
Quantitative analysis of soil microbial diversity
in the hyperarid Atacama Desert, Chile

Item Type text; Dissertation-Reproduction (electronic)

Authors Drees, Kevin Paul

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:04:00

Link to Item http://hdl.handle.net/10150/284318

http://hdl.handle.net/10150/284318


QUANTITATIVE ANALYSIS OF SOIL MICROBIAL DIVERSITY 

IN THE HYPERARID ATACAMA DESERT, CHILE 

by 

Kevin Paul Drees 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF SOIL, WATER, AND ENVIRONMENTAL SCIENCE 

In Partial Fulfillment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN ENVIRONMENTAL MICROBIOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 4  



UMI Number: 3132214 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

UMI 
UMI Microform 3132214 

Copyright 2004 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

The University of Arizona' 
Graduate College 

As members of the Final Examination Committee, we certify that we have read the 

dissertation prepared by Kevin Paul Drees 

entitled Quantitative Analysis of Soil Microbial Diversity 

in the Hyperarid Atacama Desert. Chile 

and recommend that it be accepted as fulfilling the dissertation requirement for the 

Degree of Doctor of Philosophy 

na^. Maier 

Dr. Charles P. Gerba 

date 

C-.  ^  f  iZ /  OCj.  

Dr. Christopher G. RensingC 1 date 

Dr. Arthur W.^,Warric^ date 

H/ii/d'-i 
Dr. Thomas L. Thompson/ date 

Final approval and acceptance of this dissertation is contingent upon the candidate's 
submission of the final copies of the dissertation to the Graduate College. 

I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 

^ 

Di/serfati0n Director: Dr. Raina M. Maier date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations fi-om this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation fi-om or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when 
in the interests of scholarship. Li all other instances, however, permission must be 
obtained from the author. 

SIGNED 



4 

ACKNOWLEDGMENTS 

This dissertation is the culmination of a long academic and spiritual journey for me. I 

would most like to thank my wife Giana, who has been with me since shortly after I 

began on this path. Her love, support, and understanding encouraged me and kept me 

motivated. Juhe Neilson worked closely with me on this project. She set aside her own 

projects to work with me on the DGGE analysis for this dissertation, provided excellent 

advice on the focus and direction of this work, and shared many good conversations with 

me. My advisor Dr. Raina Maier and co-authors Dr. Julio Betancourt, Dr. Jay Quade, 

and Dr. David Henderson contributed immensely to the technical quality of this work, 

and helped me grow as a scientist and writer. My colleagues and friends of the Maier 

lab and the SWES department over the years made our work environment enjoyable. I 

would most like to acknowledge Beau Penton, Jepson Sutton, Luisa Ikner, Jonathan 

Dom, Jennifer Crispin, Monica Mendez, Stephen Descher, Dr. Adria Bodour, Dr. Fiona 

Jordan, Tom Rogers, Justin Marble, Dr. Gregor Grass, and Sheri Musil. Judi Ellwanger 

provided invaluable administrative assistance and encouragement. Finally, I would like 

to thank my former karate sensei Shihan Olen Lane of World Seido Karate, Ithaca, NY. 

Shihan taught me the philosophy "Nana Korobi Ya Oki," which means "seven times 

down, eight times up." In completing this dissertation, I have risen for the eighth time. 



5 

DEDICATION 

This dissertation is dedicated to Mr. Steve Hausauer, my high school 

microbiology teacher and mentor, who inspired my lifelong love of biology, 

microbiology, and the environment. I will never forget the time we spent exploring the 

tidal pools of Bodega Bay, nor the gross shdes of infectious disease symptoms he 

showed our class right before lunch. 



6 

TABLE OF CONTENTS 

LIST OF TABLES AND FIGURES 10 

ABSTRACT 12 

CHAPTER 1: LITERATURE REVIEW 15 

Introduction 15 

Environmental Factors of the Atacama Desert 18 

Geography 18 

Climate 19 

Vegetation 23 

Soils 28 

Microbiology 30 

Conclusion 40 

Dissertation Format 41 

CHAPTER!: PRESENT STUDY 46 

Molecular Microbial Ecology — State of the Art 46 

The Microbial Diversity of the Atacama Desert 48 

Study 1: The Prevalence of Pseudomonas aeruginosa in the Soils of 

Southern Arizona Biomes 49 



7 

TABLE OF CONTENTS - Continued 

Study 2: The Bacterial Diversity of Soils from the Hyperarid Atacama 

Desert, Chile 50 

APPENDIX A: THE PREVALENCE OF PSEUDOMONAS AERUGINOSA 

IN THE SOILS OF SOUTHERN ARIZONA BIOMES 52 

Summary 53 

Introduction 53 

Results 56 

Soils of Mt Lemmon 56 

PCR Sensitivity 58 

PCR Specificity 59 

P. aeruginosa in Mt. Lemmon Soils 59 

Discussion 61 

Experimental Procedures 64 

Soils and Sampling Sites 64 

Bacterial Strains 66 

Bacterial Culture and Culturable Counts 66 

Soil Bacterial Community DNA Extraction and Purification 67 

rhlB PCR 67 



8 

TABLE OF CONTENTS - Continued 

Agarose Gel Electrophoresis 69 

DNA Sequencing Analysis and PCR Product Confirmation 69 

PCR Sensitivity 69 

PCR Specificity 70 

References 71 

Figure Legends 79 

APPENDIX B: THE BACTERIAL DIVERSITY OF SOILS FROM THE 

HYPERARID ATACAMA DESERT, CHILE 86 

Abstract 87 

Introduction 88 

Materials and Methods 91 

Soil Sampling Transects and Soil Analyses 91 

Precipitation and Temperature Data 92 

Soil Culture and Culturable Counts 92 

Soil Bacterial Community DNA Extraction and Purification 93 

168 rRNA Gene PCR for DGGE 94 

Denaturing Gradient Gel Electrophoresis (DGGE) 95 

Statistical Analysis 96 



9 

TABLE OF CONTENTS -Continued 

Results and Discussion 96 

Soils 96 

Precipitation and Temperature 97 

Soil Culturable Counts 98 

DGGE 98 

Summary 101 

Conclusions 102 

References 104 

Figure Legends 109 

REFERENCES 119 



10 

LIST OF TABLES AND FIGURES 

CHAPTER 1: LITERATURE REVIEW 

Figure 1. Map of the Atacama Desert of northern Chile 44 

Figure 2. Soil survey map of the central and southern Atacama Desert 45 

APPENDIX A: THE PREVALENCE OF PSEUDOMONAS AERUGINOSA 

IN THE SOILS OF SOUTHERN ARIZONA 

Table 1. Characterization of the soil sampling sites on Mt. Lemmon in the 

Santa Catalina Mountains north of Tucson, Arizona 76 

Table 2. Physical and chemical characteristics of the Mt. Lemmon soil 

Samples 77 

Table 3. Summary and confirmation of rhlB PCR results for the Mt. Lemmon 

soils and positive controls 78 

Figure 1. Results of one trial of the rhlB PCR sensitivity experiment for seeded 

sterile soil 82 

Figure 2. Results of one trial of the rhlB PCR sensitivity experiment for seeded 

natural soil 84 

Figure 3. Results of the rhlB PCR specificity experiment 85 

Figure 4. Presence or absence of the rhlB gene in the Mt. Lemmon soils 86 



11 

LIST OF TABLES AND FIGURES -- Continued 

APPENDIX B: THE BACTERIAL DIVERSITY OF SOILS FROM THE 

HYPERARID ATACAMA DESERT, CHILE 

Table 1. Geographic characterization of the soil sampling sites along both the 

Punta Negra and Quebrada Paposo transects 106 

Table 2. Temperature and precipitation data for the region of the Atacama Desert 

corresponding to the study area 107 

Table 3. Physical, chemical, and microbiological characteristics of the Atacama 

Desert soil samples 108 

Figure 1. Map of the study area, including the location of sampling sites along the 

Punta Negra transect and the Quebrada Paposo transect Ill 

Figure 2. Mean annual precipitation (O) and mean annual temperature ( ) trends 

between 23.41-25.32°S in the Atacama Desert 112 

Figure 3. Soil culturable counts on 100% R2A agar from the Punta Negra transect 

(O) and the Paposo transect ( ) 113 

Figure 4. DGGE profiles of the soils sampled from the Atacama Desert 114 

Figure 5. Kruskal's Isotonic Multidimensional Scaling analysis of the DGGE 

profiles from the Punta Negra transect in 3 dimensions (A) and 4 

dimensions (B), and from the Paposo transect in 4 dimensions (C) 116 



12 

ABSTRACT 

The Atacama Desert of northern Chile is one of the most arid regions on Earth. The 

central plateau, between the coastal escarpment and the Andes, is devoid of vegetation 

and receives only millimeters of rain every few years. Though plants are absent in the 

soils of this desert, perhaps bacteria can survive, and even thrive, in these hyperarid 

conditions. Previous research indicates soil bacterial numbers and diversity in the 

central desert are low. Some soils contain so few bacteria that culture-based and 

molecular analysis methods failed, and are reported to be practically sterile. 

This dissertation represents the first comprehensive study of bacterial diversity in 

the driest central latitudes (approximately 24°S) of the Atacama Desert. Study 1 covers 

the development of a soil DNA extraction method for the study of soil bacterial 

populations. This method was field tested in an ecology study in the Santa Catalina 

Mountains of southern Arizona. Soils from five biomes ranging from Sonoran Desert 

scrub to Ponderosa pine forest were extracted, and a PCR-based method was developed 

and used to detect Pseudomonas aeruginosa in these extracts. This organism is an 

opportunistic pathogen, and its natural reservoir in the environment is debatable. P. 

aeruginosa was detected in 90% of the soils tested, including soils from all five biomes. 

This indicates that soil is indeed a natural reservoir of this organism. Furthermore, this 

method was determined to be highly sensitive, able to detect 1.24x10^ P. aeruginosa 

cells per gram of soil, and specific, able to differentiate between P. aeruginosa and its 

close non-pathogenic relatives P. fluorescens and P. putida, qualifying it as an excellent 
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diagnostic method. 

Study 2 is the actual investigation of Atacama Desert soil diversity. Atacama 

soils were sampled in two transects at approximately 24°S and 25°S. The first transect, 

runs from the Pacific slopes of the coastal escarpment, across the absolute (plantless) 

desert, and through several narrow bands of sparse vegetation at high altitudes in the 

Andes. The second transect is within the well-developed fog zone near Paposo on the 

Pacific slope of the coastal escarpment, where an endemic plant community called lomas 

is established. Analysis of DGGE profiles of bacterial !6S rRNA genes extracted from 

these soils with Kruskal's Isotonic Multidimensional Scaling indicates that the bacterial 

populations cluster into several groups, including the low diversity populations of the 

core absolute desert, and the higher diversity high elevation Andean populations 

influenced by the vegetation of Andean biomes. Only one group clustered in the lomas-, 

the rest of the profiles were unique, demonstrating the high diversity of bacterial 

populations within this diverse vegetation community. The most interesting DGGE 

profile was for soil 3107, which is within the absolute desert but clustered with the 

Andean bacterial populations. This soil lies within the transition zone between the low 

precipitation of the absolute desert (approximately 2.4 mm per year) and the higher 

precipitation of the high elevation Andes (approximately 47.1 mm per year). This 

Andean bacterial population may extend further into the absolute desert than the Andean 

vascular plants due to superior aridity tolerance. Alternatively, this bacterial population 

may be a relic from when the Andean vegetation advanced through this elevation in a 

wet period 3000 years ago. This study of Atacama Desert microbial ecology fills in 
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some gaps in current knowledge of Atacama natural history, and provides a glimpse into 

what life might have been like in the soils of early Earth before the rise of vascular 

plants, or in the hyperarid soils of Mars. 
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CHAPTER 1 

LITERATURE REVIEW 

Introduction 

The word "desert" evokes different images for different readers, from the barren drifting 

ergs of the Sahara to the lush saguaro, palo verde, and wildflowers of the upland 

Sonoran Desert of Arizona and Mexico. Deserts may indeed be desolate or lush, hot (the 

Arabian Desert) or cold (the Ross Desert of Antarctica), low in altitude (the Namib of 

the southwestern African coast) or high (the Altiplano of the Bolivian Andes). Perhaps 

the only characteristic shared by all deserts is the lack of sufficient rainfall. Two great 

bands of deserts circle the Earth at approximately 30° latitude, both north and south, due 

to the presence of large, stable anticyclones at these latitudes (Goudie, 2002). These 

high-pressure cells deflect frontal storm systems, and the subsidence associated with an 

anticyclone forces air to sink, warming and concomitantly drying it. 

Thomthwaite (1948) developed a moisture index to help classify deserts that is 

still used today. This moisture index is used to compare a region's precipitation to 

potential evapotranspiration, in essence providing an index of water debt. If a region 

receives just as much precipitation as its potential evaporation rate, its moisture index is 

0%. Humid regions that have higher precipitation than evaporation have positive 

moisture indices. Subhumid, semiarid, and arid regions receiving less precipitation than 

potential evapotranspiration have a negative moisture index. Arid regions are defined as 

having a moisture index of -60% to -40%. 
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Approximately 19% of the Earth's terrestrial surface is classified as arid by 

Thomthwaite's moisture index (Goudie, 2002). Twenty-one percent of arid lands can be 

considered extremely arid or hyperarid. Hyperarid regions, in addition to their moisture 

debt, have at least 12 consecutive months in which no rainfall was recorded, and do not 

have a regular seasonal rainfall pattern (Goudie, 2002). Hyperarid deserts include a 

portion of the Sonoran Desert on the east coast of the Gulf of California, the interior 

Sahara, the Namib and Kalahari of southwestern Africa, parts of the Arabian Desert, 

regions of the Gobi and Takla-Makan Deserts of central Asia, the Atacama and Peruvian 

Deserts on the west coast of South America (Goudie, 2002), and the ice-free Ross Desert 

of Victoria Land in Antarctica (Cameron, 1969; Vishniac, 1993). 

It is a testament to the tenacity of living organisms that most of these extreme 

deserts are at least sparsely vegetated. Only a few distinguish themselves as containing 

large land surface areas that are devoid of plants: the eastern interior of the Sahara (viz. 

the Libyan Desert), the central Namib Sand Sea south of the Kuiseb River, the Atacama 

Desert interior (McGinnies, 1968; Fuller, 1974), and the Antarctic Ross Desert 

(Horowitz et al, 1972; Vishniac, 1993). Extreme aridity, extreme heat or cold, and/or 

unstable soil surfaces such as ergs prevent the establishment and propagation of 

vegetation in these absolute deserts (we will not consider regions that are barren due to 

soil toxicity, such as the hypersaline soils surrounding the Great Salt Lake in Utah and 

the Great Salt Desert of Iran). Despite the lack of vegetative cover, microbiological life 

has been demonstrated in the soils of most of these absolute desert regions, specifically 

the Atacama (Cameron et al, 1966; Forest and Weston, 1966; Navarro-Gonzalez et al. 
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2003), the Sahara (Skujins, 1984), and the Ross Desert (Horowitz et al, 1972; Vishniac, 

1993). 

The southern Atacama Desert (24-27''S), the focus of this study, provides many 

unique opportunities to study the microbiology of extreme, absolute deserts. First, the 

Atacama is very accessible. A number of ports dot the coastal regions of the Atacama, 

and the Pan-American highway traverses the entire length of the desert. The smooth 

piedmont plain of the Meseta Central and the lack of vegetation make off-road travel 

easy. The desert is under 200 km in width, allowing quick access to the entire desert in 

cross-section. Second, a number of environmental factors exhibit little variation in the 

Atacama. Rainfall is nearly absent, temperature is relatively constant with latitude, 

longitude, and season, and soils are homogenous. The effects of these variables on 

observations made in the desert, such as of microbial population diversity, are 

necessarily limited and essentially controllable. Finally, the absolute desert transitions 

abruptly into two narrow bands of diverse vegetation at the coast and at high elevations 

in the Andes. This transition from absolute desert to vegetation provides a unique 

opportunity to study the effects of plants, or lack thereof, on bacterial soil populations. 

Previous work indicates a lack of vegetation will significantly influence soil bacterial 

community structure. Collins and Cavigelli (2003) demonstrated differences in 

microbial community structure and function in the Sonoran Desert using Biolog and 

fatty acid methyl ester (FAME) analysis based upon the presence or absence of plants 

from the soil sampling area, and Zak et al. (1994) showed with Biolog that the functional 

diversity of bacterial communities can be affected by the type of overlying vegetation in 
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a Chihuahua Desert elevational transect. 

We will begin this study of Atacama Desert microbial diversity with a review of 

the desert's features that potentially have the most impact upon soil microorganisms. 

This includes the desert's geography, climate, vegetation, soils, and past microbiological 

work performed in the Atacama. 

Environmental Factors of the Atacama Desert 

Geography 

The Atacama Desert stretches for more than 1000 km along the coast of Chile from the 

River Copiapo at 27.33''S north to Arica at 18.48''S near the Peruvian border, 

transitioning into the desert of Peru (Figure 1). Yet in cross-section, the desert averages 

only 150 km wide. A narrow littoral terrace along the Pacific Ocean rises steeply in an 

escarpment known as the Cordillera de la Costa, which varies between 1000-2000 m in 

height. Beyond the crest of the coastal range, the tableland continues to rise towards the 

Cordillera de los Andes in a gently rolling piedmont plain called the Meseta Central. 

