-drug resistances (Table S3, (Santajit and Indrawattana 2016)). Such 512 

examples include, Enterobacter sp., Acinetobacter sp., and Pseudomonas sp. (Table S3). We 513 

were curious as to whether any of the isolates were inherently resistant to commercial antibiotics; 514 

thus, we performed a minimum inhibitory concentration (MIC) assay using antibiotics with 515 

different mechanisms of action. The MIC was measured for the same 21 isolates from Table S4 516 

used in the antibiotic production assay. We determined the MIC for ampicillin (targets cell wall), 517 

vancomycin (targets cell wall), rifampicin (targets RNA polymerase), kanamycin (targets 30S 518 

ribosomal subunit), tetracycline (targets 30S ribosomal subunit), spectinomycin (targets 30S 519 

ribosomal subunit), and chloramphenicol (targets 50S ribosomal subunit) at a range of 200 g/mL 520 

to 0.2 g/mL (Lewis 2013). The MIC was defined as the lowest concentration of antibiotic that 521 

completely inhibited growth.  522 

 523 
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Results demonstrated that many isolates had high MICs to multiple antibiotics (Figure 8D). High 524 

MIC suggested resistance while low MIC suggested susceptibility to a particular antibiotic. 525 

Overall, the isolates had the highest MICs to ampicillin and the lowest MICs to kanamycin 526 

(Figure 8D, Table S5). The isolates with the highest MICs were TQB (Pseudomonas 527 

azotoformans: 99.26%) and MA2B (Microbacterium sp. ID: 99.2%) (Figure 8D, Table S3). For 528 

TQB, its lowest MIC was 6.25 g/mL against kanamycin and tetracycline (Table S5). TQB also 529 

had growth at 200 g/mL antibiotic concentration for four antibiotics (ampicillin, vancomycin, 530 

spectinomycin, and chloramphenicol) indicating it was not susceptible to these antibiotics at all 531 

(Table S5). For MA2B, its lowest MIC was 12.5 mL against vancomycin (Table S5). The 532 

most susceptible isolate was MA2J (Exiguobacterium antarcticum B7 ID:98.7%) (Figure 8D, 533 

Table S3). Its highest MIC was 6.25 g/mL against spectinomycin and chloramphenicol (Table 534 

S5). What gives us confidence for this assay is that isolates from the same genera had the same 535 

MIC patterning (Figure 8D). Examples include the Enterobacter sp. isolates (727**B*, CC2A, 536 

LAD, TQC, LCrF, LChC, CA1D, and 602^$A$) and the Pseudomonas sp. isolates (TQA, TQB, 537 

and 710$$A).  538 

 539 

Together, these data demonstrate that isolates from remote extreme environments with little to no 540 

encounter with commercial antibiotics, have multidrug resistances.  541 

 542 

DISCUSSION 543 

In this present study, we provide a comprehensive analysis of the microbial diversity using 544 

culture-independent and culture-dependent methods on environmental samples from 18 locations 545 

from within the Atacama Desert (Figures 1 to 4, Figures S1 and S2). Through the use of the more 546 
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precise and wide-range method of Illumina 16S rRNA sequencing, we identified the dominant 547 

phyla to be Actinobacteria and Proteobacteria in Atacama soil (Figure 3B, Table S2). As 548 

expected, the locations with more plant life had a higher abundance of bacteria, and the two salt 549 

flat areas, Chaxa and Tebenquiche, were within the two outlier groups from the rest of the 550 

samples (Figure 3A and 3C, Figure S1E and S1O). A culture-dependent strategy and cultivated 551 

bacteria from the collected samples led to the isolation of 74/142 unique species, many of which 552 

were plant-associated (Figure 5, Table S3, Table 1).  553 

 554 

Previous to this study, no one had reported the presence of bacteria in any of our locations except 555 

for Chaxa, Tebenquiche, and Miscanti (Figure S1E, O, H) (Dorador et al. 2018; Demergasso et 556 

al. 2004; Demergasso et al. 2008). These studies, however, were on water samples. Here, we add 557 

to the collection of data that others have provided to increase the understanding of the microbial 558 

diversity in new locations within the Atacama Desert.  559 

 560 

We successfully isolated 74 unique species and a total of 142 isolates from all locations except 561 

for Baltinache (Figure SQ). We used direct cultivation in three media types as well as cultivation 562 

from a concentrated sample. These methods selected for aerobes that could grow at room 563 

temperature and that had the ability to survive transport over a month’s time. Our media was 564 

relatively rich, thus only those bacteria that could handle rich medium could grow. We also must 565 

keep in mind that our cultivation method was not designed to cultivate anaerobes, halophiles, 566 

acidophiles, or other condition-specific bacteria. Thus, the isolates that we cultivated must be 567 

extremotolerant bacteria; those that can tolerate extreme conditions but can also successfully 568 

grow under “normal” physiological conditions (Rampelotto 2013). Being that we cultivated 569 
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under these conditions, it is highly probable that other bacteria can be cultivated from these 570 

samples using more selective conditions.  571 

 572 

Many previous studies lacked research on bacteria physiology (Bull et al. 2016; Demergasso 573 

