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Abstract Lake Tebenquiche is one of the largest saline

water bodies in the Salar de Atacama at 2,500 m above sea

level in northeastern Chile. Bacteria inhabiting there have

to deal with extreme changes in salinity, temperature and

UV dose (i.e., high environmental dissimilarity in the

physical landscape). We analyzed the bacterioplankton

structure of this lake by 16S rRNA gene analyses along a

spatio–temporal survey. The bacterial assemblage within

the lake was quite heterogeneous both in space and time.

Salinity changed both in space and time ranging between 1

and 30% (w/v), and total abundances of planktonic pro-

karyotes in the different sampling points within the lake

ranged between two and nine times 106 cells mL-1.

Community composition changed accordingly to the par-

ticular salinity of each point as depicted by genetic

fingerprinting analyses (denaturing gradient gel electro-

phoresis), showing a high level of variation in species

composition from place to place (beta-diversity). Three

selected sites were analyzed in more detail by clone

libraries. We observed a predominance of Bacteroidetes

(about one third of the clones) and Gammaproteobacteria

(another third) with respect to all the other bacterial groups.

The diversity of Bacteroidetes sequences was large and

showed a remarkable degree of novelty. Bacteroidetes

formed at least four clusters with no cultured relatives in

databases and rather distantly related to any known 16S

rRNA sequence. Within this phylum, a rich and diverse

presence of Salinibacter relatives was found in the saltiest

part of the lake. Lake Tebenquiche included several novel

microorganisms of environmental importance and appeared

as a large unexplored reservoir of unknown bacteria.
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Introduction

Diversity of microbial communities is believed to be very

large and poorly characterized (see overview in Pedrós-

Alió 2006). Yet, its knowledge is of interest for several

reasons, both practical and theoretical. Bacterial diversity

is a reservoir of potentially interesting genes for biotech-

nology and medicine, and the large seed-bank of bacterial

taxa hidden in natural communities should be of interest to

better delineate both the taxonomy and the evolutionary
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Avda. Angamos 0610, Antofagasta, Chile

C. Demergasso � L. Escudero � G. Chong

Centro de Investigación Cientı́fica y Tecnológica para la

Minerı́a, Región de Antofagasta, Chile

E. O. Casamayor (&)

Unitat de Limnologia, Centre d’Estudis Avançats de Blanes
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relationships among microorganisms (Baldauf 2003; Ped-

rós-Alió 2007). In this respect, the ocean and freshwater

lakes have received a lot of attention (Glöckner et al. 1999;

Giovannoni and Rappé 2000). However, bacterial diversity

in saline lakes have been studied sparsely (Bowman et al.

2000; Humayoun et al. 2003; Jiang et al. 2006; Wu et al.

2006), despite the fact that they are numerous and wide-

spread (Williams 1996). Microorganisms from such

environments have potentially interesting enzymes (Oren

2002), and some authors have claimed that the physiology

and ecology of microorganisms in hypersaline environ-

ments may be relevant for a better understanding of both

the early stages of life on Earth (Kunte et al. 2002) and

potential life in Mars evaporitic environments (Mancinelli

et al. 2004).

Lake Tebenquiche is one of the largest hyperhaline

high-altitude water bodies in the Salar de Atacama

(Chile). A preliminary limnological characterization of

this lake was carried out by Zúñiga et al. (Zúñiga et al.

1991). Next, a large collection of bacteria and archaea

were isolated in pure culture. Results have been reported

for moderately halophilic Gram-negative rods (Prado

et al. 1991) and Gram-positive cocci (Valderrama et al.

1991), heterotrophic halophilic microorganisms (Prado

et al. 1993) and extreme halophilic Archaea (Lizama

et al. 2001, 2002). Most of the bacteria isolated belonged

to the Gammaproteobacteria, especially members of the

genera Vibrio, Halomonas (including Deleya and Volca-

niella), Acinetobacter, Alteromonas, Psychrobacter and

Marinococcus. The only other groups that were recovered

with some frequency were the High and Low GC Gram

positives. No Bacteroidetes were recovered. The real

extent of bacterial diversity within the system remains

still unexplored, because it is well known that isolation in

pure culture selects some of the microorganisms present

in the sample and that those able to grow in culture are in

many occasions, not the most abundant ones in nature

(Staley and Konopka 1985; Amann et al. 1995; Pedrós-

Alió 2006).

Here, we present a detailed study of Lake Tebenquiche

covering spatial heterogeneity and changes in time of the

bacterioplankton composition by genetic fingerprinting on

the environmental 16S rRNA gene pool. We also con-

structed clone libraries from selected sampling sites to

obtain a more precise description of the bacterial diversity.

In a previous paper (Demergasso et al. 2004), we carried

out a general fingerprinting survey of the bacterial and

archaeal diversity in other undersampled and remote

athalassohaline environments from the Atacama Desert.

Thus, it was of additional interest to compare the sequences

retrieved by molecular methods and check whether any of

the isolates could be found among them. Our goal was to

use Lake Tebenquiche as a model to determine the degree

of spatial heterogeneity in this kind of shallow lakes and to

explore whether bacterial taxa specific to systems with

intermediate salinities existed.