The central and southern reaches of the Atacama (21-27''S) are the most arid and barren 

regions of the desert, and will be the focus of this investigation. In this region, the 

Cordillera Domeyko interrupt the pampas, running parallel to the Andes. In the high 

plain between the two mountain ranges are a number of expansive salt basins, including 

the Salar de Atacama and Salar de Punta Negra. 
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Climate 

Why is the Atacama Desert so dry? After all, it is adjacent to the Pacific Ocean and a 

number of warm, moist tropical air masses, notably the Intertropical Convergence Zone 

(ITCZ). The ITCZ is an equatorial region where the trade winds from the northern and 

southern hemispheres meet. High insolation, warm ocean waters, and high evaporation 

due to the trade winds combine to moisten and warm the air. The buoyant, moist air 

serves as a major source of precipitation and thunderstorms in the tropics around the 

globe. The answer to the Atacama's aridity lies in the interaction of several geographical 

and climatological factors, including but not limited to the stable and relatively 

stationary South Pacific anticyclone, the Cordillera de los Andes with its associated rain 

shadow effect, and the cold Humboldt/Peruvian current which parallels the Chilean coast 

(Caviedes, 1973; Miller, 1976; Trewartha, 1981; Houston and Hartley, 2003). The 

Andes rise abruptly from the central plateau of Chile to a high altitude, with few passes 

lower than 4,000 m in elevation (Miller, 1976) and peaks above 6,000 m (Houston and 

Hartley, 2003). The Andes prevent the advection of warm moist air into the Atacama 

from the ITCZ to the north and east, creating a rain shadow. In addition, the Andes hold 

the stable South Pacific Anticyclone in place off the coast of South America. The South 

Pacific Anticyclone is a high-pressure cell that is remarkably stable, mainly due to the 

lack of terrestrial perturbation upon its air-flow patterns. This high pressure system 

deflects Pacific fronts away from northern Chile, preventing moisture from reaching the 

Atacama from the south and west as well (Caviedes, 1973; Miller, 1976; Trewartha, 

1981; Houston and Hartley, 2003). 
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The South Pacific Anticyclone and the cold Humboldt/Peruvian current work 

together to form a temperature inversion along the northern Chilean coast that further 

inhibits precipitation in the Atacama (Caviedes, 1973; Trewartha, 1981; Houston and 

Hartley, 2003). The Humboldt/Peruvian current is a cold ocean current that runs from 

south to north along the entire western coast of South America. The shallower cold 

Peruvian Coastal Current parallels this current closer to shore, and between the two is 

the warm Humboldt Countercurrent that penetrates south from the equator, though this 

current is more significant at the latitude of Peru (Trewartha, 1981). The South Pacific 

Anticyclone spins counterclockwise, causing prevailing southerly and southwesterly 

trade winds to flow up the coast of Chile. These winds cause cold water to upwell along 

the coast which, with the cold offshore currents, ensure that coastal air at low altitudes is 

cool and moist. Atmospheric subsidence caused by the high pressure of the anticyclone 

warms descending air, drying it out and sealing off this cool moist air. A permanent 

temperature inversion off the coast is thus formed, preventing the moist air from rising 

and precipitating (Caviedes, 1973; Trewartha, 1981; Houston and Hartley, 2003). 

Moisture from the ITCZ does occasionally overcome the Andes rain shadow in 

the northern Atacama during summer months, resulting in thunderstorms and 

snowstorms that roll down the western slopes of the Andes. This phenomenon is known 

locally as the invierno boliviano (Kalin Arroyo et al, 1988). These storms rarely occur 

lower than 3,500-4,000 m (Borgel, 1973), and thus moisture from these storms only 

reaches the interior desert in the form of runoff The Antarctic Polar front also 

occasionally penetrates the South Pacific Anticyclone during winter months, causing 
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winter storms called invierno chileno (Kalin Arroyo et al, 1988). The divide between 

dominant winter and summer precipitation is a northwest to southeast diagonal line 

running from 19°S on the coast north of Iquique to the crest of the Andes at 26°S 

(Houston and Hartley, 2003). Thus, most of the central extreme desert is influenced 

most by winter precipitation. However, these uncommon winter storms rarely reach as 

far north as Antofagasta at 23.65°S, and as mentioned above, summer storms from the 

Andes do not reach the desert interior (Miller, 1976). Between 1977-1991, Antofagasta 

averaged only 4.1 mm annual precipitation, 87% of which occurred as expected during 

the winter months (Houston and Hartley, 2003). The aridity is even harsher within the 

desert interior, with measurable precipitation only occurring once every few years 

(Trewartha, 1981). Yungay, for example, on the leeward side of the coastal escarpment 

within the absolute desert southeast of Antofagasta, received only 2.9 mm of 

precipitation between October 1994 and September 1998 with only one significant 

precipitation event of 2.3 mm on May 11, 1997 (McKay et al, 2003). 

Though precipitation is inhibited, relative humidity along the coast is very high. 

According to Trewartha (1981), the constant southerly trade winds evaporate a huge 

amount of moisture from the sea, and the permanent temperature inversion prevents this 

moist air from rising and precipitating, resulting in high relative humidity. Miller (1976) 

reports relative humidity at Antofagasta (23.65°S) to be approximately 80% year-round. 

Relative humidity at Yungay (24.08°S) in the desert interior varied between a high of 

69-100%) and a low of 7-10%o between October 1994 and September 1998 (McKay et al, 

2003), with the high humidity occurring near dawn and dissipating to the daily low by 
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late morning. Yungay, though east of the coastal escarpment, lies at the head of a valley 

that reaches towards Antofagasta, and thus benefits from the coastal moisture. In 

general, moist coastal air is unable to rise over the Cordillera de la Costa and penetrate 

the absolute desert, where relative humidity is much lower (Trewartha, 1981). Weather 

stations are rare in the absolute desert around 25°S (Houston and Hartley, 2003), so a 

direct example is not possible. But, further north in the absolute desert at Pica (20.47°S), 

the average humidity range is 16-38% (Caviedes, 1973). 

Stratus clouds form at the boundary between the cool moist air and the warm dry 

air of the coastal inversion, which has been reported to be anywhere from 800 m 

(Thompson et al, 2003) to 1500 m (Borgel, 1973) above sea level depending upon 

location. Where the coastal mountains are steep, they intercept the stratus cloud layer, 

allowing persistent fog called camanchaca to form. The fog zone is particularly well 

developed in the vicinity of Paposo (25.03°S) and Parque Nacional Pan de Azucar 

(25.53''S). The Cordillera de la Costa in this region peaks near 1500 m, and fog forms 

in a belt on the western slopes of the mountains between 300 m and the limit of the 

temperature inversion at 800 m (Thompson et al, 2003; Rundel et al, 1991). Coastal 

fog is thicker and more continuous in the winter (Trewartha, 1981), but also occurs 

lower on the mountain slopes in winter due to the subsidence of the inversion layer 

(Thompson et al, 2003). Where the coastal escarpment is lower, such as Antofagasta 

(23.65''S), the coastal range fails to intercept the stratus clouds and fog does not occur. 

In fact, Antofagasta reported less than 2 days of fog between 1944-1955 (Miller, 1976). 

The fog and stratus clouds of the coast do not occur in the interior desert, where cloud 
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cover is limited to occasional wispy, high-elevation cirrus clouds (Caviedes, 1973). 

Unlike precipitation, temperature is very stable and predictable along a 

tremendous range of latitude in the Atacama, mainly due to the mitigating influence of 

the cold Humboldt/Peruvian current that parallels such a long stretch of the Chilean 

coast. Coastal temperatures are predictably the most stable, due to the high relative 

humidity. At Antofagasta (23.65''S), temperatures average 18-20°C in the summer and 

13-14°C in the winter, with a diurnal range of only 6-8°C (Trewartha, 1981). The 

temperature gradient with latitude is very slight. The difference in mean annual 

temperature between Arica in the far north of the desert and La Serena in the south is 

only 4°C (Miller, 1976). At Yungay (24.08°S ) in the dry desert interior at an elevation 

of 1000 m, temperatures are more variable. Typically, the temperature reaches a high of 

32°C year-round, with the minimum temperature falling to 10°C in the summer and 0°C 

in the winter. Mean monthly temperatures in the summer months reach 20°C, like on the 

coast, but winter mean monthly temperatures fall to approximately 12°C (McKay et al, 

2003). Thus, the Atacama is not a stereotypical hot desert, like the Sahara or Mojave. 

On the slopes of the Andes, temperatures reflect the rise in elevation. At Ollague 

(21.23°S), elevation 3700 m, the mean monthly temperature only varies 8°C, but the 

diurnal temperatures can vary by as much as 35°C (Miller, 1976). Extreme temperatures 

at Ollague range from 23.5°C in January to -32.3°C in June (Caviedes, 1973). 

Vegetation 

After discussing the paucity of rainfall in the Atacama Desert, and the inability of plants 
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to grow there, it may seem strange to include a discussion of Atacama plant communities 

in this review. Although the vast majority of the Atacama is indeed devoid of 

vegetation, a highly endemic vegetation community has developed in the fog zone on the 

western slopes of the Cordillera de la Costa, and a general Andean vegetation 

community exists between the limits of precipitation on the slopes of the Andes and the 

0°C mean annual temperature isotherm at approximately 4500 m. 

The fog zone vegetation, or lomas, has been extensively catalogued and 

described by Dillon and Hoffmann (1997) and Rundel et al. (1991). The lomas is most 

well developed near Paposo (25.03°S), coincident with the most well developed fog of 

the Atacama coast, where 80 famihes, 225 genera, and 550 species of vascular plants 

thrive (Dillon and Hoffmann, 1997). Lomas vegetation is dominated by the succulent 

Euphorbia lactiflua and the cactus Eulychnia iquiquensis, occurring in the center of the 

fog zone between 370-640 m above sea level. The rest of the vegetation in this zone is 

composed of other cacti {Echinopsis coquimbanus), shrubs (Oxalis gigantea, Lycium 

stenophyllum, Proustia cuneifolia, Croton chilensis, Balbisia peduncularis) and annual 

herbs {Viola spp., Cruckshanksia pumila, Alstroemeria graminea, Malesherbia humilis, 

Chaetanthera glabrata). Vegetation covers up to 50% of the ground surface in this lush 

central zone of the coastal fog! Below 300 m and the lower limit of the fog, the littoral 

terrace is populated by rooted bromeliads {Deuterocohnia chrysantha, Puya boliviensis) 

and the endemic cactus Copiapoa cinerea var. haseltonia, which morphologically 

resembles the barrel cactus of the Sonoran Desert. Above 800 m and the upper limit of 

fog, Copiapoa stands occur once again, as well as the shrubs Polyachyrus cinereus, 
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Oxalis caesia, Gypothamnium pinifolium, and Chuquiraga ulicina, and several species 

of the flowering Nolana, which is endemic to Chile (Rundel et al., 1991; Dillon and 

Hoffman, 1997). Vegetation above and below the central fog zone only covers 

approximately 5% of the total land area (Rundel et al., 1991). 

The lomas vegetation is similar as far south as Chanaral (26.35°S), including the 

Parque Nacional Pan de Aziicar. At Chanaral, several species reach their southernmost 

limit, including Gypothamnium pinifolium and Nolana aplocaryoides. South of 

Chanaral to Copiapo (27.33'"S), vegetation is composed of sparse shrubs (Skytanthus 

acutus, Encelia canescens, Frankenia chilensis, Nolana rostrata), armuals, and 

perennials. This is the end of the Atacama Desert proper, though north of La Serena at 

29.92°S, some lomas vegetation occurs in association with coastal matorral vegetation 

from central Chile (Rundel et al, 1991; Dillon and Hoffmann, 1997). 

North of Paposo, the lomas vegetation thins and loses diversity as the Cordillera 

de la Costa becomes lower in elevation and the associated fog becomes less significant. 

Near Antofagasta, only a few Eulychnia iquiquensis and Copiapoa spp. manage to 

survive. On the Cerro Moreno headland north of Antofagasta, a weak fog zone lies 

between 800-1000 m elevation. Below the fog, only a few scruffy Nolana peruviana 

survive. At 600 m, Copiapo spp. appear. Within the fog zone proper, only stunted 

Eulychnia iquiquensis, a few shrubs {Heliotropium pycnophyllum, Ephedra breana, 

Lycium deserti) and herbs (Cynanchum viride, Viola polypoda, Argythamnia canescens) 

occur. Lichens are also very prominent on the rocks, soil, cacti, and euphorbs, unlike at 

Paposo. Beyond Antofagasta, scattered lomas vegetation crops up above 500 m on the 
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coastal escarpment, and is composed of 20% endemic species (especially Nolana), 76% 

of species from the Paposo area reaching the northern limit of their range, and only 4% 

of species from the Peruvian coastal desert. Between Iquique (20.22°S) and Arica 

(18.48°S) the coast is essentially barren, and north of Arica, the desert begins to show 

associations with Peruvian fog zone vegetation (Rundel et al, 1991; Dillon and 

Hoffmann, 1997). 

Recall that the northern Chilean Andes are subject to occasional summer storms 

that manage to overcome the rain shadow effect and spill over the peaks of the Andes 

from the north and east. Precipitation from these storms supports several distinct bands 

of vegetation on the western slopes of the Andes above the absolute desert. Villagran et 

al. (1981) described this vegetation near the latitude of Calama (22.47°S), using the 

terminology developed by Ruthsatz (1977) for the vegetation on the Argentinian side of 

the Andes at the same latitude. 

Above the absolute desert between 2600 m and 3150 m is the Pre-Puna, 

composed of scattered drought-resistant shrubs (Phylippiamra pachyphylla, Coldenia 

atacamensis, Adesmia spp., Acantholippia deserticola, Sysimbrium philippianum, 

Chersodoma arequipensis, Franseria meyeniand). Shrubby Pre-Puna species (Franseria 

meyeniana, Helogyne macrogyne, Atriplex microphyllum, Chuquiraga kuschelii) and the 

saguaro-like columnar cactus Helianthocereus atacamensis also push up into the 

canyons and ravines of the next vegetation belt. Plants cover 7.5-12.1% of the terrain in 

the Pre-Puna (Villagran et al, 1981). 

The Puna lies between 3150 m and 3850 m and is composed mostly of 
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shrublands called tolares with some tussock grasses. The lower reach of the Puna 

(3200-3650 m) is the most diverse of the Andean vegetation belts. Typical species 

include the tolar shrubs Fabiana densa, Baccharis boliviensis, and Ephedra breana, the 

cactus Tephrocactus camanchoi, the perennial Cardionema ramosissima and the annual 

Gnaphalium lacteum. Higher in the Puna (3650-3850 m), diversity wanes but grasses 

become more common. Dominant species are still tolar shrubs (Baccharis incarum, 

Junellia seriphioides, Lampaya medicinalis) and the grass Stipa leptostachya. Plant 

cover in the Puna ranges between 19.5-31.7% (Villagran et al, 1981). 

In the High-Andean Belt (3850-4250 m), tussock grasses and cushion plants 

(cold-adapted alpine plants that grow together in a dense mat) become the most common 

growth forms. Below 4150 m, the grasses Stipa venusta and Festuca chrysophylla reach 

their greatest density, and are accompanied by the cushion plants Azorella compacta and 

Pycnophyllum bryoides, the shrubs Fabiana bryoides, Chuquiraga spinosa, and thorny 

Adesmia horrida, and the perennial Coniza deserticola. Above 4150 m, cushion plants 

(Mulinum crassifolium, Pycnophyllum molle, Oxalis exigua, Werneria glaberrima) 

dominate. Though the Puna is more diverse, plants reach their greatest total coverage of 

37.5% in the High-Andean belt. Above the High-Andean steppe is the Subnival belt, 

where plant cover rapidly declines to nothing due to the extremely low temperatures 

(Villagran e? a/., 1981). 

Betancourt et al. (2000) characterized the Andean vegetation at the Tropic of 

Capricorn (23.50°S) to the east of the Salar de Atacama using Villagran's terminology. 

They report similar ranges and composition of the vegetation belts, though the High-
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Andean belt reached as high as 4500 m, perhaps due to a higher limit of the 0°C mean 

annual isotherm in this more southerly region. 

Soils 

Detailed information concerning the soils of the Atacama Desert is scarce, but the Food 

and Agriculture Organization of the United Nations (FAO, 1971; FAO, 1974; FAO, 

1988) made a general survey of this area for its world soil map (Figure 2), and 

McGinnies et al. compiled soil information of this region for their exhaustive treatise on 

world deserts (Drogne, 1968). Soils in the central Atacama are reported to be 

predominantly medium- and coarse-textured. The soils of the western slopes of the 

Cordillera de la Costa are Haphc Yermosols, using the FAO soil classification system, 

which grade into an association with Haplic Solonetzes and Lithic Leptosols at higher 

elevations. The parent materials here are intrusive rocks, Jurassic andesite, breccias and 

conglomerates. Quaternary pediment material, and some alluvium. Beyond the coastal 

escarpment, saline Haphc Yermosols transition into sodic Haplic Yermosols, stretching 

to the foothills of the Andes. These soils are formed from parent Quaternary pediment 

alluvium and aeolian deposits, as well as some volcanic materials. Lithosols become 

common again on the slopes of the Andes, where parent materials include intrusive 

rocks, Mesozoic clastic and extrusive rocks. Tertiary and Quaternary volcanic tuffs and 

ash, and Quaternary alluvium and colluvium. A region of Haplic Solonchaks lies 

between the coastal escarpment and the Yermosols of the Meseta Central north of 24''S. 

