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ABSTRACT DNA from 250 million-year-old pink and gray salts from mines in Tarija,
Bolivia, subjected to 16S rRNA gene amplicon sequencing and analysis provided evi-
dence for similar but distinct prokaryotic communities. The results constitute a snap-
shot of archaeal and bacterial microorganisms in these remote and ancient salt de-
posits.

Ancient subsurface salt deposits are of interest from the perspective of extremo-
philes, evolutionary biology, and astrobiology (1, 2). Studies on their microbial

diversity are needed for expanding our understanding of adaptation to hypersaline
environments, including high-salinity/low-water conditions and UV/ionizing radiation
tolerance, and potential habitability on Mars (3–5). To date, relatively few studies have
been conducted that address microbial diversity in salt evaporites (6–12). Ancient salt
deposits have been identified in the Department of Tarija, Bolivia, that were formed
during the Early Triassic epoch �250 million years ago and are a source of both pink
and gray salt (13). This study provides the first insights into microbial diversity in
subsurface Bolivian salt mines.

Samples were collected in April 2010 from the salt mines at San Simón (Burdet
O’Connor Province, Department of Tarija, Bolivia). The mines are located at an elevation
of 1,230 m above sea level, where temperatures range from 10°C to 37°C. The samples,
BOL5 (gray salt) (21°24=29.27�S, 64°07=55.55�W) and BOL6 (pink salt) (21°24=19.73�S,
64°07=51.52�W), were processed as previously described (12, 14, 15). Briefly, samples
were collected using flame-sterilized tools and placed into sterile plastic bags. Salt
crystals were sterilized with 70% ethanol prior to DNA extraction using PowerLyzer
PowerSoil DNA extraction kits (MO BIO Laboratories, Inc., Carlsbad, CA). Library con-
struction and 16S rRNA gene amplicon paired-end sequencing (2 � 300 nucleotides) of
the V3 to V4 region was performed on a MiSeq platform per the manufacturer’s
recommendations (Illumina, Inc., San Diego, CA) using the primers Bakt_341F and
Bakt_805R (16).

Sequencing resulted in 53,325 (BOL5) and 307,289 (BOL6) paired-end raw reads. The
raw reads were processed with Mothur v1.44.1 and the sequences analyzed with R
v3.6.1 (https://www.mothur.org/wiki/MiSeq_SOP) (17–19). The reads were assembled
with a quality score threshold of 20. Sequences longer than 475 bp, those with
ambiguities and homopolymers (�8 bp), and chimeras were removed. The remaining
sequences (BOL5, 18,333 sequences; BOL6, 74,789 sequences) were aligned against the
SILVA small subunit (SSU) Ref NR 99 database v132, and sequences with at least 97%
similarity were binned into operational taxonomic units (OTUs) (20). The OTUs were
classified with a pseudobootstrap value of 80 against the reference database, trimmed
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to positions 201 to 1000 of the 16S rRNA gene sequence of Escherichia coli (GenBank
accession number J01859.1). Singletons and nonprokaryotic sequences were removed,
resulting in 41 (BOL5) and 69 (BOL6) OTUs and 18,194 (BOL5) and 74,460 (BOL6)
sequences.

For the BOL5 and BOL6 sequences, 15.67% and 40.62% were classified as Archaea
and 84.33% and 59.38% as Bacteria, respectively. All archaeal sequences were classified
as the genus Halorubrum (phylum, Euryarchaeota) (Table 1). All bacterial sequences
were classified at the phylum level. Proteobacteria (BOL5, 69.74%; BOL6, 78.99%) was
the most prevalent genus, phylum, followed by Chloroflexi (17.96%) for BOL5 and
Firmicutes (9.92%) for BOL6. For BOL5 and BOL6, 54.99% and 66.66% of the sequences,
respectively, were classified at the genus level. Delftia (17.36%) was the most prevalent
genus for BOL5, followed by Sulfuritalea (11.34%), and for BOL6, Anaeromyxobacter

TABLE 1 Prevalence of archaeal and bacterial 16S amplicons at the phylum and genus
levels in gray (BOL5) and pink (BOL6) salt from the San Simón salt mines (Burdet
O’Connor Province, Department of Tarija, Bolivia)

Sample and taxonomic categorya Total no. of sequences Abundance (%)b

Gray salt (BOL5)
Archaea

Phylum
Euryarchaeota 2,851 100

Genus
Halorubrum 2,851 100

Bacteria
Phyla

Proteobacteria 10,701 69.75
Chloroflexi 2,755 17.96
Actinobacteria 1,439 9.38

Genera
Delftia 2,664 17.36
Sulfuritalea 1,740 11.34
Pseudomonas 1,529 9.97
Iamia 632 4.12
Pedomicrobium 592 3.86
Pseudolabrys 466 3.04
Sphingomonas 340 2.22
Microbacterium 248 1.62
Methylobacillus 84 0.55
Corynebacterium 52 0.34

