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Soils from the hyperarid Atacama Desert of northern Chile were sampled along an east-west elevational
transect (23.75 to 24.70°S) through the driest sector to compare the relative structure of bacterial communities.
Analysis of denaturing gradient gel electrophoresis (DGGE) profiles from each of the samples revealed that
microbial communities from the extreme hyperarid core of the desert clustered separately from all of the
remaining communities. Bands sequenced from DGGE profiles of two samples taken at a 22-month interval
from this core region revealed the presence of similar populations dominated by bacteria from the Gemmati-
monadetes and Planctomycetes phyla.

The Atacama Desert of northern Chile stretches for more
than 1,000 km along the narrow coastal plateau between the
Rio Copiapó (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 foot of the Andes, has been de-
scribed as “the most barren region imaginable,” devoid of
plant life, receiving only a few millimeters of precipitation
every few years (35), and potentially approaching the dry limit
of microbial life (32). This study represents a further charac-
terization of our recently reported observation that the hyper-
arid core of the Atacama Desert harbors both viable bacteria
and recoverable DNA (26).

The objective of this work was to perform a general com-
parison of bacterial community structures along an elevational
transect representing the unique, extreme conditions of the
driest expanse of the central Atacama Desert. In addition, a
single sample location was selected in the hyperarid core for a
more complete characterization of bacterial populations.

Transect description. The Punta Negra transect that we
sampled crosses the full extent of the Atacama Desert from the
barren coastal range above Antofagasta (23.65°S, 70.24°W) at
an elevation of 400 m to the slopes of the Volcán de Llullail-
laco (24.72°S, 68.55°W) in the Andes at 4,500 m above sea level
(Fig. 1). The hyperaridity along this transect restricts perennial
vegetation to between 3,500 and 4,800 m, where unreliable
precipitation events in both summer and winter support a
vegetation belt of continuous but sparse and species-poor
desert scrub and grassland with low beta-diversity and few
endemics (2, 27, 37). Below this vegetation belt is an impres-

sive, Mars-like expanse of absolute desert that has been largely
devoid of rain and vascular plants for at least the last million
years (22). Mean annual precipitation (MAP) and mean an-
nual temperature (MAT) data were obtained from published
studies and meteorological stations located in close proximity
to the Punta Negra transect (Fig. 1).

Soil sampling and analysis. Soil samples were taken using
sterile tools at a depth of 25 to 30 cm at regular intervals along
the Punta Negra transect in October 2002 and stored in sterile
sealed polycarbonate tubes at 4°C (Table 1). In addition, a
second sample was taken at 989 m in July 2004 for comparative
population analysis. The sample depth was selected to target
permanent populations rather than transient populations car-
ried in blowing dust. Interplant regions were sampled when
possible to avoid localized rhizosphere effects. Soil sample
characteristics were analyzed by the University of Arizona Wa-
ter Quality Center Laboratory (Tucson, AZ), and viable bac-
terial counts are reported in Table 2.

Soil bacterial community DNA extraction, amplification,
and analysis. Total genomic DNA was extracted from dry soil
samples via direct lysis using the Fast DNA SPIN kit for soil
(Qbiogene, Carlsbad, CA). Extraction blanks were processed
in parallel throughout the full procedure as negative controls
to evaluate potential DNA contamination from reagents. The
V9 variable region of the 16S rRNA gene was PCR amplified
from each extract using Bacteria primer 1070F (5�-ATG GCT
GTC GTC AGC T-3�) and universal primer 1392R (5�-ACG
GGC GGT GTG TAC-3�) with a 40-bp GC clamp (13). Am-
plification conditions followed the protocol of Colores et al.
(7), with a slight modification.