These soils developed from unconsolidated Quaternary deposits overlying Jurassic 
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intrusive and andesitic extrusive rocks. 

According to the FAO soil classification system (FAO, 1971; FAO, 1988), 

Haplic Yermosols are soils with an aridic moisture regime, a weak ochric epipedon, and 

a cambic endopedon. Haplic Solonetzes have a natric endopedon and an ochric 

epipedon without an albic elluvial horizon. Solonchaks are saline soils with poor 

horizon development; Haplic Solonchaks possess an ochric epipedon at best. Lithic 

Leptosols are shallow soils with a lithic contact within 10 cm of the soil surface. The 

FAO/UNESCO World Soil Map Legend underwent a revision in 1988 in which several 

soils units were changed or eliminated. The latest designations were used in this 

discussion, with the exception of the Yermosols. These soils were originally classified 

based upon their aridic moisture regime, a climatic characteristic. The FAO decided it 

did not want to use climate as a first-order classification criterion, and eliminated the 

Yermosol soil unit. These soils are now classified based upon their physical 

morphology, and will include a yermic phase in their description. The World Soil Map 

has not yet been updated to include these changes. 

Despite the strong winds, coarse soils, and low organic matter of the Atacama 

Meseta Central, dunes and ergs do not form here as they do in the Sahara and Namib 

deserts. Salt crusts at the soil surface may play a role in stabilizing soils and preventing 

the fomiation of dunes (Drogne, 1968). The source of these salts in Atacama soils 

comes primarily from groundwater (Rech et al, 2003). Groundwater discharges or 

capillary action bring soluble salts to the desert surface. Salts are deposited when the 

water evaporates, forming a salar. Winds pick up and distribute salts throughout the 
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desert, though primarily on the leeward (eastern) side of the salar. Coastal fog can also 

deposit marine salts within the Cordillera de la Costa (Rech et al, 2003). 

Microbiology 

Habitats that are too harsh for the growth of vascular plants may still be home to 

flourishing communities of microorganisms. The microbiological exploration of the 

Atacama Desert began with the pioneering work of Cameron, Gensel, and Blank in 1966 

(Cameron et al, 1966). Three soil samples were collected from an Entisol in the 

absolute desert outside of Uribe, Chile (23.55°S, 70.28''W), near Antofagasta. These 

three samples were from the surface, a depth of 1-4 cm, and a depth of 4-12 cm in the 

soil profile. The soil was sandy with gypsum deposits at the surface, pH 7.7, EC 0.325-

2.225 dS/m, and TOC 0.07%. The soil samples were inoculated onto plates of a variety 

of media and incubated at 22°C for no longer than 30 days to determine the culturable 

soil microbial counts. The medium which yielded the greatest culturable counts was a 

neutralized acid extract of the soil itself, which contained the dissolved salts and organic 

matter from the microbes' natural habitat. This medium yielded average culturable 

counts of 3.7x10^ CFU/g soil at 4-12 cm depth, 4.1x10^ CFU/g at 1-4 cm, and 1.23x10^ 

CFU/g at the surface, which is lower than typical counts from less extreme deserts 

(Skujins, 1984). Bacterial cells were primarily Gram negative. Media and culturing 

techniques used to select for heterotrophic and autotrophic iron oxidizers and anaerobes 

failed to yield colonies, and few ammonifiers or nitrogen fixers were evident. 

Streptomycetes and pigmented bacteria were prevalent, but fungal colonies were not 
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reported. 

Surface horizon soil samples from Mantos Blancos, Estacion Cerrillos, Ceritos 

Bayos, and Cuesta Salar del Carmen in Antofagasta region were cultured for 

cyanobacteria (Forest and Weston, 1966). Thirty-three of 66 plates demonstrated the 

growth of a "fragmented" form of Schizothrix calcicola, as well as Anacystis montana, 

and Coccochloris peniocystis. It is possible these cyanobacteria were growing in crusts 

on the desert soil surface, though cryptobiotic crusts were not observed in this study. 

The most common cyanobacterial members of crust communities are not the ones 

observed, but rather species of Oscillatoria, Nodularia, and Microcoleus (Skujins, 1984) 

The majority of subsequent microbial research performed in the Atacama Desert 

focuses on the study of moderately and extremely halophilic prokaryotes from the soils 

and waters of the expansive salt basins on the eastern fringe of the desert, such as the 

great Salar de Atacama. As such, it is worth discussing the definition and classification 

of halophilic microorganisms at this point. Halophilic prokaryotes have historically 

been classified as slight, moderate, borderline extreme, or extreme halophiles (Kushner, 

1978; Kushner, 1993). Non-halophiles can grow in up to 1 M NaCl, but have their 

optimum growth at less than 0.2 M NaCl. This includes most terrestrial and freshwater 

microorganisms. Slight halophiles require at least 0.2 M NaCl, grow optimally between 

0.2-0.5 M NaCl, and cannot grow above 2 M NaCl. This includes most marine 

microorganisms. Moderate halophiles require 0.4 M NaCl, grow optimally between 0.5-

2 M NaCl, but cannot tolerate NaCl greater than 3.5 M. Borderline extreme halophiles 

need 1 M NaCl to grow, prefer 2-3 M NaCl, but cannot grow in greater than 4 M NaCl. 
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Finally, extreme halophiles need 2 M NaCl, grow best between 3-4 M NaCl, and can 

tolerate NaCl concentrations up to the saturation point of 5.2 M. The moderate, 

borderline extreme, and extreme halophiles are found in high-salinity terrestrial and 

lacustrine environments, such as the soils and waters of playas and saltwater evaporation 

ponds (salterns). A final class, the halotolerant organisms, grows optimally in the range 

of non-halophiles, but is able to survive in high salt concentrations. 

Most moderate halophiles are aerobic or facultative heterotrophic eubacteria 

(Ventosa et al, 1998). The family Halomonadaceae contains the majority of these 

closely related organisms, including the genera Halomonas, Chomohalobacter, and 

Zymobacter. Halomonas is a genus that contains several species formerly assigned to 

other genera, such as Volcaniella and Deleya, based upon phenotypic character cluster 

analysis. These assignments were never perfect, and subsequent 16S rRNA gene 

analysis has indicated that these halophiles are phylogenetically homogenous and belong 

together in their own genus. Moderate aerobic or facultative heterotrophic halophiles 

not belonging to the Halomonadaceae include the Gram-negative Salinivibrio (formerly 

a member of Vibrio), Arhodomonas aquaeolei, and Dichotomicrobium 

thermohalophilum, the Gram-positive Halobacillus, Marinococcus, Salinicoccus, 

Nesterenkonia halobia (formerly a member of Micrococcus), and Tetragenococcus 

muriaticus, and the actinomycetes Actinopolyspora and Nocardiopsis. Some more well-

known genera with moderately halophilic members include Pseudomonas, 

Flavobacterium, and Bacillus. 

Certain anaerobes have been found to be moderately halophilic (Lowe et al. 
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1993; Ollivier et al, 1994). The heterotrophic (fermentative) Gram-negative 

Halobacteroides, Haloanaerobium praevalens, and Haloincola saccharolytica, the 

Gram-negative spore former Sporohalobacter, and the Gram-positive Clostridium 

halophilum all grow well in moderately saline waters and sediments. Anaerobes round 

out the physiological diversity in saline environments. Moderately halophilic 

homoacetogens (Acetohalobium arabaticum), sulfur reducing bacteria (Desulfovibrio 

halphilus, Desulfohalobium retbaense), phototrophic purple bacteria (Rhodospirillum, 

Chromatium salexigens, Ectothiorhodospira), and Archaean methanogens 

{Methanohalophilus, Methanosalsus zhilinae) have all been cultured. 

Nearly all of the extreme halophiles are aerobic Archaea belong to the family 

Halobacteriaceae, and most produce a red carotenoid pigment (Kamekura, 1998; Oren, 

2002). Family Halobacteriaceae is composed of 40 species in 15 genera, including 

Halobacterium, Halococcus, Natronobacterium, Natronococcus, Haloarcula, Haloferax, 

Halobaculum, Halorubrum, Natrialba, Natronomonas, Haloterrigena, and 

Halogeometricum (Oren, 2002). Once considered unusual, the actinomycete 

Actinopholyspora halophila requires at least 12% NaCl (2 M), and grows best between 

15-20% NaCl (2.6-3.4 M), which classifies it as an extreme halophile (Gochnauer et al, 

1975). Recent fluorescence in situ hybridization work by Anton et al (Anton et al, 

1999; Anton et al, 2000) demonstrates, however, that this eubacterium may not be 

alone. Approximately 18% of the prokaryotes living in the hypersaline (37% salt) 

waters of a marine solar saltern in Alicante, Spain are eubacteria rather than Archaea, 

and 78% of these eubacteria belong to a particular novel species. This organism has 
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since been named Salinibacter ruber and successfully cultured (Anton et al, 2002). S. 

ruber grows aerobically under saturated salt conditions at 32-47°C, but requires at least 

15% (2.5 M) NaCl for growth, making it an extreme halophile. Like Archaean extreme 

halophiles, this organism produces a red pigment, which perhaps contributed to the delay 

in its discovery. It belongs to the Cytophaga-Flavobacterium-Bacteroides phylum, and 

its closest relative (89% homology) is the shghtly halophihc thermophile Rhodothermus 

marinus isolated from a marine hot spring. S. ruber has been isolated from salterns on 

the Balearic Islands and Canary Islands and a hypersaline lagoon in Egypt, suggesting 

that it is a common member of hypersaline microbial communities (Anton, 2000). 

Despite the fuss over this aerobic heterotrophic extreme halophile, several 

anaerobic extremely halophilic Bacteria have been known since as early as the 1970's. 

These include the heterotrophic Halobacteroides lacunaris and Haloanaerobacter 

chitinovorans, and several phototrophic purple bacteria of genus Ectothiorhodospira 

(Ollivier et al., 1994). An extremely halophilic Archaean methanogen was described in 

1987 by Zhilina et al. (Ollivier et al. 1994). 

The Salar de Atacama has been the epicenter of halophile research in the 

Atacama Desert. The Salar de Atacama lies between the Cordillera de los Andes and the 

parallel Cordillera Domeyko range at an altitude of 2300 m at approximately 20.5''S and 

68.25''W, covering an area of 300 km^. The Salar contains a number of shallow briny 

lakes fed by groundwater. The largest is Lake Tebenquiche at the northern end of the 

salar. As described by Zuniga (1991), the waters of this lake are saline (250 g salts / L, 

EC 0.43 dS/m), slightly alkaline (pH 7.5), and nearly anoxic (0.6 mg/L dissolved O2). 
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The abundance of cations are as follows: Na^ > > Ca^^. Anions exist in the 

following proportions: CI' > S04^" > HCO3". In addition to prokaryotes, which will be 

discussed next, Artemia salina (brine shrimp) and Mesochra (a copepod) inhabit the 

lake. Plants are sparse on the shores of the lake, but include Juncus sp. (rushes), Scirpus 

olmeyi (salt marsh sedge), Triglochin striata (three-ribbed arrowgrass), and Distichlis sp. 

(saltgrass). Bacterial numbers average 10^ CFU/mL in the lake waters, and 10^ CFU/g 

within the sediments (Ziiniga et al, 1991). 

The first study of Salar de Atacama organisms involved a taxonomy study by 

Quesada et al. (1987) of 62 non-motile moderately halophilic eubacteria isolated from 

solar sahems, saline soil, and seawater, 60 from the vicinity of Alicante and Huelve, 

Spain, and 2 from the Salar de Atacama. One hundred and forty seven phenotypic 

characters, including utilization of sugars and amino acids, acid production from various 

substrates, and antibiotic sensitivity, were used to assign strains to phena with cluster 

analysis via the unweighted pair-group method of association (UPGMA). The isolates 

clustered into two phena at a 70% similarity level, 33 of which clustered into a phenon 

identified as Flavobacterium, and 22 grouping into Acinetobacter. The classification of 

the second phenon was not satisfying, and subsequent work indicated that bacteria of 

this phenon belonged in a new genus and species, Volcaniella eurihalina (Quesada et al, 

1990). Volcaniella was later incorporated into genus Halomonas (Ventosa et al, 1998). 

Prado et al. (1991) performed a similar study using 161 heterotrophic Gram-

negative rod-shaped isolates, all of which were obtained from waters, soils, and 

sediments containing 3-10% salinity from the Salar de Atacama. Using 101 phenotypic 
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characters, UPGMA clustering revealed 5 phena. The first group of 47 strains was 

phenotypically similar to Vibrio, later reclassified into Salinivibrio (Ventosa et al, 

1998). Two phena representing 26 strains were most similar to Alteromonas, a group of 

Gram-negative, heterotrophic, flagellated marine bacteria, which are supposed to be only 

slightly halophihc (van Landschoot and de Ley, 1983). A fourth group of 83 isolates 

was found to be similar to Marinomonas, a close relative of Alteromonas and also 

allegedly only slightly halophihc (van Landschoot and de Ley, 1983). The last phenon 

of 5 strains was assigned to the Acinetobacter/ Volcaniella genus as in Quesada's earlier 

work (Quesada et al, 1987). 

In a follow-up study, Prado et al. (1993) cultured both moderate and extreme 

halophiles from Lake Tebenquiche water, sediment, rhizosphere samples from lake 

plants, and surrounding soils using media with salt concentrations ranging from 5-25%. 

Culturable counts averaged between 10^-10^ CPU/ mL or g of sample. Only 4 moderate 

halophiles were isolated from soil samples. The bulk of the isolates were moderate 

halophiles obtained from the lake water, rhizosphere, and sediments, including 160 

strains of Deleya (Halomonas), 36 Vibrio (Salinivibrio), 12 Volcaniella (Halomonas), 6 

Marinococcus, 5 Micrococcus (Nesterenkonia), and 18 Bacillus. Also, 124 strains of an 

unidentified Gram-negative motile rod-shaped aerobe that produced a diffusible black 

pigment were isolated. Seventy five strains of extreme halophiles were cultured, but not 

identified, from lake water and sediments. These strains were only obtained from media 

containing the highest salinity (25%). 

Marquez et al. (1993) performed a taxonomic analyis of Gram-positive 
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moderately halophilic cocci from the Salar de Atacama. Using DNA-DNA 

hybridization to chromosomes from type cultures, it was determined that, of the 19 

isolates, 9 belonged to the species Marinococcus albus, and 10 to Marinococcus 

halophilus. These species are capable of precipitating (Ca, Mg)C03 from solution, 

which was observed and characterized in the Atacama isolates (Rivadenejra et al, 

1999). Carbonate precipitation was studied in cultures of these organisms containing 

between 3-20% salinity. Various strains of M. halophilus could precipitate carbonates 

from the full range of saline media, but M albus strains could not precipitate carbonates 

from media with 20% salinity. M. albus favors the precipitation of Mg in carbonates 

more so than M. halophilus. The precipitated carbonates take the form of spheres 

between 10-100 |a,m in diameter. Some of these spheres exhibit pores that are the same 

size and shape as bacteria. The morphology of these biogenic carbonates are important 

in the interpretation of carbonate crystals found in meteors from Mars, as to whether 

such crystals are formed by inorganic processes or by the activity of Martian 

microorganisms (McKay et al, 1996). 

Lizama et al. (2001) branched into the taxonomy of extreme halophiles living in 

the Salar de Atacama. Eighty two strains of extremely halophilic prokaryotes from the 

water and sediments of Lake Tebenquiche were clustered by UPGMA analysis using 

121 phenotypic characteristics. 70% of the strains clustered into 15 phena: 26 strains in 

9 phena of Halorubrum, 4 strains in 2 phena of Halobacterium, 27 strains in 3 phena of 

Haloarcula, and 2 strains in 1 phenon of Haloferax. 30% of the strains did not cluster. 

One particular strain of Halorubrum did not cluster well with the others. DNA-DNA 
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hybridization of this strain's DNA with DNA of other species of Halorubrum yielded 

only 38-55% identity, suggesting this was a new species. This species has since been 

classified Halorubrum tebenquichense, and is unique among other Halorubrum species 

due to its disc-shaped morphology (Lizama et al, 2002). 

Recently, microbiology efforts in the Atacama Desert have begun to focus 

elsewhere: the search for life on Mars. Dose et al. (2001) chose the Atacama Desert to 

test the survivability of Bacillus subtilis spores, Aspergillus conidia, and Deinococcus 

radiodurans cells when exposed to a hyperarid climate and solar radiation. The low 

relative humidity and high insolation of the Atacama mirrors conditions that 

microorganisms would experience in the surface soils of Mars. Monolayers of the 

spores, conidia, and cells were spread on glass disks and exposed in a gas-permeable cell 

in the dark to the Atacama climate for 15 months near Chacabuco (23.0°S, 69.5''W) and 

for 13 months near Yungay (24.1 °S, 69.7''W) in Antofagasta region. After the 

experiment, the microorganisms were tested for viability by culturing. Climatic 

conditions were recorded at the Yungay site. The mean maximum relative humidity at 

Yungay reached 40-60% in the early morning, but for most of each day the relative 

humidity was below 10%. A valley penetrates the Cordillera de la Costa near 

Antofagasta that allows humid air to reach Yungay from the Pacific Ocean, though the 

relatively humid conditions here were only discovered during the course of the 

experiment. Daily temperature fluctuated between 10-33°C in the summer and 1-28''C in 

the winter. Between 14 and 28 % of Aspergillus sp. conidia survived the exposure, with 

the best survivor being A. niger. Fifteen percent of the B. subtilis spores survived, but 
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only 0.1% of the D. radiodurans cells survived. D. radiodurans cells were shown in a 

laboratory experiment to be susceptible to relative humidities greater than 40%, which 

explains its poor performace at Yungay and Chacabuco. When exposed to solar 

radiation at the sites for 90 min, only 24% of A. niger conidia, 2% of A. versicolor 

conidia, and 4% of B. subtilis spores. This demonstrates a severe impact of solar 

radiation on the survival of microorganisms, mainly due to DNA damage by solar UV 

radiation, which is worse on Mars due to its lack of a protective ozone layer. These 

results suggest that microorganisms could resist the hyperarid environment of Mars, and 

could even survive aeolian transport there. However, insolation of the Martian surface is 

likely to quickly inactivate microorganisms unless they happen to be in the shade or 

manage to penetrate underground (Dose et al, 2001). 