2010; Demergasso et al. 2004; Demergasso et al. 2008; Mandakovic, Maldonado, et al. 2018; 574 

Mandakovic, Rojas, et al. 2018; Dorador et al. 2018; Dorador et al. 2010; Drees et al. 2006; 575 

Schulze-Makuch et al. 2018; Uritskiy et al. 2019). Being that a third of our isolates produced a 576 

pigment, there is strong likelihood that it is made for protection in its environment (Figure 6).  577 

One example of pigments used for survival is the production of pyocyanin and pyoveradine from 578 

Pseudomonas sp. Pyocyanin is a blue-green pigment produced by Pseudomonas sp. that acts an 579 

antimicrobial, but also has been shown to have siderophore activity in order to uptake 580 

environmental iron (Hassan and Fridovich 1980) (Jayaseelan, Ramaswamy, and Dharmaraj 581 

2014). Pyoverdine, is a yellow-green pigment and siderophore secreted by Pseudomonas sp. 582 

during iron starvation as a way to sequester iron(III) (Meyer 2000).   Indeed, the identified 583 

Pseudomonas genera isolates were seen to produce a secreted yellow pigment as exemplified by 584 

TQA, TQB, RGA, APA, and 710$$A (data not shown). Other groups have also seen that 585 

Actinobacteria and Cyanobacteria from the Atacama Desert produce melanins, scytonemin, 586 

carotenoids, chlorophylls, and other pigments (Azua-Bustos, Urrejola, and Vicuna 2012) (Bull 587 

and Asenjo 2013). 588 

  589 

To date, no one has shown biofilm production data of microbial isolates from the Atacama 590 

Desert. 80% of our isolates produced a biofilm and there were many distinct types of biofilm 591 

produced (Figure 7 and Figure S3). The bacteria from these locations may use biofilm as a 592 
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survival strategy to facilitate nutrient sharing, protect against the high UV index, and enhance 593 

colonization. The two locations of high biofilm production, Laguna Chita and Salar de Tara, 594 

were devoid of plant life (Figure S1K and J). The presence of biofilm-producing bacteria may 595 

also provide plant-promoting effects to the few low grasses that do live in the area. 596 

 597 

Our study showed that some isolates produce antibiotics against Gram-positive S. aureus and 598 

Gram-negative E. coli (Figure 8). This was not surprising because the most dominant phylum 599 

was Actinobacteria (35.9%)(Rateb, Houssen, Arnold, et al. 2011; Rateb, Houssen, Harrison, et 600 

al. 2011; Undabarrena et al. 2016; Goodfellow et al. 2018; Okoro et al. 2009; Santhanam, Okoro, 601 

Rong, Huang, Bull, Andrews, et al. 2012; Santhanam, Okoro, Rong, Huang, Bull, Weon, et al. 602 

2012) and it is likely other bacteria need to protect themselves against these. We found that the 603 

highest abundances of Streptomyces were in Talabre and Laguna Cristal (Table S2B, Figure S1G 604 

and L). Focusing on isolates from these locations will be important for finding novel antibiotic 605 

producers and compounds.  606 

 607 

Lastly, we found that many isolates had high MICs against commercially produced antibiotics 608 

indicating inherent antibiotic resistance (Figure 8D). Being from remote environments, these 609 

isolates have theoretically not come in contact with commercial antibiotics until now. Because 610 

they are resistant to them, they must have intrinsic strategies to resist the antibiotic challenge. 611 

We believe this resistance has developed by three possible means: 1. they face antibiotic 612 

challenge in their environments, 2. mutagenesis as a result of being subjected to high levels of 613 

UV radiation, and 3. they are extremophiles and have strategies to withstand exogenous stress.  614 

 615 
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Many commercially available antibiotics were originally discovered to be produced by soil 616 

bacteria. Vancomycin, for example, was discovered from soil isolate Streptomyces orientalis 617 