Community structure was evaluated by denaturing gradient
gel electrophoresis (DGGE) analysis of the 16S rRNA gene
products using a D-Code Universal Mutation detection system
(Bio-Rad Laboratories, Hercules, CA). Acrylamide gels (6%)
were prepared with a 50 to 80% urea-formamide denaturing
gradient. Lanes were loaded with either 20 �l (400-, 2,510-,
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2,792-, 3,107-, 3,593-, 3,900-, 4,270-, and 4,500-m samples) or
40 �l (703-, 987-, 1,315-, and 1,931-m samples) of PCR product
and the corresponding negative controls, run at a constant
voltage of 50 V for 15 h at 60°C, and stained for visualization
and photography with SYBR Green I (Molecular Probes,
Eugene, OR). The banding pattern of each lane in the DGGE
gels was scored using a method described previously by
Konopka et al. (20), and the resulting matrix of binary data was
analyzed with Kruskal’s isotonic multidimensional scaling anal-
ysis (KIMDSA) (36).

FIG. 1. Map of the study area indicating the locations of sampling
sites along the Punta Negra transect. Filled circles (F) indicate sam-
pling sites, filled squares (■ ) represent towns along the transect, and
asterisks (*) indicate locations of the following four weather stations
along the transect: Antofagasta (23.41°S, 70.25°W; 10-m elevation;
MAT � 17°C; MAP � 2.0 mm) (28), Yungay (24.08°S, 69.97°W; 950-m
elevation; MAT � 16.5°C; MAP � 0.6 mm) (29), Salar Punta Negra
(24.6°S, 68.92°W; 3,000-m elevation; MAT � 7°C; MAP � 7 mm) (24),
and Llullaillaco (24.63°S, 68.67°W; 4,200-m elevation; MAT � 1.7°C;
MAP � 35.7 mm) (24). Throughout the Central Atacama desert,
MATs decrease linearly with increasing elevation beginning at 17°C
(y � �0.0038 � 18.9; r2 � 0.94).

TABLE 1. Characterization of the soil sampling sites along the Punta Negra transect

Sample
(elevation �m�) Latitude (°S) Longitude (°W) Sample date

(mo/yr) Biomea Plant
cover (%) Perennial vegetation

400 23.74938 70.35822 10/2002 Absolute desert —b Nolana spp. along dry wash
703 23.95695 70.28595 10/2002 Absolute desert 0 None
987 24.07528 70.20925 10/2002 Absolute desert 0 None
989 24.07065 70.20177 07/2004 Absolute desert 0 None
1,315 24.36310 69.94595 10/2002 Absolute desert 0 None
1,931 24.46892 69.40787 10/2002 Absolute desert 0 None
2,510 24.33925 69.23507 10/2002 Absolute desert —b Adesmia atacamensis
2,792 24.26348 69.19138 10/2002 Absolute desert —b Adesmia atacamensis, Oxalis
3,107 24.44883 68.83053 10/2002 Absolute desert —b Isolated Acantholippia deserticola

50–100 m from site
3,593 24.52562 68.73160 10/2002 Pre-Puna 1–3 Cristaria andicola, Sysimbrium

phillipiani
3,900 24.55812 68.66685 10/2002 Puna 1–3 Stipa frigida, Fabiana bryoides,

Artemisia copa, Happlopappus
rigidus, C. andicola, Adesmia
hystrix, Opuntia conoidea

4,270 24.60033 68.58547 10/2002 High Andean Steppe 4–10 Stipa frigida, Deyeuxia curvula,
4,500 24.69612 68.62468 10/2002 High Andean Steppe 2–4 Mulinum crassifolium,

Monschopsis monocephala,
Chaethantera revoluta, Perezia
atacamanensis, Viola spp.

a Absolute desert refers to the near absence of plant cover. Other biome designations were described previously by Villagrán et al. (37).
b Too few plants were present to quantify the percent plant cover. The isolated plants observed were separated by expanses of unvegetated terrain.