The most systematic exploration of microbial diversity in the absolute desert of 

the Atacama to date is by Navarro-Gonzalez et al. (2003), who sampled the upper 10 cm 

of soils in a longitudinal transect at approximately VO^W running from 23.32''S near 

Antofagasta to 28.12°S near Copiapo. Both culture and molecular techniques were 

employed. Soils were diluted and plated on 10% and 1% plate count agar. Most 

culturable counts ranged from 10"^-lO'' CFU/g soil and tended to increase with latitude, 

matching the increase in mean annual precipitation with latitude. Soil bacterial DNA 

was extracted from the soil samples as well, and the 16S rRNA gene was amplified. 

These sequences were cloned into a library and sequenced. Soils contained between 6-

26 distinct taxa, most of which belonged to the high G+C Gram positive Actinobacteria 

(actinomycetes) and the low G+C Gram positive Firmicutes. Representative species 
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include Blastococcus, Geodermatophilus, and Streptomyces of the Actinobacteria and 

Bacillus of the Firmicutes. 

Several soils samples from the area around Yungay (24.07''S) yielded cell counts 

below the procedural detection limit of 10^ cells/g. Hundreds of plates of these soils 

were prepared, and only a total of 10 bacterial colonies were isolated. Soils were 

determined to be non-toxic by mixing with other soils from the transect followed by 

culturing the mixed soil. Only the expected dilution effect was observed. Furthermore, 

sufficient bacterial DNA for cloning and sequencing were not recoverable from these 

soils. The implication is that these soils contain so few bacteria as to be practically 

sterile. Similarly low culturable counts and speculations concerning soil sterility have 

been reported for the hyperarid, yet pergelic Ross Desert of Victoria Land, Antarctica 

(Vishniac, 1993). 

Conclusions 

The Atacama Desert can be considered an extreme environment, where the lack of 

available free water is the primary limiting factor to the growth of plants and 

microorganisms. The study of microbes at the limits of biological tolerance, in this case 

the limited availability of water, helps us understand more thoroughly the interaction of 

living organisms with the environment, and may eventually lead to the discovery of new 

organisms, survival strategies, physiological processes, or enzymes and biological 

products with useful properties. Preliminary observations suggest the soils of the 

absolute desert near 24°S latitude in the Atacama are extremely low in microbial 
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numbers and diversity. Molecular analysis methods, in general more sensitive than 

culture-based analyses for the purposes of detection and identification of 

microorganisms, are the best choice of tools to begin studying these sparse microbial 

populations, and very efficient DNA extraction and polymerase chain reaction 

techniques are required to account for low microbial numbers. Ultimately, sensitive 

molecular methods combined with culture-based methods for the recovery of enzymes, 

natural products, and genome/proteome information can unlock the secrets of the 

Atacama Desert soil microorganisms. 

Dissertation Format 

This dissertation is composed of two manuscripts in preparation for publication. The 

first manuscript, which appears as Appendix A, is entitled "The Prevalence of 

Pseudomonas aeruginosa in the Soils of Southern Arizona Biomes," and will be 

submitted to the journal Environmental Microbiology. This work represents the 

development of the soil DNA extraction and PGR methods. The concept, experimental 

design, sampling and laboratory efforts, data analysis, and manuscript preparation are 

all my own original work, with general guidance and manuscript editing provided by my 

advisor Dr. Raina M. Maier. Dr. Atasi Ray-Maitra of the University of Arizona Soil, 

Water, and Plant Analysis Lab performed the particle size analysis and percent total 

organic carbon (% TOC) analysis of the Mt. Lemmon soil samples. 

The second manuscript, which appears as Appendix B, is entitled "The Bacterial 

Diversity of Soils from the Hyperarid Atacama Desert, Chile." It will be submitted to 
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the Proceedings of the National Academy of Sciences. The experimental foundation for 

this work were laid in the first manuscript. The concept of this manuscript was 

developed by myself and Dr. Maier, as well as the co-authors Mrs. Julia Neilson, Dr. 

Julio Betancourt, and Dr. Jay Quade. The experiments were designed by myself, Dr. 

Maier, and Mrs. Neilson. Soil sampling was performed by Dr. Betancourt and Dr. 

Quade. I performed all soil sample sieving and preparation, culturable counts, soil DNA 

extractions, and PCR optimization and amplification. Mrs. Neilson and I shared 

responsibility for the denaturing gradient gel electrophoresis (DGGE) analysis. Dr. Ray-

Maitra performed soil pH and electrical conductivity measurements, particle size 

analysis, and % TOC analysis of the Atacama soil samples. Dr. Betancourt gathered the 

temperature and precipitation data used in the study. Dr. Quade analyzed the soils for 

calcium carbonate content. Dr. David Henderson performed the Kruskal's Isotonic 

Multidimensional Scaling analysis of the DGGE profiles. DGGE gel scoring, all other 

statistical analyses, data interpretation, and manuscript preparation are my own work, 

with advice and editing provided by all of my co-authors. 

Not included in this dissertation is work I performed on behalf of Dr. Maier and 

Dr. Morteza Abbaszadegan as a doctoral student in the Department of Soil, Water, and 

Envirormiental Science. This paper, entitled "Comparative electrochemical inactivation 

of bacteria and bacteriophage," is published in the peer-reviewed journal Water Research 

(Drees et al, 2003). Project concept was developed by myself. Dr. Maier, and Dr. 

Abbaszadegan. The experimental design, laboratory work, and manuscript preparation 

are my work, with guidance and editing provided by Dr. Maier and Dr. Abbaszadegan. 
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Dr. Robert Frye instructed me and demonstrated the analysis of covariance (ANCOVA) 

used in this paper on a subset of my data, though I repeated his work and applied 

ANCOVA to the rest of my data. 
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Figure 1. Map of the Atacama Desert of northern Chile (histituto Geografico Militar 
(Chile), 1988). 
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Figure 2. Soil survey map of the central and southern Atacama Desert. Soil units are 
defined as follows: Yh - Haplic Yermosols, I = Lithic Leptosols, So = Haplic 
Solonetzes, Zo = Haplic Solonchaks. The number after the hyphen in each soil unit 
indicates soil texture (1 = coarse, 2 = medium, 3 = fine). The lower case letter indicates 
topography (a = level to undulating, b = rolling to hilly, c = steep to mountainous). 
(FAO, 1971). 
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CHAPTER 2 

PRESENT STUDY 

The main body of this dissertation hes in the two studies presented in Appendices 

A and B. Following a brief background, the objectives and findings of these studies are 

summarized in this chapter. 

Molecular Microbial Ecology ~ State of the Art 

The study of microbes in the environment underwent a paradigm shift with the 

development of the viable but non-culturable (VBNC) theory (Colwell, et al, 1985), 

which intimates that most microorganisms in the environment are not culturable by 

known methods. These VBNC microbes may be injured, dormant, or merely fastidious. 

Research that relies upon culturing methods for ecological studies of microorganisms 

risks neglecting the contribution of VBNC organisms to the ecosystem. VBNC 

organisms can be accounted for by using molecular methods, which allow researchers to 

study microorganisms based upon the presence/absence, expression, structure, or 

function of cellular macromolecules. The analysis of microbial DNA, in particular, has 

become a powerful tool for exploring microbial populations in the environment. 

Microorganisms can be identified and tracked in the environment based on their 16S 

rRNA gene sequences. Denaturing gradient gel electrophoresis (DGGE) can be used to 

resolve genes from different organisms based upon their sequences, demonstrate 

dominant members of microbial populations, and indicate changes in microbial 
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community structure with treatments or the passage of time. 

To study microorganisms in soil with DNA analysis technologies, a reliable and 

efficient soil bacterial DNA extraction method is needed. The two primary strategies for 

soil DNA extraction are direct lysis and cell extraction. The direct lysis method involves 

lysing cells within soil samples, usually by a chemical or enzymatic treatment, bead-

beating, cycles of freezing and thawing, or sonication. This is followed by purification 

of DNA from soil particles and humic materials. The cell lysis method, on the other 

hand, involves separating bacterial cells from soil, and then lysing and purifying DNA 

from the extracted cells. The direct lysis method is held to be superior, as it is quicker 

and less labor intensive, yields larger quantities of DNA, and recovers greater than 60% 

of available soil bacterial DNA (Robe et al, 2003). hi contrast, the cell extraction 

method only recovers between 25-50% of the total DNA (Robe et al, 2003). The 

drawback of the direct lysis method is that it is rather vigorous, which damages the 

extracted DNA and releases PCR-inhibitory soil humic materials into the extracts (Robe 

et al, 2003). More et al (1994) determined the most efficient direct lysis method was 

bead-beating coupled with dissolution of cell membranes with sodium dodecyl sulfate. 

Given the complexity of this procedure, each scientist must develop a protocol that will 

work with their own soil samples and any inherent challenges that they present. 

The Microbial Diversity of tlie Atacama Desert 

Microorganisms living in the soils of the Atacama Desert experience some of the most 

arid, inhospitable living conditions on the planet. Previous surveys of microbial life in 
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the Atacama report low numbers and low diversity (Cameron et al, 1966; Navarro-

Gonzalez et al, 2003), and some soils that are practically sterile (Navarro-Gonzalez et 

al, 2003). Such claims require confirmation. Furthermore, microorganisms potentially 

contribute significantly to the natural history of this unusual environment, and their 

particular role invites investigation. The first step is to estimate the overall richness, or 

lack thereof, of the microbial diversity in the soils of this desert. This is the objective of 

this dissertation. Since the Atacama Desert is an extremely marginal environment, it 

would certainly be expected that microorganisms living in the soils of this desert would 

be in a viable but non-culturable state. A molecular method was thus deemed an 

appropriate choice of tools to achieve this goal. Study 1 describes the development of a 

soil bacterial DNA extraction method and the development of PGR procedures for 

amplifying template DNA from soil. The efficacy of these methods is demonstrated in a 

local soil microbial ecology study in the Santa Catalina Mountains. Study 2 concerns 

the actual investigation of bacterial diversity in the Atacama Desert, including DGGE 

analysis of 16S rRNA gene sequences from soils of this desert, raw estimates of 

diversity, and differences in diversity between soils samples. 

Study 1: The Prevalence of Pseudomonas aeruginosa in the soils of southern 

Arizona 

I chose to develop an SDS/bead-based DNA extraction method for soil. In conjunction 

with this method, I developed a PGR protocol to detect Pseudomonas aeruginosa in soil 

DNA extracts. This organism is an opportunistic pathogen (Artenstein and Gross, 1993), 
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and it is commonly assumed to be ubiquitous in nature. There is some disagreement in 

the hterature as to whether soil is this organism's natural reservoir. Ringen and Drake 

(1952) detected P. aeruginosa in only 3% of the soils they tested, but found it much 

more frequently in fecal and sewage samples. In contrast, Green et al. (1974) detected 

P. aeruginosa in 24% of the soils they tested. It is important to be aware of this 

organism's natural reservoir in order to protect those at risk of infection from exposure. I 

used the soil DNA extraction and PCR to search for P. aeruginosa in soils from Mt. 

Lemmon in the Santa Catalina Mountains to the north of Tucson, Arizona. Mt. Lemmon 

encompasses a range of environmental conditions and vegetation from base to summit, 

which makes it suitable to test the "ubiquity" of P. aeruginosa in soil. 

The soil DNA extraction/PCR methodology was shown to be able to detect as 

few as 400 P. aeruginosa cells per gram of soil in a sterile soil seeded with known 

quantities of the organism. In natural soil containing 10^ heterotrophic bacteria /g soil, 

the P. aeruginosa template experienced competition in the PCR reaction, and the 

sensitivity decreased to 1.24x10^ CPU / g. The PCR successfully amplified template 

from both clinical and environmental isolates of P. aeruginosa, but not from the closely 

related but non-pathogenic strains of P. fluorescens and P. putida. It is difficult to 

distinguish P. aeruginosa from these organisms, which occur in equal or greater 

numbers than P. aeruginosa in the environment (Hardalo and Edberg, 1997). This 

method therefore has potential applications as a diagnostic method for regulatory or risk 

assessment studies. Finally, P. aeruginosa was discovered in 90% of the Mt. Lemmon 

soils, including soils from all 5 biomes investigated, which ranged in diversity from 
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Sonoran Desert scrub to Ponderosa pine forest. It can therefore safely be said that soil is 

indeed a natural reservoir of P. aeruginosa. 

Study 2: The Bacterial Diversity of Soils from the Hyperarid Atacama Desert, Chile 

The driest region of the Atacama is at approximately 24°S, which is outside of the 

influence of both summer rains fi-om the Andes and winter rains from the Pacific 

(Houston and Hartley, 2003). Soils were sampled from this area in a transect from the 

Pacific slopes of the Cordillera de la Costa to the upper limit of vegetation on the slopes 

of the Andes. A second transect further south (25°S) in the Cordillera de la Costa 

includes soils with lomas vegetation for comparison to the absolute desert soils. Soil 

bacterial DNA was extracted using the method developed in the previous study, and the 

16S rRNA genes were amplified and run on a DGGE gel. 

DGGE profiles of the soils indicate the bacterial populations cluster into the low 

diversity core absolute desert soils, soils influenced by Andean vegetation exhibiting 

higher diversity, and soils within the central coastal fog zone with relatively high 

diversity. Several other fog zone profiles were unique. The most intriguing results were 

obtained for soil 3107, which is within the absolute desert yet has a bacterial population 

associated with the bacteria under Andean vegetation at higher elevations. Soil 3107 

experiences a mean annual precipitation (MAP) of 29.9 mm per year. This soil is at the 

abrupt transition zone between the low mean annual precipitation of the absolute desert 

(approximately 2.4 mm per year) and the higher precipitation of the Andes 

(approximately 47 mm per year). The bacterial population of 3107 may demonstrate 
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that the bacteria associated with the Andean vegetation can tolerate less precipitation 

than the plants themselves. Alternatively, the bacterial population of soil 3107 may be a 

remnant of the Andean vegetation bacteria left behind when the Andean vegetation 

retreated after advancing to lower elevations during the last wet period 3000 years ago 

(Latorre, et al, 2003). 

Bacterial populations of various composition and degree of diversity were 

demonstrated in the soils of the Atacama Desert, fulfilling the objective of the research 

for this dissertation. This study contributes to our knowledge of the natural history of 

the remarkable Atacama Desert, and also gives us a glimpse of how life might have 

existed on early Earth before the rise of vascular plants, or even in the comparably arid 

soils of Mars. 
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Summary 

Soils from an elevational transect on Mt. Lemmon in the Santa Catalina Mountains of 

southern Arizona were tested for the presence of Pseudomonas aeruginosa, an important 

opportunistic pathogen. The soils represent five distinct biomes: spinose-suffrutescent 

Sonoran Desert scrub, open oak woodland, pine oak woodland, Ponderosa pine forest, 

and mesic ravine fir forest. A broad range of soil and climatic conditions existed at the 

sampling sites, including mean annual temperature and precipitation, TOC, and pH. P. 

aeruginosa was found in 90% of the soils tested, the highest prevalence yet reported for 

this organism in soil. This study establishes soil as a natural reservoir for P. aeruginosa. 

In addition, the PCR-based molecular detection method used is shown to be sensitive 

and capable of distinguishing P. aeruginosa from other non-pathogenic fluorescent 

Pseudomonads. 

Introduction 

It is commonly assumed that Pseudomonas aeruginosa, like other Pseudomonads, is a 

natural and prevalent member of soil bacterial communities. Indeed, P. aeruginosa has 

been isolated from soil (Ringen and Drake, 1952; Green et al, 1974; Cho et al, 1975; 

Marques, 1979; Rhame, 1980). It can also be found in a variety of other natural 

environmental sources, including crop and ornamental plants (Kominos el al., 1972; 

Green et al, 1974; Cho et al, 1975; Cother et al, 1976; Janse et al, 1992), unpolluted 

fresh surface water (Hoadley and Ajello, 1972), and in biofilms formed on freshwater 

plants, sediments, and other submerged surfaces (Pellett et al, 1983). This organism can 
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also be isolated from the feces from humans (Ringen and Drake, 1952; Shooter et al, 

1966; Sutter et al, 1967; Stoodley and Thom, 1970; Wheater et al, 1980), certain 

domesticated animals (Mushin and Ashbumer, 1964; Hoadley and McCoy, 1968; 

Wheater et al, 1980; Aoi et al 2000), and wild fish (Pellett et al, 1983), and likewise 

from sewage and polluted surface water (Ringen and Drake, 1952; Rhame, 1980; 

Wheater et al, 1980; de Vicente et al, 1990; Aoi et al 2000; Soltan, 2001). Studies of 

soil populations have not conclusively shown that P. aeruginosa is ubiquitous in soil, and 

in light of its many sources in the environment, it is not clear that soil is its natural 

reservoir. Ringen and Drake (1952), for example, found P. aeruginosa in only 3 of 100 

soil samples, whereas 11% of human fecal samples and 90.4% of sewage samples tested 

positive for the organism. They concluded that P. aeruginosa lives naturally in sewage, 

feces, and perhaps the intestinal tracts of animals rather than soil, and that its presence in 

soil was likely due to fecal contamination. On the other hand. Green et al (1974) 

discovered P. aeruginosa in 24% of soil samples taken from California agricultural 

fields, 71% of which were within the same county. None of these fields had a history of 

manure application, and irrigation waters used on these fields were free of the organism. 