Pink salt (BOL6)
Archaea

Phylum
Euryarchaeota 30,245 100

Genus
Halorubrum 30,245 100

Bacteria
Phyla

Proteobacteria 34,927 78.99
Firmicutes 4,387 9.92
Chloroflexi 3,286 7.43

Genera
Anaeromyxobacter 9,892 22.37
Delftia 7,283 16.47
Pseudomonas 7,229 16.35
Ralstonia 1,859 4.20
Iamia 1,501 3.39
Sphingomonas 775 1.75
Anaerolinea 772 1.75
Caldalkalibacillus 101 0.23
Kroppenstedtia 28 0.06
Staphylococcus 17 0.04

a The 3 most prevalent phyla and 10 most prevalent genera for each sample are shown.
b Abundance was calculated based on the total number of sequences in each domain.
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(22.37%) was the most prevalent, followed by Delftia (16.47%) (Table 1). These findings
represent the first insights into prokaryotic diversity in San Simón gray and pink salts.

Data availability. The 16S rRNA gene amplicon data sets are available at NCBI
GenBank under accession numbers SRR12127162 (BOL5) and SRR12127193 (BOL6).

ACKNOWLEDGMENTS
The DasSarma laboratory was supported by NASA Exobiology grant 80NSSC19K0463,

and F.L.M. was supported by the Fulbright Fellowship Program. D.G. received support from
the Swedish International Development Cooperation Agency. The funders had no role in
study design, data collection and interpretation, or the decision to submit the work for
publication.

REFERENCES
1. DasSarma S, DasSarma P. 2017. Halophiles. In eLS. John Wiley and Sons, Ltd.,

Chichester, United Kingdom. https://doi.org/10.1002/9780470015902
.a0000394.pub4.

2. Jaakkola ST, Ravantti JJ, Oksanen HM, Bamford DH. 2016. Buried alive:
microbes from ancient halite. Trends Microbiol 24:148 –160. https://doi
.org/10.1016/j.tim.2015.12.002.

3. Slonczewski JL, Coker JA, DasSarma S. 2013. Microbial growth with
multiple stressors. Microbe 5:110 –116. https://doi.org/10.1128/microbe
.5.110.1.

4. DasSarma S, DasSarma P, Laye VJ, Schwieterman EW. 2020. Extremo-
philic models for astrobiology: haloarchaeal survival strategies and pig-
ments for remote sensing. Extremophiles 24:31– 41. https://doi.org/10
.1007/s00792-019-01126-3.

5. Carrier BL, Beaty DW, Meyer MA, Blank JG, Chou L, DasSarma S, Des
Marais DJ, Eigenbrode JL, Grefenstette N, Lanza NL, Schuerger AC,
Schwendner P, Smith HD, Stoker CR, Tarnas JD, Webster KD, Bakermans
C, Baxter BK, Bell MS, Benner SA, Bolivar Torres HH, Boston PJ, Bruner R,
Clark BC, DasSarma P, Engelhart AE, Gallegos ZE, Garvin ZK, Gasda PJ,
Green JH, Harris RL, Hoffman ME, Kieft T, Koeppel AHD, Lee PA, Li X,
Lynch KL, Mackelprang R, Mahaffy PR, Matthies LH, Nellessen MA, New-
som HE, Northup DE, O’Connor BRW, Perl SM, Quinn RC, Rowe LA,
Sauterey B, Schneegurt MA, Schulze-Makuch D, et al. 2020. Mars Extant
life: what’s next? Conference report. Astrobiology 20:785– 814. https://
doi.org/10.1089/ast.2020.2237.

6. DasSarma P, Anton BP, DasSarma SL, Martinez FL, Guzman D, Roberts RJ,
DasSarma S. 2019. Genome sequences and methylation patterns of
Natrinema versiforme BOL5-4 and Natrinema pallidum BOL6-1, two ex-
tremely halophilic archaea from a Bolivian salt mine. Microbiol Resour
Announc 8:e00810-19. https://doi.org/10.1128/MRA.00810-19.

7. Radax C, Gruber C, Stan-Lotter H. 2001. Novel haloarchaeal 16S rRNA
gene sequences from Alpine Permo-Triassic rock salt. Extremophiles
5:221–228. https://doi.org/10.1007/s007920100192.

8. Gramain A, Díaz GC, Demergasso C, Lowenstein TK, McGenity TJ. 2011.
Archaeal diversity along a subterranean salt core from the Salar Grande
(Chile). Environ Microbiol 13:2105–2121. https://doi.org/10.1111/j.1462
-2920.2011.02435.x.