TABLE 2. Chemical and microbiological characteristics of the
Punta Negra transect soil samples

Sample
(elevation �m�) pHa ECa,b

(dS m�1)
TOCc

(%)
Culturable countd

(CFU g�1)

400 7.75 0.81 0.02 1.62 � 105

703 6.43 5.40 0.01 BQDL
987 7.84 5.70 0.01 1.36 � 105

1,315 7.12 0.10 0.02 5.40 � 103

1,931 6.92 2.30 0.02 9.11 � 104

2,510 7.54 0.01 0.03 1.54 � 104

2,792 7.01 0.05 0.02 9.77 � 105

3,107 7.52 0.35 0.02 4.46 � 106

3,593 7.81 0.49 0.05 7.10 � 106

3,900 7.89 0.22 0.08 4.30 � 107

4,270 7.62 0.10 0.08 2.07 � 107

4,500 7.30 0.08 0.09 1.96 � 106

a Soil-to-deionized water ratio of 1:1.
b EC, electrical conductivity.
c TOC, total organic carbon determined by high-temperature combustion us-

ing an NCS analyzer (Carlo Erba model Na1500) (detection limit, 0.01%).
d Determined following a 14-day preincubation (room temperature) of soil

with sterile, deionized water (10% �vol/wt� approximating field capacity) by
serially diluting 0.5 g (dry weight) of soil in distilled water and plating onto R2A
agar (Difco Laboratories, Detroit, MI) amended with 10 mg liter�1 cyclohexi-
mide to inhibit fungal growth. BQDL, below the quantitative detection limit of
1,000 CFU g�1 soil.
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Population analysis. Multiple DNA extractions were per-
formed and consolidated from the Oct 2002 987-m (four ex-
tracts) and the July 2004 989-m (nine extracts) soil samples to
obtain sufficient template DNA to generate PCR-DGGE pro-
files with extractable bands. All bands from each profile were
excised for PCR amplification and incubated overnight at 37°C
in a DNA elution buffer (0.5 M NH4OAc, 1 mM EDTA, pH
8.0) (3). Amplified PCR products were compared to the orig-
inal profiles by DGGE analysis (55 to 65% gradient) to confirm
band purity and identity. Two to three DGGE-PCR cycles
were performed to purify each band for sequence analysis.
Duplicate bands were excised along the gradient line from
replicate profiles of each sample, and 100% identity was con-
firmed. Both forward and reverse sequences were generated
using primers 1070F and 1392R to confirm sequence accuracy
(University of Arizona Research Laboratory Genomic Analy-
sis and Technology Core, Tucson, AZ). All unique sequences
were identified using BLAST (1) and the RDP Sequence
Match and Classifier (6) programs and then deposited in
GenBank (Table 3).

A base tree was constructed using nearly complete GenBank
16S rRNA gene sequences representing major phyla of Bacte-
ria. Sequences were aligned using Clustal W (Wisconsin pack-
age version 10.3; Accelrys Inc., San Diego, CA), and the align-
ments were manually adjusted using MacClade v. 4.08 (25).
Most parsimonious trees were constructed from the aligned
sequences, and DGGE bands were individually incorporated
to determine taxonomic affiliations (see Fig. 3).

Punta Negra transect results. Viable bacteria were success-
fully cultured from all sites along the transect, including one of
our soil samples (703 m) that yielded only one or two colonies
per plate (Table 2). Counts were lowest at or below 2,510 m
within the absolute desert region (Table 1) and highest from
the 3,900- and 4,270-m soils of the Puna and High Andean
Steppe biomes.

16S rRNA genes were also successfully amplified from all
soil DNA extracts. Analysis of 16S rRNA gene DGGE profiles
from transect samples revealed two interesting clusters sug-
gesting the presence of two distinct bacterial community struc-
tures (Fig. 2). The first cluster included soils from 703, 987,
1,315, and 1,931 m in the core absolute desert, where hyper-
aridity has prohibited the growth of vascular plants for millions
of years (12) and precipitation events occur only once every 20
to 50 years (estimated from gullying of tailings at abandoned
nitrate mines). The second cluster, referred to here as the
Andean vegetation group, included all of the remaining eleva-
tions (400, 2,510, 2,792, 3,107, 3,593, 3,900, 4,270, and 4,500
m), although at the time of sampling, vegetation was observed
only at elevations of 3,593 m and above. Total plant species
richness increased from 2 at 3,593 m to 7 at and above 3,900 m.
In terms of plant cover, the 4,270-m elevation was the highest,
ranging from 4 to 10%. Both above and below this elevation,
plant cover declined to between 1 and 4% (Table 1).