Materials and methods

Description of Lake Tebenquiche

The Salar de Atacama is a huge system (about 2,900 km2)

with several different water bodies in its interior. Lake

Tebenquiche is one of the largest and it is located in the

northern part of the Salar (Fig. 1). A summary of the

geographical coordinates and other parameters of the

locations sampled can be found in Table 1 and in De-

mergasso et al. (2004). Information on the geochemistry of

this system can be found in Risacher et al. (1999) and in

Zúñiga et al. (1991).

The hydrochemistry of salt lakes and marshes within

the Salar de Atacama basin shows significant differences

(Carmona et al. 2000). Water inputs have a wide range of

Fig. 1 Map of Lake Tebenquiche, showing its location within the

Salar de Atacama and the sampling sites
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compositions and flows, draining very different geological

formations surrounding the Salar. In addition, the evapo-

ration along the flow path and within the Salar itself,

contributes to the heterogeneity. A spatial distribution of

pore brines within the Salar nucleus in two zones has been

proposed (Risacher and Alonso 1996): calcium-rich brines

(of Na–Ca–(Mg)–Cl type) are present in its south-western

part, while sulfate-rich brines (of Na–(Mg)–SO4–Cl type)

are found towards the eastern part. This distribution agrees

with the 87Sr/86Sr data, suggesting different water sources

feeding each area (Carmona et al. 2000).

Sampling and measurements

Lake Tebenquiche was visited in August 1999 (winter) and

March 2000 (summer). In October 2000 (spring), an

intensive sampling expedition was carried out, and six

different points in the lake were sampled to investigate the

spatial heterogeneity of the microbial assemblage (Fig. 1).

For comparison, additional samples were taken at two

nearby dolines (small sinkholes) and at Burro Muerto, a

shallow lake south of Lake Tebenquiche but within the

Salar de Atacama. The environments sampled showed a

variety of salinities and other physicochemical conditions

(Table 1). An Orion model 290 pH meter was used to

measure temperature and pH. Salinity was measured using

an Orion model 115 conductivity meter.

Water samples were transferred to plastic bottles and

kept in an icebox with ice until further processing. Samples

for chlorophyll analysis were filtered through 25-mm-

diameter Whatman GF/F glass fiber filters. The filters were

placed in aluminum foil and kept frozen. Chlorophyll a

concentration was determined by fluorescence of acetone

extracts (Yentsch and Menzel 1963) with a Turner Designs

Fluorometer.

Total bacterial number was determined by flow

cytometry in 1.8 ml samples fixed with 200 ll of para-

formaldehyde:glutaraldehyde (1 and 0.05% final concen-

tration, respectively) in criovials. Vials were frozen until

processing in the laboratory. The protocol followed was

that of Gasol and del Giorgio (2000) and Gasol et al.

(2004). Briefly, 100-ll aliquots were stained with Syto13

(Molecular Probes, Eugene, OR, USA), a suspension of

fluorescently labeled beads was added at a known con-

centration and the samples were counted in a FACScalibur

flow cytometer (Becton and Dickinson, San Jose, CA,

USA). In some cases, bacteria were counted by epifluo-

rescence microscopy using the DNA-specific dye 4’,

6-diamidino-2-phenylindole (DAPI) with a Leica DMLS

epifluorescence microscope.

Table 1 Geographical location, physicochemical and biological parameters for the samples analyzed

Samples UTM coordinates Date Codeb Salinity

(%)

pH Temperature

(�C)

Chlorophyll a
(lg L-1)

Prokaryotes

(cells mL-1)
North East

Tebenquiche 18a 7441459 578149 5 August 1999 At18Aug 7.98 8.40 14.0 ND 3.60E+06c

Tebenquiche 12 7441646 577767 15 March 2000 At12Mar 5.74 8.00 17.0 0.590 2.35E+06c

Tebenquiche 18a 7441459 578149 13 October 2000 At18Oct 14.80 7.68 17.7 0.333 5.69E+06d

Tebenquiche 19 7441428 578054 13 October 2000 At19Oct 14.80 7.77 20.4 0.025 4.40E+06d

Tebenquiche 20 7441446 577475 13 October 2000 At20Oct 5.45 7.73 19.1 0.035 3.40E+06d

Tebenquiche 12a 7441646 577767 13 October 2000 At12Oct 29.60 7.10 22.5 0.075 4.36E+06d

Tebenquiche 21 7440717 576714 13 October 2000 At21Oct 1.07 7.16 17.3 0.048 6.20E+06d

Tebenquiche 22 7440919 575978 13 October 2000 At22Oct 1.08 7.19 27.6 0.094 8.95E+06d

West Doline 13 7441082 578370 5 August 1999 At13Aug 0.90 8.94 10.6 ND 9.40E+05c

East Doline 13 7441082 578370 15 March 2000 At13Mar 1.25 8.50 18.0 1.67 1.24E+05c

Burro Muerto 14 7424309 584195 5 August 1999 At14Aug 4.75 8.01 21.5 9.92 8.88E+05c