Plants grown in these fields showed very low incidence of P. aeruginosa. So, though far 

from ubiquitous, the P. aeruginosa populations in these soils seemed to be natural rather 

than allochthonous. 

It is important to know the natural reservoir of P. aeruginosa due its role as a 

major opportunistic pathogen, which is described in a thorough review by Artenstein and 

Cross (1993). P. aeruginosa typically infects only the immunocompromised, but is 
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responsible for approximately 9% of all nosocomial infections. Infections with P. 

aeruginosa are the primary cause of morbidity and mortality in cystic fibrosis patients 

and bum victims. P. aeruginosa is a major cause of nosocomial bacteremia and 

pneumonia, infections of catheters and other surgical implants, keratitis, and external 

otitis, hifections with this organism have become more common in the last 30 years due 

to longer life expectancies of immunocompromised patients, the extensive use of 

antibiotics to which P. aeruginosa is resistant, and the increased incidence of parenteral 

drug use, which can both inoculate the host and damage host tissues, making the hosts 

more susceptible to infection (Artenstein and Cross, 1993). Determining the full 

ecology of this organism can help reduce contamination of hospitals (Kominos et al., 

1972; Cho et al, 1975) and limit the exposure of people at risk of infection outside of 

the hospital. 

The objective of this study is to establish whether soil is or is not a natural 

reservoir of P. aeruginosa. We will use modem molecular methods to detect P. 

aeruginosa rather than the culturing techniques used in past studies. The soils we will 

test come from the slopes of the Santa Catalina Mountains north of Tucson, AZ. These 

mountains are unique in that they undergo a rapid succession of vegetation and climatic 

conditions with elevation (Whittaker and Niering, 1965; Whittaker et al, 1968; 

Whittaker and Niering, 1975; Niering and Lowe, 1984), from the warm and arid Sonoran 

Desert soils at the feet of the mountains to the much cooler and moister soils of the 

Ponderosa pine forest near the summit. Soils from different elevations in these 

mountains will provide us with a broad range of climatic and soil-forming factors. 
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including moisture, temperature, vegetation, organic matter content, and pH, that should 

influence the occurrence of soil P. aeruginosa populations. 

We also report the development of a specific and sensitive PCR-based method 

for identifying P. aeruginosa that can distinguish it from the closely related P. 

fluorescens and P. putida. These three organisms are members of the cytochrome c 

oxidase-positive, fluorescent, non-phytopathogenic, non-necrogenic subgroup of the 

genus Pseudomonas (Bossis, et al, 2000). It is difficult to distinguish the opportunistic 

human pathogen P. aeruginosa from these close non-pathogenic relatives with 

diagnostic culturing methods, and P. fluorescens and P. putida are often found in equal 

or greater numbers than P. aeruginosa in the environment (Hardalo and Edberg, 1997). 

A diagnostic tool that can detect P. aeruginosa amongst these other common fluorescent 

Pseudomonads without false positives is essential for any future regulatory or risk-

assessment studies involving P. aeruginosa (Hardalo and Edberg, 1997). 

Results 

Soils of Mt Lemmon 

As described previously (Whittaker and Niering 1965; Whittaker et al., 1968), the Santa 

Catalina Mountains lie north of Tucson, Arizona on the western edge of the Mexican 

Plateau. The steep southern face of the range runs approximately 32 Ian east to west just 

north of Tucson. The mountains rise from a base of 850-980 m to the summit of Mt. 

Lemmon at 2,766 m. The Catalinas are a metamorphic core complex composed mainly 

of schist, gneiss, and migmatite at low elevations with granite becoming more common 
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at higher elevations. Soils are shallow, consisting of a thin A horizon with a lithic 

contact near our sampling depth (Whittaker and Niering, 1965; Whittaker et al, 1968). 

Dry, low-elevation soils are lithic Torriorthents, whereas lithic Haplustolls and lithic 

Ustorthents predominate at higher elevations where soil organic matter and moisture 

contents are higher (Hendricks, 1985). The vegetation of the Catalinas demonstrates a 

unique blend of Madrean flora from the Mexican Plateau to the southeast, forest and 

grassland flora from more northerly regions of Arizona, and the spinose-suffrutescent 

flora (such as the famous saguaro cactus) from the Sonoran Desert to the southwest 

(Whittaker and Niering, 1965; Whittaker et al, 1968). 

Most soils sampled were sandy loams by texture, with a few coarser loamy sands 

occurring (Table 2). Total organic carbon content was highest in the riparian soils of 

Site 2 along the banks of the perennial stream in Marshall Gulch, due to the thick 

organic layer of maple leaf litter and the high soil moisture content. TOC was nearly as 

high in the Ponderosa pine forest soils of Site 1, and decreased with elevation and 

decreasing vegetation density and surface litter to low levels in the Sonoran desert soils 

of Site 5 near the base of the mountain. Decreasing TOC is correlated to decreasing 

elevation with the equation y = 0.0024x - 2.6 (R^ = 0.71) where y is TOC in percent and 

X is elevation in meters. Soil pH increases in a weak correlation with elevation described 

by the equation y = -0.0006x + 6.8 (R^ = 0.30) from the moist pine forest soils of the 

summit to the more arid desert soils at the base. Previous reports show a stronger trend 

with R^ = 0.44 (Whittaker et al, 1968). Our trend is weakened by the relatively high pH 

of the high-elevation riparian soils of Site 2 and the surprisingly low pH of the Sonoran 
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Desert soils of Site 5, which was expected to be closer to neutrality (Whittaker et al, 

1968). Whittaker et al. (1968) report several other weak trends with decreasing 

elevation, including decreasing C/N ratio (R = 0.71), decreasing cation exchange 

2 • 2 capacity (R == 0.20), and increasing base saturation, particularly of calcium (R = 0.83). 

PCR Sensitivity 

The detection limit of the rhlB PCR for P. aeruginosa PAOl cells seeded into sterile 

Gila sandy loam soil was determined to be 147 P. aeruginosa CFU per gram of dry soil 

in one trial, and 564 CFU/g in a second trial, for an average of approximately 400 

CFU/g. Figure 1 demonstrates the results from one of these trials. The PCR sensitivity 

was reduced by an order of magnitude when the seeded Gila sandy loam was not pre-

sterilized, since the resulting DNA extracts contained natural soil bacterial community 

DNA as well as template from the added PAOl cells (Figure 2). These soils contained 

2.06x10^ CFU/g and 9.46x10^ CFU/g, respectively, of heterotrophic indigenous soil 

bacteria. The two trials of this experiment yielded a PCR sensitivity of 382 P. 

aeruginosa CFU per gram of dry soil and 2,100 P. aeruginosa CFU/g, for an average of 

1.24x10 P. aeruginosa CFU/g. In addition, the A faint 241 bp product was present in 

nearly all reactions in this experiment, presumably due to the presence of an indigenous 

population of P. aeruginosa in the natural soil. Results were considered positive when 

the band intensity of a given reaction was noticeably greater than the intensity of this 

background amplification. 
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PCR Specificity 

The rhlB PCR successfully amplified the rhlB gene from both the clinical (PAOl and 

ATCC 9027) and environmental (LI, R4, IGB83, and ATCC 15524) strains of P. 

aeruginosa (Figure 3). Negative results were obtained for E. coli ATCC 15224. 

Furthermore, this PCR method did not amplify P. putida ATCC 35546 and P. 

fluorescens ATCC 53860 template DNA. This method is capable of distinguishing P. 

aeruginosa from its closest non-pathogenic relatives, and therefore has the potential to 

be a suitable diagnostic tool for the screening of P. aeruginosa in environmental samples 

(Hardalo and Edberg, 1997). 

P. aeruginosa in Mt. Lemmon Soils 

Nearly all of the Mt. Lemmon soils yielded a positive rhlB PCR product, and are thus 

positive for P. aeruginosa (Figure 4). Twenty-one of the 25 soils (84%) yielded positive 

results in both of two trials of this experiment (Table 3). Three of the soils yielded 

variable results (positive in one trial and negative in another). Positive and variable soils 

represent 96% of the soils tested. Thus, P. aeruginosa was detected in an average of 

90% of the Mt. Lemmon soils tested. Positive PCR results were confirmed with 

sequencing and comparison to the rhlB sequence of P. aeruginosa PAOl. Only one soil, 

4C, yielded negative results in both trials. To confirm this negative result, 10 ng P. 

aeruginosa PAOl DNA was mixed with 9 |j,L of the 4C soil DNA extract. This mixture 

was used as template in a further rhlB PCR reaction. This reaction yielded positive 

results (data not shown) indicating that PCR inhibition (due to contaminating humic 
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materials in the extract, for example) was not the reason the results were negative. 

Negative and variable results were obtained for soils IB, ID, 4C, and 5B. Soils 

IB and ID have the lowest soil pH readings of all of the soils tested (pH = 4.32 and 

4.53, respectively), and soil 4C has the highest (pH 7.52). These results suggest that soil 

pH has a strong influence upon the presence or absence of P. aeruginosa in soil. In all 

but the case of soil 5B, P. aeruginosa was present in soils with a pH between 4 and 7 in 

our study, but absent outside of this range. 

Some of the PCR products in Figure 4 contain non-specific bands. Though 

designed to be specific for the P. aeruginosa rhlB gene, the rhlB PCR primers do share 

some homology with the DNA sequences of other soil organisms in the GenBank and 

EMBL databases. Presumably, homologies are possible with as yet unknown sequences 

as well. The best matches to database sequences include an 80.1% homology between 

rhlB:85U26 and a region of the Streptomyces avermitilis chromosome (accession 

number AP005033), and a 78.0% homology between rhlB:299L27 and the Streptomyces 

cyanogenus chromosome (accession number AF080235). The high PCR annealing 

temperature (60''C) is optimized to prevent non-specific binding, but the BSA used to 

reheve PCR inhibition is permissive of non-specific primer annealing and amplification. 

It would be unusual for non-specific amplification to generate a product that is 

approximately 241 bp in length. Nevertheless, putative 241 bp PCR products were 

sequenced and confirmed to match the P. aeruginosa rhlB gene sequence (Table 3). 



61 

Discussion 

We report the presence of P. aeruginosa in an average of 90% of the soil samples tested 

in this study. This is a much higher incidence than in any previously reported study 

(Ringen and Drake, 1952; Green et al, 1974). Our success at detecting P. aeruginosa in 

soil may be due to our use of a molecular detection method rather than a cultural one. 

Molecular methods generally exhibit better sensitivity and capability to detect viable but 

nonculturable microorganisms (Colwell et al, 1985). Our culture-independent PGR 

method of detecting P. aeruginosa in soil can be completed in two days, and can be used 

to identify an isolate in a matter of hours. Figure 3 shows that it can be used to 

distinguish P. aeruginosa from the closely related yet non-pathogenic P. fluorescens and 

P. putida which are very common in environmental samples, and does not suffer from 

the false positives that selective and differential plating techniques are subject to. 

Positive results were obtained from soils representing all five of the biomes from 

the Santa Catalina Mountains of southern Arizona that were tested. These include 

spinose-suffrutescent Sonoran Desert scrub, open Quercus emoryi oak woodland, Pinus 

chihuhuana and Quercus hypoleucoides pine-oak forest, Pinus ponderosa forest, and a 

mesic high-elevation riparian area dominated by Acer grandidentatum. Our soil 

sampling sites encompass a broad range of vegetation, mean armual precipitation (45.5 -

84.4 cm), mean armual temperature (9.8 - 19.4°C), pH (4.32 - 7.52), and TOC (0.37 - 5.6 

%). The near ubiquity of P. aeruginosa in our soil samples and the range of 

environmental conditions influencing these populations lend credence to the theory that 

soil is indeed a significant natural reservoir of P. aeruginosa. 
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Plants are sometimes cited as the natural reservoir of P. aeruginosa, mainly due 

to this organism's demonstrable role as a plant saprophyte. It has been suggested 

(Rhame, 1980; Zechman and Casida, 1982) that the P. aeruginosa found in soil is there 

transiently, having migrated from plants, but unable to survive for long away from its 

natural environment. Other research suggests the opposite, that P. aeruginosa on aerial 

plant surfaces makes its way there from soil, most likely through the process of soil 

detachment and transfer due to raindrops or sprinkler irrigation (Green et ai, 1974; Cho 

et al., 1975). P. aeruginosa is sensitive to dessication (Skaliy and Eagon, 1972), and can 

survive best at high relative humidity in soil (Zechman and Casida, 1982) and on plant 

surfaces (Cho et al, 1975). The climate of southern Arizona is arid, and it is likely that 

epiphytic bacteria would be more susceptible to dessication that soil populations. Thus, 

the soil P. aeruginosa populations detected in our study are likely permanent rather than 

transient epiphytes. 

Another prevalent source of P. aeruginosa is fecal material and sewage. 

Between 3-15% of healthy human adults are intestinal carriers of this organism (Ringen 

and Drake, 1952; Shooter et al, 1966; Sutter et al, 1967; Stoodley and Thom, 1970; 

Wheater et al, 1980). Conversely, few animals have been found to carry this organism, 

and nearly all of these are domesticated or laboratory animals, in close contact with 

humans (Hoadley and McCoy, 1968). Dogs were found to carry P. aeruginosa at a high 

incidence rate in one study (Hoadley and McCoy, 1968), but could be traced to a single 

source spread amongst caged laboratory animals. Two other studies (Mushin and 

Ashbumer, 1964; Wheater et al, 1980) demonstrated a 0% incidence in dogs. Hoadley 
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and McCoy (1968) suggest that in the few incidents of wild animals shown to carry P. 

aeruginosa, such as the wild ducks reported by Quortrup and Sudheimer (1943), the 

organism was acquired from contact with polluted water and animals were not the 

primary source. Pellett et al. (1983) describe a 19% incidence of P. aeruginosa in the 

feces of wild fish from navigation pool 8 on the Mississippi River. The pool contained 

an authochthonous population of P. aeruginosa, so described because of heterogeneity in 

serotype, pyocine type, and pigments of the organisms. Pellet et al. admit, however, the 

pool was heavily used by humans and had a number of potential point and nonpoint 

sources of pollution, which could serve as sources of inoculum for the pool. It is more 

likely that these fish acquired the organisms through constant exposure to the diverse 

community of P. aeruginosa thriving in the pool, rather than being the cause of it. 

Thus, P. aeruginosa may be introduced to soil by contamination with human feces or 

sewage-polluted water, but probably not the feces of wild animals. 

Four of our five sampling sites were located far from human traffic and running 

water. The fifth. Site 2, was located along a hiking trail in Marshall Gulch on the banks 

of a perennial stream. This trail receives much traffic from humans and dogs, yet Site 2 

demonstrated the lowest prevalence of P. aeruginosa (3 of 5 soil samples), providing 

further evidence that human activity is an unlikely source of the organism in our study. 

P. aeruginosa was detected in 90% of the Mt. Lemmon soil samples using a 

PCR-based detection method. This is the highest incidence in soil reported in the 

literature. The preference of P. aeruginosa for high relative humidity and its much 

higher detection rate using a molecular method versus a cultural one suggests that it 
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exists in soil primarily in a viable but nonculturable state, or perhaps in a dormant 

dessication-resistant form (Zechman and Casida, 1982). There it waits for more 

favorable environmental conditions that allow it to grow and flourish. As mentioned 

above, P. aeruginosa may be transferred from the soil to plant surfaces by the impact of 

raindrops or irrigation sprinklers. Once there it may grow and multiply, particularly in 

nutrient-rich wounds or on the surfaces of vegetables in humid storage facilities or in 

transit to markets (Green et al, 1974; Cother et al, 1976). P. aeruginosa can be 

introduced into humans by ingesting these vegetables (Kominos et al, 1972). Though 

outnumbered by other intestinal flora (Wheater et al, 1980), it can survive in some 

hosts, where it eventually makes its way to sewage, surface water, and the sea. Though 

it can be found in higher numbers elsewhere, soil serves as P. aeruginosa's, most likely 

persistent source of inoculum for all of these other niches. 

Experimental Procedures 

Soils and Sampling Sites 

Five sites, each within a distinct biome, were chosen for soil sampling to determine the 

prevalence of P. aeruginosa in a variety of environmental conditions. These sites lie 

along an elevational transect on the south-facing slopes of Mt. Lemmon in the Santa 

Catalina Mountains north of Tucson, AZ (Table 1). The sites differ from each other in a 

number of interrelated environmental factors, including elevation, mean annual 

temperature and precipitation, and resident flora. Biome designations were determined 

using the exhaustive studies of Whittaker and Niering (1975) and Niering and Lowe 
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(1984). Mean annual precipitation (MAP) at the sites was interpolated from 

meteorological data gathered from 1971-2000 at the National Forest Service Palisade 

Ranger Station at 2426 m elevation and Sabino Canyon at 805 m elevation. Mean 

annual temperature (MAT) was likewise interpolated from data gathered from 1965-

1981 at Palisade and from 1948-1982 at Sabino Canyon. 