(Levine 2006). It is, therefore, not surprising that our isolates had relatively high MICs to this 618 

antibiotic (Figure 8D). Environmental bacteria use antibiotics as a competitive advantage, and 619 

they must develop ways to resist those antibiotics and outcompete their challengers. Our isolates 620 

were most likely exposed to antibiotics in the soil and therefore, have developed resistance 621 

mechanisms that enable their growth when challenged with commercial antibiotics.   622 

 623 

Mutagenesis is the result of a variety of genomic insults coming from diverse sources including 624 

reactive oxygen species, methylating agents, or ionizing radiation (Chatterjee and Walker 2017). 625 

UV radiation is one of the most damaging abiotic factors to the cell that directly damages the 626 

DNA by formation of thymidine dimers (Chatterjee and Walker 2017; Cordero et al. 2018). As a 627 

result, mutations occur, which could be favorable to the survival of bacterial species. Antibiotic 628 

resistance is one advantage that can be gained by mutagenesis (Li et al. 2019). Therefore, the 629 

more UV that the bacteria are exposed to, the higher the probability that they will accumulate 630 

mutations to confer antibiotic resistance.  631 

 632 

The third explanation for higher resistance is that these extremophiles inherently have strategies 633 

to survive stress. These bacteria have improved their cell membranes, enzymes, DNA repair 634 

machineries, among other adaptations that allow them to resist chemical challenges in addition to 635 

the condition they already survive (Orellana et al. 2018). Efflux pumps, for example, have been 636 

found to increase antibiotic resistance and tolerance and are also found in many high metal 637 

tolerant extremophiles (Lewis 2017; Orellana et al. 2018). Such examples include Arthrobacter 638 
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sp., and Flavobacterium sp., which were genera isolated and used in the MIC assay (Table S3, 639 

Table S4, Figure 8D) (Orellana et al. 2018). Studies have also shown that extremophiles from the 640 

Atacama Desert have high resistance to arsenic due to the arsenic-rich Atacama brooks and soils 641 

(Azua-Bustos, Urrejola, and Vicuna 2012; Escalante et al. 2009). Examples from our isolate list 642 

include Pantoea, Serratia, Hafnia, Microbacterium, Exiguobacterium and Pseudomonas (Tables 643 

S3 and S4) (Orellana et al. 2018). Indeed, our most resistant isolates were TQB (Pseudomonas 644 

azotoformans: 99.26%) and MA2B (Microbacterium sp. ID: 99.2%) (Figure 8D). Their 645 

resistance mechanisms for high metals and arsenic toxicity may lead to their naturally occurring 646 

antibiotic resistance.    647 

 648 

Conclusion 649 

There are many reviews covering the advantages of extremophiles, especially in the light of 650 

bioremediation (Orellana et al. 2018; Azua-Bustos and Gonzalez-Silva 2014; Bull et al. 2016). It 651 

is important to go beyond the superficial microbial diversity analyses and isolate individual 652 

bacteria to learn what they are really doing. Cultivation is obviously a challenge but learning 653 

from extremophiles will allow us to understand the adaptation mechanisms that microbes use to 654 

survive in their environments. Their more sophisticated machineries will give insight into the 655 

metabolic and synthesis pathways that their non-extreme and pathogenic relatives utilize. This 656 

will lead to discoveries of new enzymes, pigments, and compounds that can be used in 657 

biotechnology, agriculture, and healthcare.  658 

 659 

 660 

 661 
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EXPERIMENTAL PROCEDURES 662 

Sample Preparation and Storage 663 

Environmental samples were collected during the months of May and June of 2018. At each 664 

location, soils were sampled from in between 1-5 cm and collected into sterile 2mL 665 

microcentrifuge tubes using sterile tools. Larger soil samples were also collected into sterile 666 

50mL conical tubes. The date and exact coordinates were recorded at each sampling location 667 

(Table S1). It is important to note that samples from Chaxa, Miscanti, Aguas Calientes, and Salar 668 

de Tara (Figure S1E, H, I, J) were taken from outside of the national parks. Samples were 669 

maintained at room temperature while in the field. Once brought to the laboratory, 20% (v/v) 670 

glycerol in water was added to the samples and stored at -80o C.  671 

 672 

16S Metagenomic Analysis 673 

Approximately 1g of soil sample was added to UBiome microbiome sequencing kit tubes 674 

(UBiome, San Francisco, CA). Samples were processed and analyzed with the 675 

ZymoBIOMICS® Service: Targeted Metagenomic Sequencing (Zymo Research, Irvine, CA).  676 

 677 

Targeted Library Preparation 678 

The ZymoBIOMICS® DNA Miniprep Kit (Zymo Research, Irvine, CA) was used for DNA 679 

extraction. Bacterial 16S ribosomal RNA gene targeted sequencing was performed using the 680 