Burro Muerto 14 7424309 584195 16 March 2000 At14Mar 7.10 7.60 22.0 4.20 2.41E+05c

Burro Muerto 15 7424506 584490 13 October 2000 At15Oct 0.49 7.89 28.6 2.18 1.03E+07d

Cejas 11 7449820 580386 15 March 2000 At11Mar 19.00 8.00 17.0 0.06 9.04E+04c

All the sampled systems are shallow (less than 50 cm depth) lakes with the exception of the dolines (small sinkholes) that are 10 m deep

ND not determined
a Samples selected for clone libraries
b Internal code for all the sampling series carried out in the Atacama region (see also Demergasso et al. 2004)
c Values obtained by flow cytometry (SD \ 1%)
d Values obtained by epifluorescence microscopy (SD \ 4%)
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Nucleic acid analyses: DGGE, clone libraries

and 16S rRNA sequences analyses

Between 20 and 650 ml of water was filtered through 0.2-lm

polycarbonate membranes (Nuclepore Millipore, Bedford,

MA, USA) and stored at -70�C. Filters were incubated

with lysozyme, proteinase K and sodium dodecyl sulfate

(SDS) in lysis buffer as described previously (Schauer et al.

2000). DNA was extracted with phenol–chloroform–iso-

amyl alcohol (25:24:1, vol/vol/vol) and precipitated with

ethanol. The extracted genomic DNA was used as target in

the PCR to amplify 16S rRNA genes. Bacterial fragments

suitable for subsequent denaturing gradient gel electro-

phoresis (DGGE) analysis were amplified with the primer

combinations 358fGC-907r as described previously

(Dumestre et al. 2002). A 6% polyacrylamide gel was

obtained with a gradient of DNA-denaturant agent 40–80%

(100% denaturant agent is defined as 7 M urea and 40%

deionized formamide). Around 800 ng of PCR product was

loaded for each sample and the gels were run at 100 V,

60�C for 16 h in a CBS DGGE-2000 system (CBS Scien-

tific Company, Del Mar, CA, USA). The gels were stained

with the nucleic acid dye SybrGold for 45 min, and visu-

alized with UV in a Fluor-S MultiImager (Bio-Rad,

Hercules, CA, USA) with the Multi-Analyst software (Bio-

Rad, Hercules, CA, USA). High-resolution images

(1,312 9 1,034 pixels, 12-bits dynamic range) were saved

as computer files. Then the picture was analyzed using the

gel plotting macro tool of the NIH-Image software package

version 1.62 (National Institute of Health, USA). After

background subtracting, the intensity of each band was

measured integrating the area under the peak and was

expressed as percent of the total intensity in the lane. The

error measured among replicates was less than 4%. Bands

were excised from the gels, reamplified and purified for

sequencing as reported (Casamayor et al. 2001). Bands that

provided sequence between 450 and 540 bp length were

submitted to GenBank with accession numbers AJ487523

to AJ487534 and AJ568004 to AJ568014.

Cloning and RFLP analysis were performed as previ-

ously described (Ferrera et al. 2004). 16S rRNA genes were

amplified by PCR with the universal primers 27f and

1492r. PCR amplifications were digested with the restric-

tion enzyme HaeIII (Invitrogen Corporation, Madison, WI,

USA), and the RFLP patterns of the clones were compared.

Chimeric sequences were identified by using the

CHECK_CHIMERA (Maidak et al. 2000) and by visual

inspection of the BLAST search outputs.

Sequences were sent to BLAST search (www.ncbi.nlm.

nih.gov) to determine the closest relative in the database. A

similarity matrix was built with the ARB software package

(Technical University of Munich, Munich, Germany;

www.arb-home.de). Partial sequences were inserted into the

optimized and validated tree available in ARB (derived from

complete sequence data), by using the maximum-parsimony

criterion and a special ARB parsimony tool that did not affect

the initial tree topology. The respective ARB tools were used

to perform maximum parsimony (MP), neighbor-joining

(NJ) and maximum likelihood (ML) analyses for full

sequences. The calculation methods were combined with

different filters, and the resulting phylogenetic trees were

compared manually to obtain a final consensus tree. Results

from the three types of analyses were essentially identical

and only the maximum parsimony trees are shown. The

sequence data have been submitted to the EMBL database

under accession numbers AY862726 to AY862797.

Results

Table 1 provides the geographical location, physicochem-

ical and biological parameters for all the samples used in

the present study. The different sampling sites in Lake

Tebenquiche have also been indicated in Fig. 1. Despite

the different seasons at which samples were collected, the

temperature range was moderate, between 14�C in winter

and 27.6�C in one spring sample. On the other hand,

salinity of the samples ranged between 1 and 30% (w/v)

even within the same sampling date. Likewise, salinity also

changed considerably between sampling dates at the same

sampling site (see different visits to sites 12 and 18 for

example). Chlorophyll a was generally low and ranged by

one order of magnitude between 0.03 and 0.6 lg l-1. In

contrast, chlorophyll a was much higher in the very shal-

low Lake Burro Muerto, where resuspension from the

sediments is an important factor. Bacterial numbers chan-

ged by a factor of two (3–6 9 106 cells ml-1) with only

two exceptions. There was no correlation between tem-

perature, salinity, chlorophyll a and bacterial numbers.