Five surface soil samples were taken at each site during the period of November 

2002 to February 2003. Sampling pits were dug at each sampling site with a trenching 

tool sterilized with 10% Roccal II (alkyl dimethyl benzyl ammonium chloride, L&F 

Products, Montvale, NJ). Two 50 g samples were taken at each site from 20 cm deep in 

the soil profile, placed into sterile 50 mL polycarbonate tubes, and stored at 4''C until 

subsequent bacterial community DNA extraction was performed. Soil pH was 

determined from a 1:1 mixture of soil and distilled, deionized water using a pH meter 

with a glass electrode (Thomas, 1996). Soil texture and total organic carbon (TOC were 

determined by the Soil, Water, and Plant Analysis Lab at the University of Arizona. The 

hydrometer method was used to determine soil texture (Gee and Bauder, 1986), and an 

NA1500 NCS analyzer (Carlo Erba Insturments, Egelsbach, Germany) was used to 

determine TOC 

The soil used in the PCR sensitivity experiment was Gila sandy loam (0.2% 

TOC, 15 meq/lOOg CEC) from the University of Arizona Campus Agricultural Center, 

Tucson, AZ. Sterilized soil was obtained by autoclaving a thin layer of soil at 12rC for 

1 hour on each of three consecutive days (Trevors, 1996). 
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Bacterial Strains 

Pseudomonas aeruginosa PAOl and P. aeruginosa ATCC 9027 are clinical strains of 

this organism. PAOl was used to inoculate sterilized and natural soil in the PCR 

sensitivity experiments, and both strains served as a source of positive control template 

DNA for the rhlB PCR. Escherichia coli ATCC 15224 was used as a source of negative 

control template DNA for the rhlB PCR. Several strains of P. aeruginosa isolated from 

environmental sources were used in the PCR specificity experiment, and include strains 

LI, R4, IGB83, and ATCC 15524. Environmental strains of other closely related 

Pseudomonads used in this experiment include Pseudomonas fluorescens ATCC 53860 

and Pseudomonas putida ATCC 35546. 

Bacterial Culture and Culturable Counts 

All bacteria were cultured in 5 mL test tube cultures of nutrient broth (Difco, Detroit, 

MI) on a rotary shaker equipped with a slant rack at 37°C for 17 hours. Culturable 

counts were performed by serial dilution of soil in distilled water followed by spread 

plating on R2A agar medium (Difco) (Seeley et al, 1991). Culturable counts of bacteria 

in soils were determined by mixing 0.5 g (dry weight) of soil in 4.8 mL distilled water, 

vortexing vigorously for 30 seconds to resuspend the soil particles, and serially diluting 

the soil in distilled water. Dilutions were spread plated on R2A agar amended with 10 

mg/L cycloheximide to inhibit fungal growth. 
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Soil Bacterial Community DNA Extraction and Purification 

DNA was extracted from soil bacterial communities via a direct lysis method using a 

Fast DNA SPIN Kit for Soil (Qbiogene, Carlsbad, CA). The manufacturer's protocol 

was followed with the following modifications. All sterile tubes and caps used in the 

protocol were exposed to UV light for 5 min in a UVC-508 Ultraviolet Crosslinker 

(Ultra-Lum, Claremont, CA) to ensure the destruction of any potential DNA 

contaminants. The bead-beating procedure to lyse cells in the soil matrix was 

accomplished by attaching the lysing matrix tubes horizontally to a Vortex Genie II 

vortexer (VWR, West Chester, PA) using a Mo Bio vortex adapter (Mo Bio 

Laboratories, Solana Beach, CA) and vortexing the tubes at maximum speed for 10 min. 

Cell debris, soil particles, and the lysing matrix beads were separated from the DNA-

containing supernatant by centrifugation at 14,000xg for 15 min. An alternative 

manufacturer's protocol provided for the removal of residual PCR inhibitors (i.e. soil 

humic materials) enough to allow for reliable PCR amplification. After DNA was bound 

to silica, the suspension buffer was removed by centrifugation. The silica was 

resuspended in fresh 5.5 M guanidine thiocyanate (GTC, Sigma, St. Louis, MO) to dilute 

and remove soil humic materials from the silica. This was repeated until the supernatant 

lost its brown tint due to the contaminating humic materials. 

rhlBPCR 

The rhlB gene of P. aeruginosa codes for rhamnosyl transferase I, the structural gene of 

the rhamnolipid biosurfactant biosynthesis pathway (Ochsner et al, 1994). A PCR 
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protocol was developed and optimized to detect the presence of this gene in soil bacterial 

community DNA extracts. No other organisms are known to possess this gene or 

produce rhamnolipid, which is a member of P. aeruginosa's unique array of virulence 

factors (Maier and Soberon-Chavez, 2000). Positive PCR amplification of this gene was 

therefore interpreted to indicate the presence of P. aeruginosa in the soil in question. 

This PCR amplifies a 241 bp product using the primer pair rhlB:85U26 and 

rhlB:299L27. The forward primer, rhlB:85U26, is homologous to the 85-110 bp region 

of the rhlB gene, and has the following sequence: 5' CAC CGC GTG AGC CTC TGC 

ACC ATC CC 3'. The reverse primer, rhlB:299L27, is homologous to the 299-325 bp 

region of the rhlB gene, and has this sequence: 5' CCC AGA GCG AGC CGA CCA 

CCA CGA TGT 3'. The PCR reactions were 50 |.iL in volume and contained an 

optimum PCR reaction buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCla, pH 8.3), 

0.5 |j,M each primer, 200 |j,M each deoxynucleoside triphosphate, 5% dimethyl 

sulfoxide, 1 U Taq DNA Polymerase (Roche, Indianapolis, ESf), and 5 template 

DNA. In addition, each reaction contained 0.4 iig/p-L unacetylated bovine serum 

albumin (Sigma, St. Louis, MO), which aids in relieving PCR inhibition due to 

contaminating humic materials in soil DNA extracts (Kreader, 1996). The reactions 

were exposed to 95°C for 3 min, then 35 cycles of 95''C for 30 sec, 60°C for 30 sec, and 

12°C for 30 sec, followed by a final extension of 72°C for 7 min in a GeneAmp 2400 

PCR System thermal cycler (PE Applied Biosystems, Foster City, CA). 
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Agarose Gel Electrophoresis 

PGR products were visualized by agarose gel electrophoresis (Sambrook et al., 1995) 

through a 3.0% NuSieve 3:1 agarose gel (FMC BioProducts, Rockland, ME) in TBE 

buffer. A 123 bp ladder (Sigma, St. Louis, MO) was used as a size standard, and wells 

were loaded with 10 |j,L of each PGR product. The gels were exposed to a constant 1 GO 

V field for 40 min, stained for visualization and photography with 0.5 |ig/niL ethidium 

bromide for 20 min, and then destained 20 min in distilled water. Stained gels were 

exposed to 302 nm ultraviolet light, and images were captured with an Alphalmager 

2000 imaging system (Alpha Innotech Gorp., San Leandro, GA). 

DNA Sequencing Analysis and PGR Product Gonfirmation 

Positive rhlB PGR products were confirmed by poking the 241 bp bands in the agarose 

gel with sterile disposable pipette tips, swirling the tips in fresh rhlB PGR reagents, and 

reamplifying the template DNA. These secondary PGR products were sequenced by the 

University of Arizona DNA Sequencing Service (Tucson, AZ). Sequences were 

proofread using FAKtory v2.13 software (Arizona Research Laboratories Division of 

Biotechnology, Tucson, AZ) and compared to the homologous region of the P. 

aeruginosa PAOl rhlB gene (GenBank accession number L28170) using the Wisconsin 

Package vlO.2 OVERLAP software (Genetics Computer Group, Madison, WI). 

PGR Sensitivity 

Soils containing known quantities of PAOl cells were prepared in order to determine the 
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sensitivity of the rhlB PCR in soil. Overnight cultures of PAOl were serially diluted, 

and culturable counts of the dilutions were determined. One mL aliquots of various 

dilutions were added to 10 g portions of dry Gila soil in cell culture dishes and mixed 

with a sterilized lab spatula. Both sterilized and natural (unsterilized) Gila soil was used 

in this experiment, to establish the effect of DNA from other members of the soil 

bacterial community on PCR sensitivity. The moisture content of the inoculated soils 

was approximately 10%. Exact moisture contents of the soils were measured by the 

direct gravimetric method (Gardner, 1986) for purposes of calculating soil culturable 

counts. Soil bacterial community DNA was extracted and used as template DNA for an 

rhlB PCR. The detection limit of the rhlB PCR was established as, both for the 

inoculated sterilized and natural Gila soil, the lowest PAOl population that yielded a 

positive rhlB PCR product. 

PCR Specificity 

Genomic DNA was isolated from cultures of various environmental strains of P. 

aeruginosa and related strains of P. fluorescens and P. putida to ensure that the PCR was 

specific for P. aeruginosa DNA template. Genomic DNA preparation was performed 

using a Promega Wizard Genomic DNA Purification Kit (Promega, Madison, WI) and 

used as template in an rhlB PCR as described above. 
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Table 1. Characterization of the soil sampling sites on Mt. Lemmon in the Santa Catalina Mountains north of Tucson, 
Arizona. 

Site Biome® Elevation 
Slope 

Aspect 
MAP MAT Representative Plant 
(cm) (C) Species 

1 ponderosa pine forest 2322 m SE 76.7 10.1 
Pinus ponderosa 

Quercus hypoleucoides 
Pteridium aquilinum 

2 mesic ravine fir forest 2313 m 76.4 10.2 
Acer grandidentatum 

Adiantum capillus-veneris 

3 pine, oak woodland 2030 m NW 69.2 
Pinus chihuahuana 

12.1 Quercus hypoleucoides, 
Arctostaphylos pungens 

4 open oak woodland 1532 m 

spinose, siiffrutescent 
Sonoran Desert scrub 

1242 m 

WSW 

NNE 

56.4 

48.9 

15.5 

17.5 

Quercus arizonica 
Juniperus deppeana 

Arctostaphylos pungens 
Nolina microcarpa 

Agave palmeri 

Carnegiea gigantea 
Circidium spp. 

Ferocactus spp. 
Prosopsis glandulosa 

Opuntia spp. 
Fouquieria splendens 

a According to Whittaker and Niering (1975) and Niering and Lowe (1984). 

-J a\ 



Table 2. Physical and chemical characteristics of the Mt. Lemmon soil samples. 

Sampling Site Soil ID Latitude (°N) Longitude (°W) % Sand % Silt % Clay Texture Class TOC (Vo) 1 pH 
1 lA 32.42831 110.75724 70.3 19.3 10.4 Sandy Loam 2.29 4.92 

IB 32.42818 110.75742 65.1 22.3 12.6 Sandy Loam 3.85 4.32 
IC 32.42815 110.75748 69.9 21.2 8.9 Sandy Loam 2.34 5.60 
ID 32.42833 110.75725 68.6 19.9 11.6 Sandy Loam 4.56 4.53 
IE 32.42827 110.75764 70.2 19.3 10.4 Sandy Loam 2.43 4.98 

2 2A 32.42774 110.75915 78.9 12.4 8.7 Loamy Sand 1.55 6.55 
2B 32.42744 110.75906 83.9 8.5 7.5 Loamy Sand 2.63 5.45 
2C 32.42739 110.75918 65.8 17.9 16.3 Sandy Loam 5.46 4.86 
2D 32.42733 110.75889 53.1 31.2 15.8 Sandy Loam 2.57 6.37 
2E 32.42733 110.75801 65.0 21.9 13.1 Sandy Loam 5.60 5.75 

3 3A 32.37566 110.70707 65.7 23.7 10.6 Sandy Loam 1.22 5.94 
3B 32.37571 110.70718 68.3 21.1 10.6 Sandy Loam 0.76 4.95 
3C 32.37563 110.70730 77.1 15.9 7.1 Sandy Loam 0.60 6.42 
3D 32.37579 110.70749 72.0 19.2 8.7 Sandy Loam 0.89 5.10 
3E 32.37556 110.70737 73.8 18.7 7.5 Sandy Loam 1.41 6.42 

4 4A 32.34400 110.71920 77.2 13.6 9.2 Sandy Loam 0.53 6.06 
4B 32.34497 110.71927 70.9 18.6 10.6 Sandy Loam 0.98 6.83 
4C 32.34521 110.71926 72.1 17.5 10.4 Sandy Loam 2.93 7.52 
4D 32.34531 110.71910 68.5 20.6 10.9 Sandy Loam 0.54 5.41 
4E 32.34482 110.71903 63.6 25.0 11.0 Sandy Loam 0.70 5.56 

5 5A 32.31906 110.73610 79.6 13.6 6.8 Loamy Sand 0.71 5.42 
5B 32.31907 110.73600 77.0 16.5 6.5 Loamy Sand 0.84 5.58 
5C 32.31894 110.73592 71.9 18.8 9.3 Sandy Loam 0.56 6.49 
5D 32.31899 110.73622 74.5 17.8 7.7 Sandy Loam 0.37 5.50 
5E 32.61905 110.73502 77.1 14.9 8.1 Sandy Loam 0.61 5.72 

<i 
-J 
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Table 3. Summary and confirmation of rhlB PCR results for the Mt. Lemmon Soils and 
positive controls. 

Presence of rhlB Positive Confirmation" 
Soil/Control in soil Overlap Matches Ratio 

lA + 186 186 1.00 
IB +/- 180 180 1.00 
IC + 182 182 1.00 
ID +/- 188 188 1.00 
IE + 188 188 1.00 

2A + 188 188 1.00 
2B + 182 182 1.00 
2C + 188 188 1.00 
2D + 188 188 1.00 
2E + 180 180 1.00 

3A + 177 177 1.00 
3B + 180 180 1.00 
3C + 183 182 0.99 
3D + 181 181 1.00 
3E + 132 130 0.98 

4A + 188 188 1.00 
4B + 188 188 1.00 
4C - - - -

4D + Not sequenced 
4E + 188 188 1.00 

5A + Not sequenced 
5B +/- 184 184 1.00 
5C + 180 180 1.00 
5D + 188 188 1.00 
5E + 180 180 1.00 

P. aeruginosa ATCC 9027 188 168 0.89 
P. aeruginosa LI 188 188 1.00 
P. aeruginosa R4 188 188 1.00 

P. aeruginosa IGB83 188 188 1.00 
P. aeruginosa ATCC 

188 188 1.00 
15524 

188 188 1.00 

a Positive results were confirmed by sequencing the 241 bp band and comparing to the 
P. aeruginosa PAOl sequence using the Wisconsin Package vlO.2 OVERLAP 
software. 
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Figure Legends 

Figure 1. Results of one trial of the rhlB PCR sensitivity experiment for seeded sterile 

soil. Template DNA used to generate the PCR products in lanes 3-7 was DNA extracted 

from sterilized soil seeded with P. aeruginosa PAOl at diminishing culturable counts: 

Lane 3, 1.96x10^ CFU/g; Lane 4, 1.37x10^ CFU/g; Lane 5, 1.4x10^ CFU/g; Lane 6, 

1.47x10^ CFU/g; Lane 7, 1.47x10* CFU/g. Successful amplification occurred in this 

trial down to 147 P. aeruginosa CFU per gram of dry soil. The other trial yielded 

amplification down to 564 CFU/g, an average of 400 CFU/g over the two trials. Lane 1 

is a positive control in which P. aeruginosa PAOl DNA extracted from pure culture was 

used as template. Lanes 2, 8, and 9 are negative controls with E. coli ATCC 15224 

template DNA, unseeded sterile soil DNA extract template, and no template, 

respectively. Lane M is a 123 bp molecular size standard. 

Figure 2. Results of one trial of the rhlB PCR sensitivity experiment for seeded natural 

soil. Template DNA used to generate the PCR products in lanes 3-7 was DNA extracts 

of natural soil seeded with P. aeruginosa PAOl at diminishing culturable counts: Lane 

3, 3.82x10^ CFU/g; Lane 4, 3.82x10^ CFU/g; Lane 5, 3.82x10^ CFU/g; Lane 6, 3.82xl0' 

CFU/g; Lane 7, 3.82x10'' CFU/g. In addition, each soil contained approximately 

2.06x10^ CFU/g of heterotrophic indigenous soil bacteria. Successful amplification 

occurred in this trial down to 382 P. aeruginosa CFU per gram of dry soil. 

Amplification in the second trial occurred down to 2,100 P. aeruginosa CFU/g amongst 
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9.46x10^ heterotrophic indigenous soil bacteria CFU/g, an average of 1.24x10^ P. 

aeruginosa CFU/g over the two trials). Lane 6 was not considered positive, since a 

product of similar intensity was present in the Lane 9 negative control, which 

presumably was due to background indigenous P. aeruginosa present in the natural soil. 

Lane 1 is a positive control in which P. aeruginosa PAOl DNA extracted from pure 

culture was used as template. Lanes 2, 8, and 9 are negative controls with E. colt ATCC 

15224 template DNA, unseeded sterile Gila soil DNA extract template, and no template, 

respectively. Lane M is a 123 bp molecular size standard. 