The sharp separation of the bacterial communities along the
Punta Negra transect into two distinct groups suggests that
bacterial community profiles could serve as more effective in-

TABLE 3. Bacteria identified from DGGE profiles of 987-meter (2002) and 989-meter (2004) soil samples

Band GenBank
accession no. Phylum Closest BLAST match (GenBank accession no.) %

Identity Source

987-5 DQ648483 Gemmatimonadetes Uncultured bacterium clone AT425_EubC11
(AY053483)

95 Gas hydrate sediments (Gulf of
Mexico)

Uncultured forest soil bacterium clone
DUNssu177 (AY913247)

95 Forest soil (Germany)

987-2 DQ648479 Gemmatimonadetes Uncultured Gemmatimonadetes clone
AKYH1514 (AY921705)

96 Agricultural soil (Minnesota)

987-3b DQ648481 Actinobacteria Uncultured soil bacterium clone 288-2
(AF423245)

97 Agricultural soil (Riverside, CA)

987-5b2 DQ648484 Planctomycetes Uncultured bacterium clone pGXAR2
(DQ256391)

93 Alkaline soil (China)

987-4 DQ648482 Gemmatimonadetes Uncultured Gemmatimonadetes clone
AKYH1194 (AY921682)

94 Agricultural soil (Minnesota)

987-3b2 DQ648480 Planctomycetes Uncultured planctomycete (AJ431346) 96 Ikaite tufa columns (Greenland
fjord)

987-1b DQ648478 Thermomicrobia Uncultured bacterium clone FBP267
(AY250872)

96 Rock surface (McMurdo Dry
Valley, Antarctica)

989-12b2 DQ648485 Gemmatimonadetes Uncultured bacterium clone AT425_EubC11
(AY053483)

94 Gas hydrate sediments (Gulf of
Mexico)

Uncultured forest soil bacterium clone
DUNssu028 (AY913247)

94 Forest soil (Germany)

989-9b2 DQ648486 Gemmatimonadetes Uncultured Gemmatimonadetes clone
AKYH1514 (AY921705)

95 Agricultural soil (Minnesota)

989-8b2 DQ648487 Proteobacteria Acidithiobacillus ferrooxidans 33020
(AJ278719)

99 Uranium waste piles (Germany)

Acidithiobacillus thiooxidans (AY495961) 99 Mine drainage (Wales, United
Kingdom)

989-7b DQ648488 Planctomycetes Uncultured bacterium clone pGXAR2
(DQ256391)

93 Alkaline soil (China)

989-11b2 DQ648482a Gemmatimonadetes Uncultured Gemmatimonadetes clone
AKYH1194 (AY921682)

94 Agricultural soil (Minnesota)

a The sequence of 989-11b2 is 100% similar to that of 987-4.
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dicators of extreme hyperaridity in the Atacama Desert than
the presence of perennial vegetation. This hypothesis is based
on the fact that samples from 400-, 2,510-, 2,792-, and 3,107-m
elevations clustered with the Andean vegetation group rather
than the core absolute desert group, despite the virtual absence
of perennial vegetation at these elevations (Fig. 2 and Table 1).
None of the soil properties reported in Table 2 explain these
unexpected results. Houston and Hartley (17) previously cat-
egorized the region of the Atacama Desert below 2,300 m as a
zone of extreme hyperaridity, although they explained that
significant variations in the intensity of aridity occur within the
zone. Due to the limited availability of weather data along the
Punta Negra transect, one can only speculate that the observed
transition in bacterial community affiliation from the core ab-
solute desert group to the Andean vegetation group at 2,510 m
represents a significant variation in moisture availability.