Quick-16S™ NGS Library Prep Kit (Zymo Research, Irvine, CA). The bacterial 16S primers 681 

amplified the V3-V4 region of the 16S rRNA gene using primers custom-designed by Zymo 682 

Research to provide the best coverage of the 16S gene while maintaining high sensitivity.  683 
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The sequencing library was prepared using a Zymo-developed library preparation process in 684 

which PCR reactions were performed in real-time PCR machines to control cycles and limited 685 

PCR chimera formation. The final PCR products were quantified with qPCR fluorescence 686 

readings and pooled together based on equal molarity. The final pooled library was cleaned up 687 

with the Select-a-Size DNA Clean & Concentrator™ (Zymo Research, Irvine, CA), then 688 

quantified with TapeStation® and Qubit®. 689 

Sequencing  690 

The final library was sequenced on Illumina® MiSeq™ with a v3 reagent kit (600 cycles). The 691 

sequencing was performed with >10% PhiX spike-in. Amplification was compared to a negative 692 

control standard. 693 

Bioinformatics Analysis  694 

Unique amplicon sequences were inferred from raw reads using the Dada2 pipeline (Callahan et 695 

al, 2016) (Callahan et al. 2016). Chimeric sequences were also removed with the Dada2 pipeline. 696 

Taxonomy was assigned using Uclust from Qiime v.1.9.1 with Greengenes 16S database as 697 

reference. Visualization and Analysis of Microbial Population Structure (VAMPS) program was 698 

used for all subsequent diversity, abundance, and cluster plot analyses (Huse et al. 2014). Alpha 699 

diversity, or richness, was quantified as the number of unique sequences found in the sample. 700 

Phyla and genera relative abundance were calculated as the percent number of sequences out of 701 

the total number of sequences in the sample. The cluster plots were calculated based on Morisita-702 

Horn parameters at the genus level. For all analyses, the black soil sample was used as the 703 

representative soil sample from Valle de Arcoiris. This soil was chosen as it is the most prevalent 704 

soil type in the sampling location (Figure S1F). 705 
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 706 

Bacteria Isolate Cultivation  707 

Bacterial cultivation was performed using two approaches: direct cultivation and soil extract 708 

filter cultivation (Figure 2). For direct cultivation, ~100 mg of soil was added directly to liquid 709 

cultivation medium. Four media were used: Luria Benton (LB) liquid and solid agar, 1:100 710 

diluted LB liquid and solid agar, R2 liquid and solid agar (BD Difco, Franklin Lakes, NJ).  711 

Liquid cultures and plates were incubated at room temperature overnight. Liquid cultures that 712 

had visible growth, as seen by turbidity, were deposited onto the surface of solid agar plates of 713 

the same medium for colony formation. All cultures and plates were grown statically at room 714 

temperature.  715 

 716 

The vacuum filter discs were collected to trap and concentrate any bacteria that were in the soil 717 

onto the filter paper. A sterile stick was used to scrape the filter disc and was resuspended into 718 

100µL of sterile water. The resuspension was then plated onto R2 medium agar plates. Plates 719 

were incubated at room temperature for colony formation.  720 

 721 

To isolate, colonies were struck onto R2 solid agar plates until single distinct colonies were 722 

identified. After obtaining all our isolates, potential sisters were removed by the following steps. 723 

First, colonies of the same morphology from the same location were removed. Second, colonies 724 

of the same morphology across the entire isolate collection were removed. At this point, isolates 725 

were stocked in 20% (v/v) glycerol in water and stored at -80oC.   726 

 727 
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For all subsequent cultivation and assays, R2 solid agar and liquid medium were used and 728 

incubated at 25oC. Isolates were observed to grow well in these conditions. Isolates were named 729 

according to a numbering system based on location, sample number, and medium type.  730 

 731 

Species Identification 732 

To identify the species of each cultivated isolate we amplified and sequenced the 16S rRNA 733 

gene from the bacterial chromosome. A single colony was resuspended in 20µL of water and 734 

then used as the template in the polymerase chain reaction (PCR) reaction. The 16S rRNA gene 735 

was amplified using OneTaq Polymerase Master Mix (Fisher Scientific, Agawam, MA) and 736 

bacteria specific 16S rRNA gene primers 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 737 

1492R (5’-GGTTACCTTGTTACGACTT -3’) (Galkiewicz and Kellogg 2008). For those 738 

isolates that colony PCR was not successful, genomic DNA was extracted using chemical 739 

extraction and used as the template for PCR amplification (Sambrook and Russell 2001). The 740 