Figure 3. Results of the rhlB PCR specificity experiment. Template DNA used to 

generate these products is as follows: Lane 1, P. aeruginosa PAOl; Lane 2, P. 

aeruginosa ATCC 9027; Lane 3, E. coli ATCC 15224; Lane 4, P. aeruginosa LI; Lane 

5, P. aeruginosa R4; Lane 6, P. aeruginosa IGB83; Lane 7, P. aeruginosa ATCC 

15524; Lane 8, molecular grade water run through a Wizard DNA Clean-Up System 

column (negative control); Lane 9, P. putida ATCC 35546; Lane 10, P. fluorescens 

ATCC 53860; Lane 11, molecular grade water run through a Wizard DNA Clean-Up 

System column (negative control), Lane 12, molecular grade water (negative control). 

The reaction was positive for all strains of P. aeruginosa, and negative for all other 

organisms, including the closely related P. putida and P. fluorescens. 

Figure 4. Presence or absence of the rhlB gene in the Mt. Lemmon soils. A 241 bp PCR 

product indicates the presence of this gene in the soil bacterial community DNA extract. 
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The soil DNA extracts serving as template for the reactions are as follows: Lanes 2-6, 

extracts of soils lA-lE; Lane 7, sterilized soil lA extract; Lanes 8-12, extracts of soils 

2A-2E; Lane 13, sterilized soil 2A extract; Lanes 14-18, extracts of soils 3A-3E; Lane 

19, sterilized soil 3B; Lanes 20-24, extracts of soils 4A-4E; Lane 25, sterilized soil 4A; 

Lanes 26-30, extracts of soils 5A-5E; Lane 31, sterilized soil 5A. PCR reactions were 

positive in this trial for all natural soils except 4C (lane 22), and negative for rhlB for all 

sterilized soils. Lanes 32 and 33 are negative controls with molecular grade water run 

through a FastDNA SPIN Kit for Soil and molecular grade water for template, 

respectively. Lanes M are a 123 bp molecular size standard. 
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Abstract 

This report describes the first systematic analysis of prokaryotic life in the central 

latitudes of the Atacama Desert of northern Chile, one of the driest regions on Earth. 

Soil samples from 25-30 cm depth were taken in an east-west transect at approximately 

24°S across the most arid region of the Atacama Desert. This transect included soils 

from the barren absolute desert of the central plateau, as well as soils from the sparse 

vegetation bands on the upper slopes of the Andes. A second transect further south near 

Paposo includes soils from the endemic lomas vegetation of the northern Chilean coast. 

Culturable bacteria were isolated from all samples. DGGE analysis of the 16S rRNA 

genes from soil bacterial DNA extracts distinguish between low-diversity soils of the 

absolute desert and higher-diversity soils of the Andes. Bacterial population structure 

was uniform within the Andean vegetation belts. Bacterial populations from several 

fringe absolute desert soils clustered with the Andean groups rather than the core 

absolute desert group due to increasing precipitation beyond the boundary of the Andes 

rain shadow, the influence of moisture from potential fluvial events, and possibly the 

historical presence of plants. In contrast, lomas soil DGGE profiles did not cluster 

amongst themselves or with the Andean soil bacterial populations, suggesting a rich 

endemic bacterial diversity within soils under lomas vegetation. These results indicate 

there are bacterial populations in the absolute desert that vary depending upon relative 

differences in moisture availability and geologic history, and suggest bacteria in this 

region may form functioning communities, at least in response to rare rainfall events. 
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Introduction 

The Atacama Desert of northern Chile stretches for more than 1000 km along the narrow 

coastal plateau between the Rio Copiapo (27.32°S) and the town of Arica (18.48''S) near 

the Peruvian border. The interior of the desert, between the coastal escarpment and the 

Andes, has been described as "the most barren region imaginable," devoid of plant life 

and receiving only a few millimeters of precipitation every few years (Trewartha, 1981). 

There is currently great interest in whether microbial life can exist in soils such as those 

of the Atacama that cannot support the growth of vascular plants. If indeed it can, the 

Atacama Desert presents a unique opportunity to examine the impact of soil microbiota 

on local soil structure, mineralogy, and chemistry in one of the world's most extreme 

terrains. Information gained from such studies can provide insights into soil formation 

processes on early Earth predating the presence of plants. Further, it is recognized that 

the Atacama represents one of the regions on Earth most similar to conditions found on 

Mars (Navarro-Gonzales et al, 2003). Thus, information gained from studies in the 

Atacama may suggest bacterial "signatures" that can be looked for in Martian soil 

samples 

Previous research has provided tantalizing evidence concerning microbial life in 

Atacama soils. Soil samples collected from an Entisol in the absolute (plantless) desert 

outside of Uribe, Chile (23.55"S, 70.28''W) and cultured on a variety of media yielded 

culturable counts between 3.7x10^ CFU/g soil at 4-12 cm depth and 1.23x10^ CFU/g at 

the surface (Cameron et al, 1966), which is lower than typical counts from less extreme 

deserts (Skujins, 1984). Bacterial cells were primarily Gram-negative heterotrophs, but 
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actinomycetes were also prevalent. Many of the organisms were pigmented. 

Heterotrophic and autotrophic iron oxidizers, anaerobes, and fungi were not observed, 

and few ammonifiers or nitrogen fixers were evident. Surface horizon soil samples from 

Antofagasta Region were cultured for cyanobacteria (Forest and Weston, 1966). Thirty-

three of 66 cultures demonstrated the growth of a "fragmented" form of Schizothrix 

calcicola, as well as Anacystis montana, and Coccochloris peniocystis. It is possible 

these cyanobacteria were growing in crusts on the desert soil surface, though these are 

not typical members of crust communities (Skujins, 1984), and cryptobiotic crusts were 

not observed in this study. Both of these studies were local, rather than regional, in 

scale. The most comprehensive exploration of bacterial diversity in the absolute desert 

of the Atacama to date is by Navarro-Gonzalez et ai, who sampled the upper 10 cm of 

soils in a broad north-south transect at approximately 70°W ruiming from 23.32''S near 

Antofagasta to 28.12''S near Copiapo (Navarro-Gonzalez et ai, 2003). Both culture and 

molecular techniques were employed. Bacteria were cultured from most soils, with 

cultural counts ranging from 10^^-10^ CFU/g soil and tending to increase with latitude, 

matching the increase in mean annual precipitation with latitude. Soil bacterial DNA 

was extracted from the soil samples as well, and the 16S rRNA gene was amplified, 

cloned, and sequenced. Soils contained between 6-26 distinct taxa, most of which 

belonged to the high G+C Gram positive Actinobacteria (actinomycetes, such as 

Blastococcus, Geodermatophilus, and Streptomyces) and the low G+C Gram positive 

Firmicutes (such as Bacillus). However, several soil samples from Yungay (24.07°S) 

yielded cell counts below the procedural detection limit of 10^ cells/g. Yungay is within 
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the southern region of the Atacama (24-27°S), which receives the least precipitation of 

the entire desert (Houston and Hartley, 2003). Hundreds of plates of the Yungay soils 

were prepared, and only 10 bacterial colonies in total were isolated. Furthermore, 

sufficient bacterial DNA for cloning and sequencing were not recoverable from these 

soils 

Our study focuses on this driest expanse of one of the most arid deserts on Earth. 

The purpose of this study is to perform the first systematic exploration of the soils of the 

southern Atacama for both culturable and nonculturable bacterial populations. Further, 

the diversity of the uncultured bacterial community is examined based on DGGE 

profiles of soil bacterial community 16S rRNA gene sequences. Our analysis comprised 

soil sampling in an east-west transect between 23.7-24.7°S latitude across the south 

central Atacama, beginning on the western slopes of the coastal escarpment near 

Antofagasta, stretching across the barren interior pampas, and up the slopes of the 

Andes. The end of the transect passes through several Andean vegetation belts on the 

eastern periphery of the absolute desert (Villagran et al, 1981). A second transect south 

of Antofagasta near the town of Paposo includes, for comparison, soils from the coastal 

fog zone, which supports a diverse endemic plant community called lomas on the 

western periphery of the absolute desert (Dillon and Hoffmann, 1997). Differences in 

DGGE profiles were interpreted in terms of differences in climatological factors (mean 

annual temperature and precipitation), vegetation (or lack thereof), and topography of 

the sampling sites. 
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Materials and Methods 

Soil Sampling Transects and Soil Analysis 

The Punta Negra transect was sampled in October of 2002 (Table 1, Figure 1). This 

transect began in the barren coastal range above Antofagasta (23.65''S, 70.24''W) at an 

elevation of 400 m. It ascends the coastal escarpment to the interior plateau, crosses the 

absolute desert to the Cordillera Domeyko range, skirts the Salar de Punta Negra in the 

basin between the Domeyko and the Andes, and ends on the slopes of the Volcan de 

Llullaillaco (24.72°S, 68.55''W) in the Andes at 4500 m above sea level. The Paposo 

transect was sampled in December of 2002. It ran from 100 m to 1240 m elevation 

within the Quebrada Grande in the fog zone above the town of Paposo (25.02°S, 

70.47°W), intercepting the lomas vegetation therein. Though all of the soils from the 

Paposo transect are listed in Table 1 as being within the lomas, soils 425 and 576 are 

within the central fog zone where the vegetation is most well developed. Vegetation is 

sparse below and above the fog zone (soils 100 and 975, respectively), and nearly absent 

at 1240 m. 

Soil sampling pits were dug to a depth of 30 cm. Samples were collected from 

25-30 cm depth in sterile 50 mL polycarbonate tubes, and sampling tools were sterilized 

before use with Lysol disinfectant. The samples were later sieved through an autoclaved 

2 mm sieve, sealed in their original sample tubes with parafilm, and stored at 4°C. 

Soils were analyzed for pH, electrical conductivity (EC), percent total organic 

carbon (% TOC), and texture by the University of Arizona Soil, Water, and Plant 

Analysis Lab. EC of a 1:1 water to soil extract was measured with a YSI 3200 
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conductance meter (YSI, Yellow River, OH), and pH with an accumet AB15 pH meter 

(Fisher Scientific, Hampton, NH). TOC was determined with an NA1500 NCS analyzer 

(Carlo Erba Instruments, Egelsbach, Germany). The hydrometer method (Gee and 

Bauder, 1986) was used to determine soil texture of a subset of soil samples. Sub-

samples of each soil (500 mg) were analyzed for % CaCOs content. Samples were 

crushed, then roasted under vacuum at 450°C in order to pyrolyze organic matter. 

Inorganic carbon was converted to CO2 with 100% phosphoric acid, purified 

cryogenically, and measured manometrically on a vacuum line. 

Precipitation and Temperature Data 

Meteorological stations in this region of the Atacama are rare, and stations only a few 

hundred kilometers to the north and south of our study area receive significantly more 

precipitation (Houston and Hartley, 2003). Mean annual temperature (MAT) and mean 

annual precipitation (MAP) data for a narrow range of latitude was used to determine the 

climate of our soil sampling transect (Table 2, Figure 2). A linear curve was fit to the 

MAT data, and a sigmoidal curve was fit to the precipitation data to represent the sudden 

jump in precipitation between the central plateau of the Atacama and the slopes of the 

Andes that the data suggest. These curves were used to estimate MAT and MAP for the 

soil sampling sites (Tabic 3). 

Soil Culture and Culturable Counts 

Culturable counts were performed by serial dilution of soil in distilled water followed by 
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spread plating on 100% and 10% R2A agar medium (Difco) (Seeley et al., 1991). 

Culturable counts of bacteria in soils were determined by mixing 0.5 g (dry weight) of 

soil in 4.8 mL distilled water, vortexing vigorously for 30 seconds to resuspend the soil 

particles, serially diluting the soil in distilled water, and spread plating on R2A agar. 

The detection limit of the spread plating method is 111 CFU/g, though approximately 

1x10^ CFU/g are necessary to accurately quantify culturable counts by this method. 

Soil Bacterial Community DNA Extraction and Purification 

DNA was extracted from soil bacterial communities via a direct lysis method using a 

Fast DNA SPIN Kit for Soil (Qbiogene, Carlsbad, CA). The manufacturer's protocol 

was followed with the following modifications. All sterile tubes and caps used in the 

protocol were exposed to UV light for 5 min in a UVC-508 Ultraviolet Crosslinker 

(Ultra-Lum, Claremont, CA) to ensure the destruction of any potential DNA 

contaminants. The bead-beating procedure to lyse cells in the soil matrix was 

accomplished by attaching the lysing matrix tubes horizontally to a Vortex Genie II 

vortexer (VWR, West Chester, PA) using a Mo Bio vortex adapter (Mo Bio 

Laboratories, Solana Beach, CA) and vortexing the tubes at maximum speed for 10 min. 

Cell debris, soil particles, and the lysing matrix beads were separated from the DNA-

containing supernatant by centrifugation at 14,000xg for 15 min. Several of the soil 

samples from the Paposo transect contained enough humic material to inhibit PCR 

amphfication. An alternative manufacturer's protocol provided for the removal of these 

residual PCR inhibitors. After DNA was bound to the silica, the suspension buffer was 
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removed by centrifugation. The silica was resuspended in fresh saturated 

(approximately 5.5 M) guanidine thiocyanate (GTC, Sigma, St. Louis, MO) to dilute and 

remove soil humic materials from the silica. This was repeated until the supernatant lost 

its brown tint due to the contaminating humic materials. 

16SrRNA Gene PCR for DGGE 

We used the primers designed by Ferris et al. (1996) to amplify a portion of the 16S 

rRNA gene encompassing the hypervariable V9 region from our soil bacterial 

community DNA extracts. Primer 1070f is specific for domain Bacteria and anneals to 

positions 1055-1070 of the Escherichia coli 16S rRNA gene. Primer 1392r-GC is 

universal and targets positions 1392-1406 o^E. coli. This primer is also equipped with a 

40 base GC clamp on its 5' end for DGGE. PCR for DGGE was accomplished using a 

protocol modified from Colores et al. (2000). Briefly, 50 |j,L reactions contained 5 ^L 

lOX Expand High Fidelity PCR Buffer with 15 mM MgCl2 (Roche, Indianapolis, IN), 

0.5 (j,M each of primer lOVOf and primer 1392r-GC, 0.4 |a,g/ |xL unacetylated bovine 

serum albumin (Sigma, St. Louis, MO) to reheve PCR inhibition (Kreader, 1996), 200 

I^M each deoxynucleoside triphosphate, 5% dimethyl sulfoxide, 1.4 U Expand High 

Fidelity PCR System Enzyme (Roche, Indianapolis, IN), and 5 (xL soil bacterial DNA 

extract. The reactions were exposed to 95''C for 5 min, then 33 cycles of 94"C for 45 

sec, 55''C for 45 sec, and 12°C for 30 sec in a GeneAmp 2400 PCR System thermal 

cycler (PE Applied Biosystems, Foster City, CA). The expected PCR product, including 

the GC clamp, is 391 bp long. 
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PCR products were visualized by agarose gel electrophoresis (Sambrook et al, 

1995) through a 2.0% GenePure LE agarose gel (Intermountain Scientific Corporation, 

Kaysville, UT) in TBE buffer. A 123 bp ladder (Sigma, St. Louis, MO) was used as a 

size standard, and wells were loaded with 10 [J.L of each PCR product. The gels were 

exposed to a constant 100 V field for 40 min, stained for visualization and photography 

with 0.5 |a,g/mL ethidium bromide for 20 min, and then destained 20 min in distilled 

water. Stained gels were exposed to 302 nm ultraviolet light, and images were captured 

with an Alphalmager 2000 imaging system (Alpha Innotech Corp., San Leandro, CA). 

Denaturing Gradient Gel Electrophoresis (DGGE) 

DGGE analysis was performed using a Dcode Universal Mutation Detection System 

(Bio-Rad Laboratories, Hercules, CA). 6% acrylamide gels were prepared with a 50 to 

80% urea-formamide denaturing gradient according to the manufacturer's protocol. Gel 

lanes were loaded with 20 |a,L PCR product, except for products from samples 703, 975, 

987, 1240, 1315, 1921, and the corresponding negative controls. The soil DNA extracts 

from these samples yielded low amounts of PCR product, and 40 (xL of each of these 

PCR products was loaded onto the gels to compensate. The gels were run at a constant 

voltage of 50V for 15 hours at 60''C, stained for visualization and photography with 

SYBR Green II (Molecular Probes, Eugene, OR) for 40 min, and then destained 20 min 

in distilled water. Stained gels were exposed to ultraviolet light and photographed as 

above. 
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Statistical Analysis 

The banding pattern of each lane in the DGGE gels was scored using the method of 

Konopka et al. (1999). The resulting matrix of binary data was analyzed with Kruskal's 

Isotonic Multidimensional Scaling (Venables and Ripley, 2002) using the statistical 

software package R (R Foundation for Statistical Computing, Vienna, Austria) to model 

relationships between the soil bacterial populations based upon their DGGE banding 

patterns. A stress factor, reflecting goodness-of-fit of the clustering model, is calculated 

as follows: 

where i and j are row vectors containing binary data for the presence or absence of bands 

in the zth and jth DGGE gel lane, d is the distance in binary space between these vectors, 

d' is the modeled distance in 2 dimensions, and 0 is an increasing function. 

Analysis of variance (ANOVA) was performed using Systat statistical software 

(SPSS Inc., Chicago, IL). Results of all F tests were considered significant at 95% 

confidence if P < 0.05 for a given F statistic. 