Several observations support the speculation that the com-
munity profiles reflect the frequency and history of precipita-
tion or exposure to moisture. In October 2002, we observed
evidence of past vegetation extending 500 m or more below
the present 3,593-m lower vegetation limit (Table 1). Occa-
sional root fragments were excavated from extensive fields
of tuco-tuco (Ctenomys fulvus: Rodentia: Ctenomydae) bur-
rows (8) located across what is now unvegetated terrain at
	3,100 m. Although we have not dated these root fragments or
systematically mapped the extent of such tuco-tuco fields in the
vast areas that lack perennial plants, it appears that tuco-tucos
are capable of tracking winter and summer annual blooms that
presumably result from precipitation events in previous years.
Second, recent surveys of fossil rodent middens spanning a
broad sector of the central Atacama Desert suggest that north
of 24°S, wet summers occasionally yield patches of summer-
flowering annuals at elevations down to 2,500 m; south of 24°S,
the same holds true for winter annuals (4, 21, 22, 23, 27). These
potential historical expansions of winter and summer annuals
below the 3,593-m lower perennial vegetation limit of October
2002 hint at the occurrence of past precipitation events that

influenced microbial populations at the fringe, 2,510-m,
2,792-m, and 3,107-m sample locations. Samples at 2,510 and
2,792 m were also located on an alluvial fan in areas potentially
exposed to runoff from regular precipitation events in the Cor-
dillera Domeyko and Andes mountain ranges (12).

The 400-m sample location is separated from the remaining
sites of the Andean vegetation group by the large expanse of
absolute desert in the Central Valley. This sample location is
the only elevation in the transect located below the crest of the
Cordillera de la Costa escarpment. In some coastal regions
such as Paposo (Fig. 1), a semipermanent fog zone develops
where the coastal escarpment is massive (11). Although this
stratus layer dissipates in areas such as Antofagasta, where the
coastal topography levels off, the presence of Pacific moisture
may be sufficient to affect microbially diverse populations in
this region. Thus, minor differences in the frequencies of soil
moisture exposure, above and below the absolute desert, re-
sulting from isolated rainfall events, runoff exposure, or Pacific
moisture may explain the distinct separation of the bacterial
community profiles into two different community structures.

Identification of specific populations from the hyperarid
core region. The four DGGE profiles from the core absolute
desert group contained between four and seven bands each,
and three of the bands were common to all four profiles. The
987-m sample was chosen from among these samples for fur-
ther characterization because the culturable counts were the
highest (Table 2) and because the DGGE profile had the
greatest number of bands. The July 2004 sample was taken
nearby at 989 m (Table 1) to determine the constancy of
populations observed in the 2002 samples. DGGE analysis of
the 989-m sample produced a profile similar to that of the
987-m sample from 2002. Seven bands were sequenced and
identified from the 987-m sample (2002), and five were se-
quenced and identified from the 989-m sample (2004) (Table
3). A similarity distance analysis generated using PAUP4.0
Beta 10 indicated that four of the five bands from the 2004
sample (989 m) were of the same phylotype as bands identified
from the 2002 sample (987 m) (sequences with similarity dis-
tances of 
0.01 were classified as the same phylotype). Simi-
larity distances for these bands are as follows: band 12b2 from
the 989-m sample (989-12b2) and 987-5, 0.0059; 989-9b2 and
987-2, 0.0028; 989-11b2 and 987-4, 0.0000; and 989-7b and
987-5b2, 0.0030.

BLAST analysis indicated that the majority of the band
sequences from both samples were most closely related to
uncultured, unidentified bacterial clones (93 to 97%) (Table
3). The one exception was band 8b2 from the 989-m sample,
which had 99% sequence identity to the Gammaproteobacteria
Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans.
Of the remaining bands, three bands that were common to
both profiles were affiliated with Gemmatimonadetes, and one
band was affiliated with Planctomycetes (Fig. 3 and Table 3).
Although only one cultured Gemmatimonadetes bacterium has
been described in the literature, numerous clones from diverse
soils of five different continents, including the Tataouine
Desert of Tunisia, have been identified (5, 15, 30, 38). Planc-
tomycetes were originally associated with freshwater, marine,
and hot spring environments, but these results combined with
data from other recent studies identifying clones from soils and
sediments indicate that these organisms may also be present in