Heterogeneity in space and time

Six different sampling sites on the lake were chosen as

representative of the different water-inundated areas, and

depth of water was less than 50 cm at all sampling sites.

We analyze the possible heterogeneity within the system in

time and space by DGGE (Fig. 2), and identification of the

excised and sequenced DGGE bands is shown in Table 2.

We observed major differences in the composition of the

bacterial assemblage among the different sampling loca-

tions within Lake Tebenquiche (see lanes 3–8, all taken on

the same date, i.e., 13 October 2000). The general grouping

of the DGGE lanes was in agreement with the local salinity

at each place (see Table 1). There were at least three types

of assemblages. Lanes 3 and 4 were identical. This made

sense, since the samples had been collected very closely in
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space and their salinity was the same. Lane 5 was from a

close sampling location, but the salinity was three times

lower, and finally lanes 6–8 formed a third cluster.

Therefore, we observed change in the bacterial assem-

blages among places because of the environmental

variability and topographic complexity, within the lake.

We also analyzed some samples from other water bodies

in the Salar de Atacama to see whether the same assem-

blage would be found all over the complete system. Sample

in lane 14 corresponds to Lake Cejas, north of Lake Te-

benquiche; samples in lanes 12 and 13 correspond to two

dolines (West and East dolines located in the sampling

point 13 of our general survey in this area), a few hundred

meters east from Lake Tebenquiche (Fig. 1); and samples

in lanes 9 and 10 correspond to Burro Muerto (sampling

points 14 and 15), south of Tebenquiche. As could be

expected, the band patterns from these water bodies were

completely different from those in Lake Tebenquiche.

Finally, we examined samples taken on the same site

(Lake Tebenquiche) but at different seasons to evaluate

changes with time. Samples in lanes 2 and 6 were taken at

site 12 in fall and spring, respectively. Most bands were

different on the two sampling dates. Samples in lanes 1 and

3, in turn, were taken in winter and spring at site 18, east of

the previous one. In this case, although a few bands did not

appear in both sampling dates, the patterns were relatively

similar and the most intense bands were the same (bands

17, 19 and 20). This is coherent with the salinities of the

samples. The two samples from site 12 differed in salinity

by almost six times, while the two samples from site 18

only differed by a factor of two. Comparing lanes corre-

sponding to the dolines (12 and 13) and lanes

corresponding to Burro Muerto (9–11) taken at different

times of the year, it appears that the assemblages in these

two areas were less variable with time. Thus, changes with

time were quite important in Lake Tebenquiche, but the

differences were associated to the changes in salinity

caused by the variable hydrographic regime and did not

conform to a seasonal succession.

Diversity in Lake Tebenquiche

Three samples were chosen from the previous ones for a

more in depth analysis of the community by clone libraries.

On the one hand, those for At12Oct and At18Oct were

representative of two of the DGGE patterns found in Lake

Tebenquiche (Fig. 2). On the other hand, At18Aug was

intended to provide a comparison with At18Oct at a dif-

ferent time of the year. Based on results from both partial

and complete sequences, a similarity level of C97% was

chosen to define operational taxonomic units (OTUs). The

resultant OTUs are shown in Table 3 with the number of

clones belonging to each OTU found in each library, the

clones sequenced completely and their closest relative as

identified with BLAST. The assemblage was clearly

dominated by Bacteroidetes and Gammaproteobacteria,

whereas the remaining phylogenetic groups were repre-

sented only by a few clones. A general tree constructed

with full sequences is shown in Figs. 3 and 4, and more

details are provided in Table 3.

Bacteroidetes grouped consistently into four clusters

(Fig. 4). The best-represented cluster was Atacama-I, and

it was very distantly related to the genus Psychroflexus (at

the 87% level). Atacama-I also included three DGGE

bands from Lake Tebenquiche and six more bands from

other aquatic saline systems in Northern Chile (Fig. 5),

showing that this cluster could be abundant and widely

distributed in the area. Two clones from a survey of a

hypersaline endoevaporitic microbial mat in Eilat (Israel)

(Sorensen et al. 2005) showed similarities between 95 and

97% to sequences in cluster Atacama-I as well. Even

though we sampled environments with salinities ranging

between freshwater and 36.4%, sequences from this

cluster were only retrieved from samples within the range

of 3–15%, suggesting that it may contain bacteria adapted

to intermediate salinities. This cluster had sequences from

both libraries from site 18 and none from site 12. Since

the salinity of the latter at the time of sampling was

29.6% (Table 1), this again suggests that members of the

Fig. 2 Negative image of a denaturing gradient gel electrophoresis

(DGGE). Bands that were cut off from the gel are labeled with the

same number as in Table 2, and in Figs. 4 and 5. When bands across

several lanes could be identified as being the same, they all have the

same number. Sample from the freshwater Lake Miscanti is added for

comparison (see also Demergasso et al. 2004)
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Atacama-I cluster could not survive at high salinities. We

split this cluster into three OTUs at a similarity C97%

(Fig. 5). OTU-1, only found in Northern Chile up to the

present, was the most numerous in the sites of interme-

diate salinity and also included sequences from Ascotán

(Nch31 and 34-AS6), a different salt flat system located at

4,000 m a.s.l. in Northern Chile (Demergasso et al. 2004).