PCR products were sent for purification and Sanger Sequencing service at Eurofins Genomics 741 

(Louisville, Kentucky). Sequences were identified using NCBI Nucleotide Blast alignment.  742 

 743 

We chose a 97% percent identity to determine species separation and confidence of the identified 744 

species. If the identity is lower than 97%, the isolate is considered a different and/or unidentified 745 

species. To identify unique isolates, we defined a sister isolate as any isolate different to another 746 

isolate within a given sample. If the percent identity was not available, then both isolates were 747 

kept. If both percent identities were above 97%, the isolate with the lower percent identity was 748 

removed. Cultivability ratio for each location was calculated by taking the number of its unique 749 

cultivated isolates (Figure 5A) and dividing it by its alpha diversity value (Figure 3A).  750 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 24, 2020. ; https://doi.org/10.1101/2020.09.24.312199doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.24.312199
http://creativecommons.org/licenses/by/4.0/


 751 

Pigment Identification 752 

Pigment production was observed by tracking morphology over the course of 7 days. Samples 753 

were categorized into yellow, orange, and pink pigment production. Results were reported as a 754 

percentage of all the isolates that produced a pigment. 755 

 756 

Biofilm Production Assay 757 

Isolates were grown overnight in R2 liquid medium shaking at 25oC. Biofilm assay cultures were 758 

then inoculated 1:1000 into R2 liquid medium in small glass culture tubes and grown statically at 759 

room temperature. All strains were tested for biofilms after 5 days of static growth. At harvest, 760 

the OD600 was measured by spectrophotometer to quantify cell density. Quantification of 761 

biofilm production was done by adaptation of published protocols (O'Toole 2011). Briefly, 762 

cultures were decanted and rinsed with phosphate buffer saline (PBS). Any leftover liquid was 763 

pipetted out, and the tubes dried for 10 min in a fume hood. Each tube was filled with 0.1% (w/v) 764 

crystal violet stain and incubated for 15 min at room temperature. The stain was decanted, and 765 

the tubes were twice washed with PBS. Excess liquid was pipetted out and dried for 10 min 766 

under a flow hood. The remaining dye adhered to the biofilm was then dissolved in 30% (v/v) 767 

acetic acid in water. This solution solubilized the dye for 15 min. The crystal violet was 768 

measured at OD595. All experiments were performed in biological triplicate. R2 liquid medium 769 

was used as a blank control and the isolate 225*$C$, a known-biofilm producer, was used as a 770 

positive control in each experiment. For quantification of biofilm production, all OD595 values 771 

were subtracted by the blank control OD595 value. This new value was then divided by the 772 

isolate’s respective OD600 value to standardize all the cultures by cell count. Outliers were 773 
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removed by Grubbs outlier test. Replicates were averaged, and the standard deviation of the 774 

mean was calculated to evaluate error.  775 

 776 

Antibiotic Production Assay 777 

Test isolates were sub-cultured 1:100 from saturated cultures into R2 liquid medium in triplicate 778 

glass tubes. The cultures grew shaking at 25oC for 20 hrs. Lawns of S. aureus HG003 and E. coli 779 

MG1655 were prepared by sub-culturing cells 1:100 from saturated cultures into LB liquid 780 

medium. Bacterial cells were grown shaking at 30oC for one hour until reaching about 781 

OD600=0.1, which were then diluted to an OD600=0.02 in R2 liquid medium. The diluted cells 782 

were used to flood R2 solid agar plates and further dried in a flow hood for 30min. 3µL of the 783 

environmental isolates’ saturated cultures were spotted onto the E. coli and S. aureus lawns. For 784 

comparison purposes, ampicillin (25mg/mL) was spotted as a positive control since the strains 785 

are ampicillin susceptible, and R2 liquid medium was spotted as a negative control. Plates were 786 

incubated at 25oC. After one and four days of incubation, the zones of inhibition were measured 787 

from the edge of the grown colony to the edge of the inhibition zone. Three independent 788 

experiments each with biological triplicates were performed. The average zone of inhibition was 789 

calculated for all three experiments (n=9).  790 

 791 

Minimum Inhibitory Concentration (MIC) Dilution Assay 792 

Selected isolates were challenged against commercial antibiotics ampicillin, rifampicin, 793 

vancomycin, kanamycin, tetracycline, spectinomycin, and chloramphenicol (all purchased from 794 