Results and Discussion 

Soils were coarse in texture, mostly sands and loamy sands (Table 3). Values of pH 

ranged from 6.23 to 8.07, with a shghtly alkaline average soil pH of 7.31. Only four 

soils qualified as saline based upon electrical conductivity (> 4 dS/m). Three of these 

stress 
y d'l 

Soils 



97 

soils (703, 987 and 975) are just east of the crest of the Cordillera de la Costa, the lowest 

area of the central plateau where salts would be expected to accumulate. Soil 100 above 

the seacoast at Paposo is also saline, and probably receives an input of salt from sea air 

and the coastal fog. Organic matter is very low in all samples except 425 and 576 from 

the Paposo transect within the densest growth of lomas vegetation. Soils from the 

Andean biomes are slightly enriched in organic matter compared to the samples from the 

absolute desert. Carbonates were at trace amounts (< 1%) or slightly above this value in 

all but the relatively densely vegetated soil 3900. 

Precipitation and Temperature 

MAT of the study area decreased linearly with elevation (y = -0.0038 + 18.9, = 0.94) 

at a rate of 3.8°C per 1000 m (Figure 2, Table 3). The sigmoidal curve fit to the 

precipitation data (R^ = 0.90) had the following equation: 

44.4 
y • 3088.9-^ 

l + e 

This curve indicates a low minimum precipitation (2.4 mm) for the desert from the coast 

(including the fog zone) to the Andes, and a sharp increase near our 3107 m sampling 

location to a maximum precipitation of 47.1 mm. This abrupt increase in precipitation 

indicates the summer rains that penetrate the Andes rain shadow from the Intertropical 

Convergence Zone north and east of Chile, but fail to reach the absolute desert (Houston 

and Hartley, 2003) 
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Soil Culturable Counts 

Culturable counts (Figure 3) on 100% R2A for the absolute desert soils of the Punta 

Negra transect were between 10^ and 10^ CFU/g. Like Navarro-Gonzales et al. (2003), 

one of our soils (703) yielded only 1 or 2 colonies per plate, which is too near the 

detection limit of the spread plating method to accurately quantify. However, the soil 

samples taken from our transect nearest to Yungay, 1315 and 1931, yielded counts of 

5.4x10^ and 9.11x10"^ CFU/g, respectively. Soil from the Paposo transect at comparable 

elevation 3d elded much higher counts, from 10^ to 10^ CFU/g, most likely due to the 

influence of the moisture and vegetation of the fog zone. Counts were highest in the 

central region of the fog zone (soils 475 and 576) where the fog and vegetation is 

thickest. Likewise, culturable counts in the higher elevations of the Punta Negra transect 

were higher than in the absolute desert, lO'^-lO^ CFU/g, reaching the maximum of 

4.3x10^ CFU/g at 3900 m within the Puna vegetation belt, the most diverse of the 

Andean biomes. Surprisingly, culturing on 10% R2A yielded culturable counts orders of 

magnitude lower than on 100%) R2A (data not shown). 

DGGE 

16S rRNA genes were successfully amplified from all soil DNA extracts, including from 

soil 703, the soil with culturable counts near the spread plating detection limit. The 16S 

rRNA gene DGGE profiles for the Punta Negra soils showed obvious differences 

between the bacterial diversity of the core absolute desert soils and those associated with 

the Andean biomes (Figure 4A). This is confirmed by Kruskal's Isotonic 
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Multidimensional Scaling analysis (KIMDSA) of the profiles in three dimensions 

(Figure 5A). Soils 703, 987, 1315, and 1931 clustered together as a "core absolute 

desert" group. The rest of the soils formed a separate "Andean group." (3 dimensions, 

99.35% variance explained, stress factor = 0.0344). 

When four dimensions were considered (Figure 5B), the Andean group broke 

into several subgroups (4 dimensions, 100% variance explained, stress factor = 0.0684). 

The DGGE profiles of soils from the highest elevations (4500, 4270, 3900, 3593, and 

3107) grouped together, reflecting the abrupt increase in precipitation at 3107 m (Figure 

2, Table 3), and also the influence of the Andean vegetation community upon the 

structure of the bacterial populations. There were no significant differences in the 

bacterial populations based upon differences in the vegetation composition, and soil 

3107 belongs to this group despite the fact that it is below the lower limit of vegetation. 

Soil 2792 is similar to but distinct from this "Andean vegetation" subgroup, but is also 

distinct from the core absolute desert microorganisms, representing a transition between 

these two population groups. Soils 400 and 2510 are both within the absolute desert and 

were expected to cluster with the core absolute desert profiles. However, both sampling 

locations showed evidence of past fluvial activities. Soil 2510 is near a wash that 

occasionally receives effluent wastewater from a nearby mine, and soil 400 is located on 

a terrace between two dry streams within a wash. As such, both soils may receive 

moisture and organic matter associated with fluvial events more often and in greater 

quantities than the soils of the core absolute desert. These extra inputs may be the 

reason these bacterial populations show more affinity to those at higher elevations than 
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to the core absolute desert group. 

The DGGE profiles of the Paposo transect soils show marked diversity relative to 

each other (Figure 4B). According to KIMDSA (Figure 5C), only soils 425 and 576, 

both within the richest lomas development, grouped together based upon their DGGE 

profiles (4 dimensions, 100% of variance explained, stress factor = 6.1x10'^''), resulting 

in a total of 4 lomas groups from 5 samples. Furthermore, none of the DGGE profiles 

clustered with 2510 from the Punta Negra transect, indicating that these bacterial 

populations are distinct from the Andean populations. Although we did not compare the 

Paposo DGGE profiles to the core absolute desert profiles, differences between these 

profiles are readily apparent (Figures 4A and 4B). 

Based upon these model groups, ANOVA indicates that there are significant 

differences between the groups in terms of the number of species of bacteria within each 

population, as indicated by the number of bands observed within each DGGE profile (F 

= 7.13; d.f. = 5, 11; P = 0.00333). The number of bands in the core absolute desert 

group averaged only 5 bands (S.D. = 1.3), whereas the Andean group averaged 12 bands 

(S.D. = 2.2) and the lomas groups ranged from 9-13 bands. If subgroups of the Andean 

group are considered, the differences are still significant (F = 6.22; d.f = 7,9; P = 

0.00711). The fluvial subgroup (400 and 2510) ranged from 9-13 bands, the transition 

subgroup (2792) had 9 bands, and the Andean vegetation subgroup averaged 12 bands 

(S.D. = 1.95). The maximum number of bands, 15, was obtained from soil 3900 from 

the Puna vegetation belt, the most diverse region of the Andean vegetation. Recall that 

this soil also had the highest culturable counts of all of the soils. 
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Summary 

Bacteria were successfully cultured from all soils of two east-west transects at 

approximately 24°S latitude with one exception (703 m) which contained culturable 

bacteria at less than 111 CFU/g. In contrast to a previous report (Navarro-Gonzalez et 

al, 2003), bacterial DNA was successfully extracted from all soils of the transects, 

including the 703 m sample. DGGE profiles indicate a cluster of bacterial populations 

with low diversity in the absolute desert of the Atacama's central plateau between 703-

1931 m in elevation, another cluster with higher diversity from the upper reaches of the 

absolute desert through the Andean vegetation belts on the slopes of the mountains, and 

a number of diverse populations within the coastal lomas plant formation that are not 

similar to each other. 

Only 2 of the 5 lomas bacterial populations clustered together based upon their 

DGGE profiles. This reflects differences in fog density, plant density, and plant 

community diversity within the lomas transect. On the contrary, differences between the 

density and composition of the Andean vegetation belts did not affect bacterial diversity. 

A more important factor in this region may be precipitation. The Andean vegetation 

bacterial population penetrated as far as 3107 m, which is 486 m below the lower limit 

of Andean vegetation. But, soil 3107 is within the abrupt transition zone between the 

higher Andean precipitation and the nearly absent precipitation of the absolute desert. 

The bacteria of the Andean biomes are able to tolerate less precipitation and penetrate 

further into the absolute desert than the vascular plants. A transition in bacterial 

population structure doesn't occur until 2792 m, fully 800 m lower than the lower limit 
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of Andean plants. An alternative explanation to this precipitation theory involves the 

Quaternary history of vegetative cover at this interface between the absolute desert and 

the Andes montane regions. The Andean vegetation belts in the central Atacama (22-

24°S)have advanced and retreated down the slopes of the Andes over the last 45,000 

years (Latorre, et al, 2002). Since the bacteria at 3017 m in the absolute desert show 

affinities to the bacteria of the soils within the Andean biomes, it is possible these 

bacteria are a relic population left behind during the onset of the last dry period and 

concomitant retreat of vegetation to higher, wetter elevations. 

Conclusions 

This is the first systematic demonstration of the presence and diversity of bacteria in the 

most arid latitudes of the Atacama Desert. It is not known whether bacterial populations 

of the Atacama's "core absolute desert" (soils 703, 987, 1315, and 1931) are active 

bacterial communities or whether they represent allochthonous organisms surviving 

where they are deposited, and issue raised in the study of bacterial communities in the 

soils of the hyperarid and hypergehc Ross Desert of Victoria Land, Antarctica (Vishniac, 

1993). The low viable counts (< 1.36x10^) and low diversity (4-7 bands in DGGE 

profiles) indicate that the Atacama "communities," if viable, are severely impacted by 

the extreme aridity of this region of the desert. The modeled differences between the 

core absolute desert bacterial populations and those of the Andes (Figure 5) as well as 

the lack of shared bands between the two groups (Figure 4) indicate the core absolute 

desert microbes are not translocated from the Andes soils. We cannot be as sure that 
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bacteria are not deposited by aeolian or fluvial events into the absolute desert from the 

slopes of the Cordillera de la Costa. However, we have demonstrated differences in 

bacterial populations within the absolute desert that reflect differences in the availability 

of moisture (soils 400, 2510, 2792, 3107). This suggests the bacterial populations 

respond to factors that affect both the survival and growth of microorganisms. We 

speculate that the activity of bacterial communities in the Atacama's absolute desert is 

ephemeral in nature, lying dormant for long periods of time between significant and 

sufficient precipitation events. 
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Table 1. Geographic characterization of the soil sampling sites along both the Punta Negra and Quebrada Paposo transects. 

Transect 
Sample ID/ 

Elevation (m) 
Latitude 

(°S) 
Longitude 

CW) 
Biome* 

Representative 
Vegetation 

Punta 400 23.74938 70.35822 

Negra 703 

987 

23.95695 

24.07528 

70.28595 

70.20925 

1315 

1931 

24.36310 

24.46892 

69.94595 

69.40787 
Absolute Desert None 

2510 24.33925 69.23507 

2792 24.26348 69.19138 

3107 24.44883 68.83053 

3593 24.52562 68.73160 Prc-l'una Cristaria andicola, Sysimbrium phillipiani 

3900 24.55812 68.66685 Putia 
Stipa frigida, Fabiana bryoides, Artemesia copa, 

Happlopappus rigidus, C. andicola, 
Adesmia hystrix, Opuntia conoidea 

4270 

4500 

24.60033 

24.69612 

68.58547 

68.62468 

lliiili Andean 
Steppe 

Stipa frigida, Deyeuxia curvula, Mulinum crassifolium, 
Monschopsis monocephala, Chaethantera revoluta, 

Perezia atacamanensis, Viola spp. 

Paposo 100 

425 

576 

975 

1240 

25.10792 

25.02271 

25.01511 

25.00864 

25.02404 

70.46963 

70.44969 

70.43691 

70.39834 

70.36742 

Lomas 

Euphorbia lactiflua, Eulychnia iquiquensis, 
Tricochereus coquimbanus, Oxalis spp., 

Lycium stenophyllum, Proustia cuneifolia, 
Croton chilensis, Balbisia peduncularis, Viola spp., 

Cruckshanksia pumila, Alstroemeria graminea, 
Malesherbia humilis, Chaetanthera glabrata, 

Copiapoa haseltoniana, Nolana spp., 
Gypothamnium pinifolium, Chuquiraga ulicina, 

Loasa fruticosa 

* Absolute Desert refers to the complete absence of plant cover. Other biome designations are according to Villagran et al. 
(1981) and Dillon and Hoffmann (1997). 



Table 2. Temperature and precipitation data for the region of the Atacama Desert corresponding to the study area. 

Station 
Latitude Longitude Elevation MAT MAP 

Reference Station (°S) (°W) (m) (°C) (mm) 
Reference 

Antofagasta University 
CatoUca del Norte 

23.41 70.25 30 4.1 17 Marquet et al, 1998 

Antofagasta 23.41 70.25 50 4.6 17 Marquet a/., 1998 
Monturaqui 24.20 68.26 3550 58.5 6.1 Marquet e? a/., 1998 

Yungay 24.08 69.97 950 0.7 16.5 McKay et al., 2003 
Refresco 25.32 69.87 1850 9.2 n/d Marquet e? a/., 1998 

Taltal 25.24 70.29 50 0.5 n/d Marquet et al, 1998 
Salar de Punta Negra 24.6 68.92 3000 7 7.9 Luebert and Gajardo, 2000 

Cachinal 24.97 68.57 2700 0 10.8 Luebert and Gajardo, 2000 
Catalina 24.23 68.73 2180 0 12.9 Luebert and Gajardo, 2000 

Llullaillaco 24.63 69.45 4200 35.7 1.7 Luebert and Gajardo, 2000 
El Laco 23.83 67.49 5000 n/d -2.1 Vuille, 1996 



Table 3. Physical, chemical, and microbiological characteristics of the Atacama Desert soil samples. 

Sample ID / 
Elevation pH 

(m) 

EC 
(dS/m) 

TOC 
(%) 

CaCOj 
(%) 

% 
Sand 

% 
Silt 

% 
Clay 

Texture 
Estimated 

MAT 
(°C) 

Estimated 
MAP 
(mm) 

# 
DGGE 
Bands 

400 7.75 0.81 0.02 17.4 2.7 13 
703 6.43 5.40 0.01 0.29 91.7 3.0 5.3 Sand 16.2 2.7 5 
987 7.84 

* 

5.70 0.01 0.56 89.2 6.9 3.9 Sand 15.1 2.7 7 
1315 7.12 0.10 0.02 1.30 85.4 13.7 0.9 Loamy Sand 13.9 2.7 5 
1931 6.92 2.30 0.02 0.76 11.5 2.7 4 
2510 7.54 0.01 0.03 1.45 79.0 17.8 3.2 Loamy Sand 9.3 2.7 9 
2792 7.01 0.05 0.02 1.03 8.3 2.7 9 
3107 7.52 0.35 0.02 1.56 94.2 4.2 1.5 Sand 7.1 29.9 13 
3593 7.81 0.49 0.05 0.06 5.2 47.1 13 
3900 7.89 0.22 0.08 11.12 4.1 47.1 15 
4270 7.62 0.10 0.08 <0.03 2.7 47.1 10 
4500 7.30 0.08 0.09 <0.03 1.8 47.1 11 

100 6.23 8.42 0.07 0.22 18.5 2.7 13 
425 7.28 0.49 0.10 0.75 17.3 2.7 12 
576 7.51 0.67 0.60 1.44 16.7 2.7 11 
975 6.47 30.10* 0.03 1.27 15.2 2.7 9 

1240 8.07 0.41 0.02 0.37 87.9 7.7 4.4 Sand 14.2 2.7 11 
* These soils, with EC > 4 dS/cm, are classified as saline. 
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Figure Legends 

Figure 1. Map of the study area, including the location of sampling sites along the 

Punta Negra transect and the Quebrada Paposo transect. 

Figure 2. Mean annual precipitation (O) and mean annual temperature ( ) trends 

between 23.41-25.32°S in the Atacama Desert. The dashed line represents the linear 

regression between MAT and elevation (R = 0.94), and the solid line represents a 

sigmoidal curve fit to the MAP data (R^ = 0.90). Curve equations are provided in the 

text. 

Figure 3. Soil culturable counts on 100% R2A agar from the Punta Negra transect (O) 

and the Paposo transect ( ). Culturable counts for sample 703 of the Punta Negra 

transect were near the detection limit of the spread plating method (approximately 100 

CFU/g). 

Figure 4. DGGE profiles of the soils sampled from the Atacama Desert. Gel lane labels 

indicate the soil sample ID and sampling elevation corresponding to each DGGE profile. 

(A) Punta Negra transect. Lane B1 is a blank containing 20 (xL PCR negative control 

product corresponding to the reactions in lanes 400, 2510, 2792, 3105, 3593, 3900, 

4270, and 4500. Lane B2 is a negative control containing 40 |a,L corresponding to the 

low-template reactions in lanes 703, 987, 1315, and 1931. (B) Paposo transect. Lanes 
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B1 and B2 are as described in Fig 4A. B1 is the negative control for lanes 2510, 100, 

425, and 576. B2 is the negative control for the low-template reactions in lanes 975 and 

1240. 2510 is included in this gel for comparison of the DGGE profiles from the Paposo 

transect with those of the Punta Negra transect in Fig 4A. 

Figure 5. ECruskal's Isotonic Multidimensional Scaling analysis of the DGGE profiles 

from the Punta Negra transect in 3 dimensions (A) and 4 dimensions (B), and from the 

Paposo transect in 4 dimensions (C). Different bullets are used to indicate different 

significant groupings of DGGE profiles within each transect. 
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Figure 2. Drees et al. 

Elevation (m) 



Figure 3. Drees et al. 

Elevation (nn) 



114 

Figure 4A. Drees et al. 
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Figure 5A. Drees et al. 
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Figure 5B. Drees et al. 
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Figure 5C. Drees et al. 
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