The Bacteroidetes cluster Atacama-I, therefore, showed a

rich diversity at different levels of similarity and appeared

to be a novel and phylogenetically complex group of

bacteria inhabiting intermediate salinity environments.

Cluster Atacama-II and Cluster Atacama-III again were

not related to any cultivated bacterium and distantly

related to any sequence in the databases (90% similarity)

with the only closer clone relatives (99–95% similarity)

obtained from the mat in Eilat. Finally, the last Bacter-

oidetes cluster (Atacama-IV) was retrieved from the

At12Oct library exclusively and from the most intense

DGGE band at sampling sites 12, 21 and 22 (Fig. 2,

Table 2), and comprised some sequences related to Sa-

linibacter spp. (95–96% similarity) (Fig. 4), and other

group of sequences distantly related to Salinibacter (85%

similarity) or to clones from the microbial mat in Eilat

(91–95% similarity). These sequences were only found in

the highest salinity sample, indicating a rich and diverse

presence of Salinibacter relatives in Lake Tebenquiche.

Altogether, the diversity of Bacteroidetes sequences in

Lake Tebenquiche was large and showed a remarkable

degree of novelty.

Proteobacteria were the second most abundant group of

sequences. The beta subdivision was represented by only

one DGGE sequence (Table 2), but no clones were

retrieved. Conversely, the gamma subdivision was the best-

represented group, followed by the alpha subdivision. The

Table 2 Codes (DGGE band-sampling site), accession numbers and closest relatives for selected DGGE bands shown in Fig. 2

Code Length (bp) Accession

number

Phylogenetic

group

Closest relative Accession

number

Similarity

(%)

15-AT13 508 AJ568007 Alfaproteobacteria Alfaproteobacterium clone SOGA1 AJ244780 93.1

17-AT18 505 AJ487527 Bacteroidetes Psychroflexus torquis ACAM 627 AF001365 90.7

19-AT18 490 AJ487529 Bacteroidetes Bacterial clone DG890 AY258122 93.4

20-AT18 Ss Ss Proteobacteria Proteobacterium clone Sva0071 81.0

21-AT18 515 AJ487530 Gammaproteobacteria Gammaproteobacterium clone ML602J-47 AF507818 96.9

48-AT13 Ss Ss Proteobacteria Proteobacterium strain TB66 82.0

49-MI17 490 AJ568011 Bacteroidetes Marine clone ATAM173a_2 AF359539 94.8

50-MI17 499 AJ568012 Bacteroidetes Bacterial clone 13 AF361196 97.8

51-MI17 502 AJ568013 Alfaproteobacteria Sagitula stellata U58356 94.2

52-MI17 514 AJ568014 Betaproteobacteria Alcaligenaceae clone LA1-B29N AF513937 98.2

53-AT11 472 AY862809 Gammaproteobacteria Gammaproteobacterium clone ML602J-47 AF507818 96.4

54-AT11 508 AY862810 High GC Grampositive Actinobacterium clone ML602M-15 AJ575527 98.4

55-AT13 507 AY862808 High GC Grampositive Actinobacterium clone SV1-7 UA 575517 97.8

56-AT13 513 AY862806 Bacteroidetes Cellulophaga marinoflava D12668 91.0

57-AT13 516 AY862807 Bacteroidetes Bacterial clone 13 AF361196 98.1

58-AT13 Ss Ss Alfaproteobacteria Roseobacter clone 253 82.0

59-AT13 506 AJ568009 High GC Grampositive Actinobacterium clone SV1-7 UA 575517 98.8

60-AT14 521 AJ568006 Bacteroidetes Psychroflexus torquis ACAM 627 AF001365 95.0

61-AT14 540 AJ568005 Gammaproteobacteria Thiomicrospira crunogena AF064545 94.4

62-AT22 402 AY862805 Bacteroidetes Salinibacter ruber POLA 18 AF323503 87.2

63-AT12 518 AY862804 Bacteroidetes Eubacterium clone KEppib22 AF188173 83.4

64-AT20 500 AY862801 Bacteroidetes Psychroflexus torquis ACAM 627 AF001365 95.9

65-AT20 521 AY862802 Bacteroidetes Psychroflexus torquis ACAM 627 AF001365 95.7

66-AT20 500 AY862803 Alfaproteobacteria Alfaproteobacterium clone SOGA1 AJ244780 97.2

67-AT20 Ss Ss High GC Grampositive Bacterial clone FukuN101 86.0

68-AT18 514 AY862799 Bacteroidetes Bacterial clone DG890 AY258122 86.6

69-AT18 526 AY862800 Gammaproteobacteria Gammaproteobacterium clone ML602J-47 AF507818 97.0