Fisher Scientific, Agawam, MA or Sigma Millipore, St. Louis, MO) in 96-well plates. Media 795 

was supplemented with antibiotic in a 2-fold dilution ranging from 200 g/mL to 0.2 g/mL final 796 
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concentration. Rifampicin was diluted 2-fold in a range 164 g/mL to 0.2 g/mL final 797 

concentration. Cells were inoculated at a 1:100 dilution from a saturated culture. Wells with no 798 

antibiotic, no cells, and R2 supplemented with antibiotic vehicle were included as positive, 799 

negative, and vehicle effect controls. Bacillus subtilis NCBI 3610 was used as a control strain 800 

with known MICs to these antibiotics. Assay plates were covered with a sealing film and 801 

incubated at room temperature for three days. After three days, isolate growth was quantified 802 

using a plate reader at OD600. The MIC was determined as the concentration that fully inhibited 803 

growth. The experiment was performed three independent times each in biological singlet. The 804 

MIC was calculated to be the average from the three experiments. 805 

 806 
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 828 

TABLE 829 

TABLE 1 Cultivated known plant-associated isolates 830 

Species ID (%) Location Reference 

Aeromonas aquatica strain MX16A 98.00 Laguna Chita 
(Beaz-

Hidalgo et 
al. 2015) 

Agrobacterium rhizogenes strain K599 89.57 Valle de Arcoiris 
(Valdes 

Franco et 
al. 2016) 

Aeromonas sp. AU20 93.19 Salar de Tara (Anda et 
al. 2015) 

Bacillus atrophaeus SQA-17 96.39, 99.05, 100 Ckari Mirador, Cactus Canyon 2, 
Laguna Chita 

 

Bacillus atrophaeus strain GQJK17 97.99, 98.03, 98.68 Valle del Arcoiris, Laguna Chita, 
Chaxa, 

(Ma et al. 
2018) 

Bacillus megaterium strain JX285 100 Miscanti (Huang et 
al. 2019) 

Bacillus mycoides strain Gnyt1 99.71 Miscanti (Xiaomei 
Y 2020) 

Bacillus simplex NBRC 15720 = DSM 1321 

99.03, 98.19, 99.61, 99.13, 
98.33, 88.70, 95.77 

99.28, 94.67, 96.15, 98.61 
98.49, 97.48, 99.01, 98.49, 
98.31, 98.60, 95.69, 87.26, 

94.37, 97.75, 99.81 

Talabre, Cactus Canyon, Salar de 
Tara, Cactus Canyon 1, Laguna 

Chita, Rio Grande, Valle del Arcoiris, 
Aguas Calientes, Ckari Mirador, 

Miscanti 

(Gutiérrez-
Luna 
2010) 

Bacillus sp. X1(2014) 97.31 Miscanti  

Bacillus subtilis strain DKU_NT_03 99.99, 99.81, 95.90, 97.22, 
96.50 

Talabre, Aguas Calientes, Salar de 
Tara, Cactus Canyon 1, Laguna 

Cristal 

(Gutiérrez-
Luna 
2010) 
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Bacillus subtilis strain SG6 97.20 Cactus Canyon 1 (Zhao et 
al. 2014) 

Bacillus thuringiensis strain c25 97.93 Ojos de Salar (Shrestha 
2015) 

Bacillus thuringiensis strain SCG04-02 97.93 Ojos de Salar (Fu et al. 
2017) 

Brevundimonas sp. LM2 96.79, 95.91 Chaxa, Cactus Canyon 1 (Chen et 
al. 2020) 

Enterobacter sp. 98.93, 93.82, 98.54, 98.62, 
98.53, 98.66, 99.90, 99.90 

Cactus Canyon 1, Cactus Canyon 2, 
Tebenquiche, Laguna Cristal, Laguna 

Chita, Chaxa 

(Taghavi 
et al. 2010) 

Janthinobacterium agaricidamnosum 
NBRC102515 = DSM 9628 96.58 Ckari Mirador 

(Graupner, 
Lackner, 

and 
Hertweck 

2015) 

Microbacterium oryzae strain MB-10 99.90 Cactus Canyon 2 (Deb and 
Das 2020) 

Planococcus rifietoensis strain M8 98.14, 97.01 Cactus Canyon 2, Chaxa (See-Too 
2016) 

Pseudomonas azotoformans strain S4 97.15, 99.26 Tebenquiche, Rio Grande (Fang et al. 
2016) 

Pseudomonas brassicacearum strain L13-6-12 99.70 Hierbas Buenas (Zachow et 
al. 2017) 

Pseudomonas fluorescens NCIMB 11764 87.03 Cactus Canyon 1 (Silby et 
al. 2009) 

Pseudomonas koreensis strain D26 98.32 Tebenquiche (Lin et al. 
2016) 

Pseudomonas protegens strain 
FDAARGOS_307 99.90 Cactus Canyon 1 (Ramette 

et al. 2011) 

Pseudomonas sp. L10.10 97.40 Laguna Chita (See-Too 
et al.) 