FIG. 2. KIMDSA of the DGGE profiles from the Punta Negra
transect analyzed in three dimensions with 99.35% of the variance
explained, a stress factor of 0.0344, and a P value of 0.04. Analysis was
done using the statistical software package R (R Foundation for Sta-
tistical Computing, Vienna, Austria). The permutation test used con-
firmed the significance of the classification of the groups established by
KIMDSA.
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FIG. 3. One of seven most parsimonious trees generated from reference bacterial strain sequences (GenBank) and DGGE band sequences
from 987-m (boldface italic type) and 989-m (boldface type) soil samples. A base tree was generated with nearly full-length sequences from the
GenBank database using maximum parsimony analysis by heuristic search using tree bisection reconnection branch swapping on starting trees
generated by random sequence addition as implemented by using PAUP 4.0 Beta 10 (34). DGGE band sequences were inserted individually into
the base tree data set without realignment of base tree sequences. Sulfolobus acidocaldarius was used as the outgroup. Bootstrap values (1,000
replicates) from maximum parsimony analysis are given for nodes with �50% support.
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a diverse range of ecosystems (33). The remaining three bands
from the 987-m sample were associated with Planctomycetes
(987-3b2), Actinobacteria (987-3b), and Thermomicrobia (987-
1b). The actinobacterium (987-3b) was assigned to the
Rubrobacteraceae family with 98% confidence by the RDP
Classifier, and the most closely related sequence was the un-
identified clone 288-2 (GenBank accession no. AF423245) iso-
lated from an arid Australian soil (16). The final band, band
987-1b, is most closely related to the uncultured bacterium
clone FBP267 (accession no. AY250872) identified from a
cryptoendolithic community extracted from Beacon sandstone
from the McMurdo Dry Valleys region of South Victoria Land,
Antarctica (10). Both 987-1b and FBP267 associate at a high
bootstrap value (100) with Thermomicrobium roseum (Fig. 3)
of the phylum Thermomicrobia (green nonsulfur bacteria).

As might be anticipated, the predominance of Gemmati-
monadetes and Planctomycetes in the 987-m and 989-m samples
is unique compared to typical soil populations. In a recent
analysis of 32 clone libraries from a variety of surface soils,
Janssen (18) found that 92% of the bacterial clones belonged
to nine dominant phyla: Proteobacteria (39%), Acidobacteria
(20%), Actinobacteria (13%), Verrumicrobia (7%), Bacterio-
detes (5%), Chloroflexi (3%), Planctomycetes (2%), Gemmati-
monadetes (2%), and Firmicutes (1.8%). In contrast, sandy
subsurface soils sampled by Zhou et al. (39) in Virginia and
Delaware at depths of 1.6 to 7.0 m revealed communities with
much less diversity but that were still dominated by Proteobac-
teria (90%) accompanied by Acidobacteria (3%) and Firmicutes
(3%). Nagy et al. (31) previously reported a shift in this dis-
tribution to 51% Acidobacteria, 15.5% Proteobacteria, 13.3%
Flexibacteria and relatives, 6.7% Actinobacteria, 4.5% Plancto-
mycetes, and 8.9% unknown for arid surface soils. This distri-
bution shows a slight increase in the relative abundance of
Planctomycetes in arid soils, but it does not reflect the relative
diversity observed in the Atacama Desert soils.

The results from this research provoke questions of interest
for future study. Although this study is far from exhaustive in
identifying the diversity of bacteria present in the driest regions
of the Atacama Desert, it is evident that microbes are capable
of enduring extremes of aridity that prevent the growth of
vascular plants. The unique phylogenetic distribution of the
organisms identified in this study compared to those of other
arid soils would suggest that the hyperarid environment does
select for bacteria in specific divisions. With the knowledge
gained here regarding the predominant organisms present in
these extremely arid soils, efforts can now be made to isolate
these organisms by using recently identified techniques for
culturing the recalcitrant members of phyla such as Gemmati-
monadetes and Planctomycetes (9, 14, 19, 38).

Nucleotide sequence accession numbers. All unique se-
quences in this work have been deposited in the GenBank
database under accession numbers DQ648478 to DQ648488
(Table 3).
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32. Navarro-González, R., F. A. Rainey, P. Molina, D. R. Bagaley, B. J. Hollen,
J. de la Rosa, A. M. Small, R. C. Quinn, F. J. Grunthaner, L. Cáceres, B.
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