70-AT18 495 AY862798 Algae Diatom PENDANT-26 chloroplast AF142938 97.9

Ss sequences too short to be submitted to GenBank
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latter were all within the Roseobacter group, but with low

similarity to all cultivated strains reported so far. Finally,

the epsilon subdivision was represented by only two

clones. A tree based on full 16S rRNA gene sequences is

shown in Fig. 3, and Fig. 6 includes all the partial

sequences obtained from DGGE. Most sequences were

included within three clusters in the gamma-Proteobacteria,

distantly related (92–93%) to Nitrococcus mobilis, Halo-

rhodospira halophila and Thiomicrospira sp. (Fig. 6,

Table 3). Cluster Atacama-V contained sequences from

Lake Tebenquiche from sampling site 18, with salinity

ranging between 8 and 15%, from Lake Cejas (another

0.10

Bacteroidetes 31

 clone At18Oct-D7, AY862752
clone At18Aug-B10, AY862776

clone At18Oct-B2, AY862730
 clone At18Oct-B3, AY862731

clone ML110J-38 (AF452602) Mono Lake
Nitrococcus mobilis (L35510)

 clone At12Oct-A7, AY862785
Halorhodospira halophila (M26630)
Thiomicrospira sp. AD07 (AY575777) Marine sediment

 clone At18Oct-B6, AY862734
Roseobacter gallaeciensis (AY881240)

Silicibacter pomeroy i (AF098491) Marine water
Roseobacter sp. ISM (AF098495) Marine water

 Alfa proteobacterium GL3 (AF344287) Hypersaline microbial mat
 clone At18Oct-E4, AY862758

 bacterium ARK10006 (AF468351) Artic sea ice
 clone At18Aug-A11, AY862771

Rhodobacter sp. B-7005 (AY172658)
clone ML320J-2 (AF458287) Mono Lake

 clone At18Oct-B12, AY862737
Arcobacter nitrofigilis  (L14627)
 Candidatus Arcobacter (AY035822) Marine sediment

 clone At18Oct-E3, AY862731
clone 1013-28-CG40 (AY532579) Contaminated aquifer

 clone At18Oct-E5, AY862733
 clone B02R018 (AY197400) Hydrothermal vent

Actinobacterium MWHDar4 (AJ565416) Freshwater Pond Tanzania
clone At12Oct-B10, AY862797 

clone R7 (AJ575503) Freshwater Rimov Reservoir
Rhodoglobus sp. GICR18 (AY439269) Glacier ice core

 clone ML602J-25 (AF454301) Mono Lake
clone At12Oct-B4, AY862794

 Clostridium sp. MLG055 (AF304435)
clone At12Oct-B7, AY862796

clone ST-12K35 (AJ347769) Brine-seawater, Red Sea
candidate division OP1 clone OPB14 (AF027045) Yellowstone hot spring

  Gamma

Proteobacteria

   Alfa 

Proteobacteria

  Epsilon 

Proteobacteria

Candidate 

Divison OD1

High GC 

Gram Positive

  Group KB1

   Low GC Gram Positive

Atacama V

Atacama VI

Atacama VII

Atacama VIII

Fig. 3 Phylogenetic tree constructed with almost complete sequences retrieved form 16S rDNA clone libraries from Lake Tebenquiche. The

Bacteroidetes subtree has been collapsed for clarity. Scale bar 0.10 mutations per nucleotide position

0.10

 clone NCh-At18OctC1, AY862738
 clone NCh-At18OctC5, AY862742

clone  NCh-At18OctA5, AY862726
clone  NChAt18OctD4, AY862750

 clone NCh-At18AugB8, AY862775
 clone E2aA05 (DQ103642) Hypersaline endoevaporitic microbial mat

clone  NCh-At18OctC9, AY862745
  clone E6aH07 (DQ103641) Hypersaline endoevaporitic microbial mat

 Psychroflexus gondwanense, (M92278)
Psychroflexus torquis (AF001365)

 Psychroflexus tropicus (AF513434)
 Cytophaga marinoflava  (M58770)

 clone NCh-At18OctA10, AY862729
 clone NCh-At18Aug1B3, AY862761

clone E4aF11 (DQ103639) Hypersaline endoevaporitic microbial mat
Cryomorphaceae bacterium (AB125062)

Bacteroides fragilis ( M61006)
 clone NCh-At12OctB3, AY862793

 clone  NCh-At12OctA6, AY862784
 clone E2aB05 (DQ103648) Hypersaline endoevaporitic microbial mat
  clone 67C12 (AF245039)

 Salinibacter ruber (AF323503)
  clone NCh-At12OctA2, AY862783
  clone NCh-At12OctA9, AY862787

Halophilic eubacterium EHB2 (AJ242998)
  clone NCh-At12OctA8, AY862786 

 clone E4aG09 (DQ103651) Hypersaline endoevaporitic microbial mat
 clone  NCh-AT12OctA10, AY862788

Rhodothermus marinus, (AF217496)
 clone Y30 (AF407678) Australia's Great Artesian Basin

clone BD12-15 (AB015543) Deep-sea sediments

Atacama I

Atacama II

Atacama III

Atacama IV

Fig. 4 Phylogenetic tree for Bacteroidetes constructed with almost complete sequences retrieved from 16S rDNA clone libraries from Lake

Tebenquiche. Scale bar 0.10 mutations per nucleotide position
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shallow lake on the Salar de Atacama, relatively close to

Lake Tebenquiche, Table 1), and from Mono Lake, another

highly saline lake in California, USA (Figs. 3, 6), but the

clones were not closely related to any other bacterium or

environmental sequence. Judging from the number of

clones and the intensity of the DGGE bands, this cluster

appeared to be important in the lake. The Alphaproteo-

bacteria sequences found were related with environmental

clones retrieved from relatively high salinity environments

(Fig. 3) and, again, had no close relatives isolated in pure

cultures.