Pseudomonas sp. M30-35 96.10 Laguna Chita (He et al. 
2018) 

Rahnella aquatilis strain HX2 99.32 Machuca (Guo et al. 
2012) 

Serratia fonticola strain GS2 96.52 Chaxa (Jung et al. 
2017) 

Serratia liquefaciens strain FDAARGOS_125 99.80 Laguna Chita (Caneschi 
et al. 2019) 

 831 

 832 

 833 

 834 

 835 

 836 
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 1111 

 1112 

FIGURE LEGENDS 1113 

 1114 

FIGURE 1 Map of the 18 sampling locations across the Atacama Desert 1115 

Sampling sites have clear geographical distinction as seen by Google Maps imaging. Letter key 1116 

identifies the name of sampling location labeled on the maps. 1117 

 1118 

FIGURE 2 Schematic approach used for sample analysis and colony isolation 1119 

Samples were collected from locations in Figure 1. Illumina 16S rRNA sequencing was 1120 

performed on soil samples to directly sequence and characterize the overall microbial ecology. 1121 

Samples were also cultured to isolate individual bacterial species. This was done by two 1122 

methods: inoculating the sample directly into culture medium or by scraping concentrated 1123 

sample from soil extract filter disc and depositing it onto R2 agar plate. Bacterial colony growth 1124 

was observed, and colonies were isolated until purity. Colony PCR of the 16S rRNA gene was 1125 

used to identify species of the colony isolates with different morphologies. Colony isolates were 1126 

then assayed for pigment production, biofilm production, and antibiotic production and 1127 

resistance. 1128 

 1129 

FIGURE 3 Illumina 16S rRNA sequencing provides a snapshot of bacterial diversity 1130 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 24, 2020. ; https://doi.org/10.1101/2020.09.24.312199doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.24.312199
http://creativecommons.org/licenses/by/4.0/


(A) Quantification of alpha diversity soil samples. Each bar represents the number of unique taxa 1131 

detected in each soil sample. Pound signs indicate locations of higher plant life. No detection of 1132 

sequences in Ojos de Salar or Baltinache (ND). (B) Bar chart of the phyla relative abundance 1133 

within each sample. Each color represents a different phylum and the length of the bar represents 1134 

the percent abundance within that sample. Actinobacteria (pink) and Proteobacteria (dark blue) 1135 

were the most abundant phyla. (C) Cluster plot dendrogram grouping samples based on genus 1136 

similarities under Marisita-Horn analysis. Length of bar represents degree of similarity. 1137 

Tebenquiche was the most different from the rest of the samples.  1138 

 1139 

FIGURE 4 Analysis of Valle de Arcoiris soil samples demonstrate different bacterial 1140 

diversity 1141 

(A) Image of the Valle de Arcoiris demonstrating the different colored soils. (B) Quantification 1142 

of alpha diversity in each soil type. Each bar represents the number of unique taxa detected in 1143 

each sample. (C) Bar chart of all the phyla relative abundance within each soil sample. Each 1144 

color represents a different phylum and the length of the bar represents the percent abundance 1145 

within that sample. (D) Cluster plot dendrogram grouping samples based on species similarities 1146 

under Marisita-Horn analysis. Length of bar represents degree of similarity. The green and black 1147 

soils and the red and white soils were demonstrated to be more similar, respectively. 1148 

 1149 

FIGURE 5 Among cultivable bacteria 74 unique colony species were isolated and identified 1150 

142 distinct isolates based on colony morphology were isolated including 74 unique bacterial 1151 

species. Isolates were cultured from environmental samples as described in Methods. The strain 1152 

identity of colony isolates with different morphologies were distinguished based on the 16S 1153 
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rRNA gene of each colony isolate amplified via PCR and sequenced. The 16S rRNA gene 1154 

sequence was aligned to the NCBI database to identify colony genus, species and/or strain using 1155 

97% identity as species separation and confidence. (A) Distribution of isolates across sampling 1156 

locations. Unique is defined as a bacterial species within the same location that has no other 1157 

representative. Non-unique refers to the same species found in different samples from the same 1158 

location. (B) The cultivability success was calculated as the ratio between the cultivated species 1159 

richness (unique) and the Illumina 16S rRNA alpha diversity (Figure 3A). Ojos de Salar and 1160 

Baltinache could not have ratio calculated due to failure to detect bacteria in the Illumina data 1161 