Finally, the remaining divisions of bacteria were repre-

sented by very few sequences. One clone and two bands

belonged to the High G+C Gram-positive bacteria, one

clone (related to some Mono Lake clones) was affiliated to

the Low G+C Gram-positive bacteria and a series of clones

was associated with yet poorly defined lineages: two clones

could be affiliated with the candidate division OD1; three

more clones associated with uncultivated clones CS_B020

and BD1-5 from marine sediments; and one clone was

related to sequences of the KB1 group, from sediments in

hypersaline brines (Fig. 3).

The percentage contribution to the total assemblage of

the different groups is shown in Fig. 7, together with the

percentage contribution to total band intensity in DGGE

gels for the same samples. The recovered groups were the

same in both the techniques: Psychroflexus-like (Atacama-

I), Salinibacter-like (Atacama-IV), and DG890 cluster

(Atacama-II) among the Bacteroidetes, and Mono Lake

cluster (Atacama-V) and Thiomicrospira-like (Atacama-

VII) cluster for the Gammaproteobacteria (Fig. 7). Since

primers used for cloning and DGGE are very different, the

good coincidence between techniques gives support to the

idea that the targeted bacterial assemblage was consider-

ably well sampled. The least abundant groups were usually

absent from the DGGE results (Fig. 7) due to the fact that

0.1

Leeuwenhoekiella marinoflava, M58770
band 60-AT14, AJ568006

band 2-LL4, AJ487524
 clone AT18Oct-B11, AY862736

 clone AT18Oct-B5, AY862733

 clone AT18Oct-A7, AY862727 
 clone AT18Oct-A5, AY862726

 clone AT18Oct-C1, AY862738

 clone At18Aug-B3, AY862774
band 31 and 34-AS6, AJ487534

 clone AT18Oct-B4, AY862732
 clone At18Aug-D8, AY862781 

 clone AT18Oct-C12, AY862747 
 clone AT18Oct-C6, AY862743 

 clone AT18Oct-C4, AY862741 

 clone AT18Oct-D4, AY862750
 clone AT18Oct-1B4, AY862762

 clone AT18Oct-1B5, AY862763
 clone AT18Oct-C10, AY862746

 clone AT18Oct-C7, AY862744 

 clone AT18Oct-1B2, AY862760
clone AT18Oct-C5, AY862742

 clone At18Aug-C11, AY862777
band 17-AT18(12), AJ487527

 clone At18Aug-A4, AY862767
 clone At18Aug-B8, AY862775 

 clone AT18Oct-C9, AY862745
 clone AT18Oct-D9, AY862754 

band 1 and 5-AS8, AJ487523

Psychroflexus gondwanense, M92278
Psychroflexus torquis, AF001365

band 64-AT20, AY862801
band 65-AT20, AY862802 

OTU-1

OTU-2

OTU-3

Atacama-I

Fig. 5 Phylogenetic tree

including partial sequences

from DGGE bands and clones

for the cluster Atacama-I. Scale
bar 0.10 mutations per

nucleotide position. The code

includes the band number in

Fig. 2 and Table 2, and the code

for the natural environment

from which the 16S rRNA gene

sequence was originally

obtained. Bands with site codes

-AS and -LL were obtained from

previous work (Demergasso

et al. 2004)
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faint bands in DGGE gels are very difficult to sequence

(Sánchez et al 2007).

Discussion

At a global level, the biodiversity of the Earth’s aquatic

systems can be approached by sampling different ecosys-

tems, each with a different diversity. In this respect, both

low and high salinity systems have received considerable

attention. At the seawater end, many studies have been

performed in the last 15 years (Giovannoni et al. 1990;

Giovannoni and Rappé 2000; Pommier et al. 2007). At the

other end, crystallizer ponds from solar salterns have also

been studied extensively (Benlloch et al. 1996, 2001, 2002;

Rodrı́guez-Valera et al. 1999; Casamayor et al. 2000, 2002;

Oren 2002; Estrada et al. 2004; Pedrós-Alió 2005; Ma-

turrano et al. 2006). Aquatic systems with intermediate

salinities, however, have not received much attention. In

the case of solar salterns, ponds with intermediate salinities

show relatively high levels of heterotrophic activities

(Gasol et al. 2004). The case of Lake Tebenquiche shows

that such systems hold the potential to reveal a consider-

able degree of phylogenetic novelty at different levels.

Thus, we found sequences that are candidates for new

branches in the bacterial phylogenetic tree, novel clusters

within the well-characterized bacterial groups and a large

microdiversity within these novel clusters.

Consistently, all three libraries were dominated by the

same two large phylogenetic groups: Bacteroidetes and

Gammaproteobacteria. All the other groups represented

minor components. The identity of the particular OTUs

0.1

Rhodospirillum salinarum, D14432

Alkalispirillum mobilis, AF114783
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within these large groups, however, was very different

between library At12Oct (the highest salinity point) and the

other two, and substantially different between At18Aug

and AT18Oct (the same site with intermediate salinities in

winter and spring, respectively). Bacteroidetes accounted

for 39% of the clones in the At12Oct library, mostly dis-

tantly associated (similarities ranged between 91 and 95%)

to the halophilic bacterium Salinibacter ruber isolated

from crystallizer ponds (salinities up to 35%) in coastal

solar salterns (Antón et al. 2002). Since this library came

from the most saline sample in Lake Tebenquiche (29.6%),

it makes sense that Salinibacter-like sequences were

retrieved in abundance. Certainly, the potential for new

extremely halophilic members of the Bacteria exists within

this cluster. In clone libraries At18Aug and At18Oct,

Bacteroidetes were the most abundant groups followed by

Gammaproteobacteria. Salinity was about twice in October

(14.8%) than in August (7.9%), and most Bacteroidetes

clones were distantly related to Psychroflexus spp. (simi-

larities ranged between 87 and 92%), mainly in October.

The most abundant cluster of Gammaproteobacteria was

associated with uncultured bacteria from Mono Lake

(Humayoun et al. 2003), a saline alkaline lake in the USA,

as well as the few clones belonging to the Low and High

G+C groups of bacteria were also associated to sequences

from Mono Lake. As indicated above, aquatic systems with

intermediate salinities have not received much attention,

and our data will help for future comparisons.

A noteworthy finding is the consistent predominance of

Bacteroidetes. A similar predominance was found in Salar

de Huasco (C. Dorador, K.P. Witzel, C. Vargas, I. Vila, J.F.

Imhoff, unpublished data) where both DGGE and clones

libraries were done. Salar de Huasco is north of the areas

studied here and it is found at 3,800 m a.s.l. Bacteroidetes

were also the most abundant groups of bacteria in clone

libraries from the water column of Lake Chaka (Jiang et al.

2006) with a salinity of 32.5%. In contrast, a study of

several lakes in the Tibetan plateau (Wu et al. 2006) found

Bacteroidetes to account for only 5–10% of the total cell

count by fluorescent in situ hybridization, in the most

saline lakes. When DGGE was carried out, however,

Bacteroidetes were the most represented group accounting

for almost half of the sequences retrieved. Preliminary

FISH counts in Lake Tebenquiche indicated that Bacter-

oidetes accounted for 3–17% of the total count (average

8%). This discrepancy between PCR-related methods and

FISH deserves further research, because in marine systems

FISH usually gives higher representation of Bacteroidetes

than cloning or DGGE (Cottrell and Kirchman 2000).

Obviously, the high salinity Bacteroidetes are very
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different from the marine representatives of this group and

better FISH probes have to be designed for them. Alter-

natively, most of the Bacteroidetes would have low

ribosomal content in the case where they were inactive

under in situ conditions being difficult to detect by FISH

but still recovered by DNA amplification methods.

A large number of bacteria have been isolated in pure

culture from Lake Tebenquiche in the past (Prado et al.

1991, 1993, 2006; Valderrama et al. 1991), but none of

them could be retrieved in our molecular study of the same

lake. The difference between microorganisms retrieved

from natural systems by molecular and pure culture

methods is a well-known phenomenon (Amann et al. 1995;

Pedrós-Alió 2007). Usually, it is attributed to inability of

microbiologists to find suitable conditions to tame those

microbes that are abundant in nature. Microorganisms

isolated from a given system but absent from clone

libraries strongly indicate that they were at low abundances

but can potentially become dominant. Thus, the topo-

graphic complexity and environmental heterogeneity of

Lake Tebenquiche make ‘‘visible’’ for the molecular

methods different fractions of the whole collection of

microorganisms present in the system, presumably the ones

best adapted to each particular environment.

Conclusions

We found that the bacterial community composition in

Lake Tebenquiche was very heterogeneous both in space

and time, in close relationship to the salinity of the water.

This system is highly variable depending on the ground-

water inputs in different zones of the lake basin, and thus,

water with very different salinities can coexist in the lake.

In addition, hypersaline places within the lake can be

diluted by dynamic freshwater inputs and bacteria have to

adapt locally to the new conditions. These differences in

salinity override any seasonal changes that would be mild

anyway in this tropical region. Overall, this intermediate

salinity lake showed a remarkable degree of novelty in its

bacterial assemblage, both in terms of deep lineages and of

microdiversity within known clusters. All these novel

sequences belong to the diversity of the system and,

therefore, to microorganisms that are relevant for the

ecosystem functioning. The challenge now is to isolate

them in pure culture to analyze in detail their specific

adaptations to the dynamic perturbations found in Lake

Tebenquiche.
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