(labeled NA). Laguna Chita had the greatest cultivability success across all locations.  1162 

 1163 

FIGURE 6 Extremophiles produce pigment  1164 

Pigment production was observed in colonies over seven days. (A) 49/142 colony isolates 1165 

produce pigments. (B) Sample images of pigmented colonies after seven days of growth on R2 1166 

minimal medium agar at 25oC.  1167 

 1168 

FIGURE 7 Extremophiles produce biofilm in more extreme environments 1169 

Colonies were assayed for biofilm development by inoculating colonies into R2 liquid medium 1170 

in glass culture tubes. Cultures were grown statically at 25oC and quantified after 5 days of 1171 

growth using the crystal violet (CV) staining assay (O'Toole 2011). Biofilms were stained with 1172 

0.1% CV. Solubilized CV was then quantified using a spectrophotometer at OD595. OD595 was 1173 

standardized by cell count (OD600) to quantify the amount of biofilm produced per cell (AU). 1174 

Bars represent the average of two or more independent experiments for each individual isolate, 1175 
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dots represent biological replicates (n>6), and error bars represent standard deviation. Red boxes 1176 

highlight isolates from the same location.  1177 

 1178 

FIGURE 8 Extremophiles produce antimicrobials against S. aureus and E. coli and are 1179 

naturally resistant to commercial antibiotics 1180 

(A) Abundance of potential antibiotic producing bacteria in total soil samples. Percent 1181 

abundance of Actinobacteria, and its genus Streptomyces was calculated from the Illumina 16S 1182 

sequencing data. (B and C) Antibiotic production assay demonstrated by antimicrobial challenge 1183 

assay in which a select set of isolates inhibit the growth of either S. aureus or E. coli or both. 1184 

Late stationary phase isolates that were not Streptomyces were spotted onto lawns of S. aureus 1185 

and E. coli. (B) The zones of inhibition were measured after one and four days of incubation at 1186 

25oC. Stars indicate clearing and pound signs indicate clearing with a larger halo. Heatmap 1187 

represents the average of three independent experiments each including three biological 1188 

replicates (n=9). (C) Images of select isolates demonstrating antimicrobial production. Clearing 1189 

can be seen in isolates TQA, TQB, and 710$$A. Yellow circle delineates haloing. (D) Minimum 1190 

inhibition concentration (MIC) assay of select isolates demonstrated resistance to commercial 1191 

antibiotics (Cm = chloramphenicol, Sp = spectinomycin, Tet = tetracycline, Km = kanamycin, 1192 

Rif = rifampicin, Vc = vancomycin, Amp = ampicillin). In a 96-well plate, a select set of isolates 1193 

were subjected to antibiotic challenge in 2-fold dilution in a range 200-0.2 g/mL. Cells were 1194 

inoculated into R2 medium and grown statically at room temperature for 3 days. Growth was 1195 

quantified by plate reader at OD600. The MIC was determined as the lowest concentration at 1196 

which cell growth was completely inhibited. Heatmap represents the average MIC across three 1197 

independent experiments in singlet (n=3).  1198 
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 1199 

SUPPORTING INFORMATION 1200 

Table S1. Location characteristics 1201 

Table S2. Percent relative abundance of phyla and genera in all samples 1202 

Table S3. List of cultivated isolates 1203 

Table S4. List of select isolate for MIC and antibiotic production assays 1204 

Table S5. Select isolate MIC values 1205 

 1206 

FIGURE S1 Images of sampling locations 1207 

Images taken at the time of sampling in each location. Letter corresponds to the letter identifier 1208 

in Figure 1.  1209 

 1210 

FIGURE S2 Archaea make up 1.14% of the total community diversity 1211 

The percent number of Archaea sequences of total samples was calculated from the Illumina 16S 1212 

rRNA sequencing data set for each location. The total makeup of all detected sequences was 1213 

1.14% Archaea. Chaxa and Tebenquiche had the highest abundance of Archaea. Ckari Mirador 1214 

and Laguna Cristal contained no detection of Archaea (box is a zoomed in look at the values).  1215 

 1216 

FIGURE S3 Images of unique biofilm producers 1217 

Side view images taken of unique biofilm producers. Pellicle biofilms were produced after 5 1218 

days of static incubation at 25oC in R2 liquid medium. Shaking biofilms were observed as excess 1219 

matrix and cell clumping. Cells were grown overnight shaking at 25oC in R2 liquid medium. 1220 
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Crystal violet-stained biofilms were imaged after 5 days of static incubation at 25oC in R2 liquid 1221 

medium.  1222 

 1223 
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