9. Park JS, Vreeland RH, Cho BC, Lowenstein TK, Timofeeff MN, Rosenzweig
WD. 2009. Haloarchaeal diversity in 23, 121 and 419 MYA salts. Geobi-
ology 7:515–523. https://doi.org/10.1111/j.1472-4669.2009.00218.x.

10. Fish SA, Shepherd TJ, McGenity TJ, Grant WD. 2002. Recovery of 16S

ribosomal RNA gene fragments from ancient halite. Nature 417:432–436.
https://doi.org/10.1038/417432a.

11. Sankaranarayanan K, Lowenstein TK, Timofeeff MN, Schubert BA, Lum JK.
2014. Characterization of ancient DNA supports long-term survival of
Haloarchaea. Astrobiology 14:553–560. https://doi.org/10.1089/ast.2014
.1173.

12. Cycil LM, DasSarma S, Pecher W, McDonald R, Salam MA, Hasan F. 2020.
Metagenomic insights into the diversity of halophilic microorganisms
indigenous to the Karak Salt Mine, Pakistan. Front Microbiol 11:1567.
https://doi.org/10.3389/fmicb.2020.01567.

13. Ahlfeld F. 1946. Geología de Bolivia. Instituto del Museo de La Univer-
sidad Nacional de La Plata. Geologia, vol 3. Casa Editora Coni. Buenos
Aires, Argentina.

14. Pecher WT, Al Madadha ME, DasSarma P, Ekulona F, Schott EJ, Crowe K,
Stojkovic Gut B, DasSarma S. 2019. Effects of road salt on microbial
communities: halophiles as biomarkers of road salt pollution. Plos One
14:e0221355. https://doi.org/10.1371/journal.pone.0221355.

15. Pecher WT, Martínez FL, DasSarma P, Guzmán D, DasSarma S. 2020. 16S
rRNA gene diversity in the salt crust of Salar de Uyuni, Bolivia, the world’s
largest salt flat. Microbiol Resour Announc 9:e00374-20. https://doi.org/
10.1128/MRA.00374-20.

16. Herlemann DPR, Labrenz M, Jürgens K, Bertilsson S, Waniek JJ, Ander-
sson AF. 2011. Transitions in bacterial communities along the 2000 km
salinity gradient of the Baltic Sea. ISME J 5:1571–1579. https://doi.org/
10.1038/ismej.2011.41.

17. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B,
Thallinger GG, Van Horn DJ, Weber CF. 2009. Introducing mothur: open-
source, platform-independent, community-supported software for de-
scribing and comparing microbial communities. Appl Environ Microbiol
75:7537–7541. https://doi.org/10.1128/AEM.01541-09.

18. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013.
Development of a dual-index sequencing strategy and curation pipeline
for analyzing amplicon sequence data on the MiSeq Illumina sequencing
platform. Appl Environ Microbiol 79:5112–5120. https://doi.org/10.1128/
AEM.01043-13.

19. R Core Team. 2019. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. https://
www.r-project.org.

20. SILVA Ribosomal RNA Database Project. 2017. Release information: SILVA
132. https://www.arb-silva.de/documentation/release-132.

Microbiology Resource Announcement

Volume 9 Issue 41 e00820-20 mra.asm.org 3

 on O
ctober 14, 2020 by guest

http://m
ra.asm

.org/
D

ow
nloaded from

 

https://www.ncbi.nlm.nih.gov/sra/SRR12127162
https://www.ncbi.nlm.nih.gov/sra/SRR12127193
https://doi.org/10.1002/9780470015902.a0000394.pub4
https://doi.org/10.1002/9780470015902.a0000394.pub4
https://doi.org/10.1016/j.tim.2015.12.002
https://doi.org/10.1016/j.tim.2015.12.002
https://doi.org/10.1128/microbe.5.110.1
https://doi.org/10.1128/microbe.5.110.1
https://doi.org/10.1007/s00792-019-01126-3
https://doi.org/10.1007/s00792-019-01126-3
https://doi.org/10.1089/ast.2020.2237
https://doi.org/10.1089/ast.2020.2237
https://doi.org/10.1128/MRA.00810-19
https://doi.org/10.1007/s007920100192
https://doi.org/10.1111/j.1462-2920.2011.02435.x
https://doi.org/10.1111/j.1462-2920.2011.02435.x
https://doi.org/10.1111/j.1472-4669.2009.00218.x
https://doi.org/10.1038/417432a
https://doi.org/10.1089/ast.2014.1173
https://doi.org/10.1089/ast.2014.1173
https://doi.org/10.3389/fmicb.2020.01567
https://doi.org/10.1371/journal.pone.0221355
https://doi.org/10.1128/MRA.00374-20
https://doi.org/10.1128/MRA.00374-20
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://www.r-project.org
https://www.r-project.org
https://www.arb-silva.de/documentation/release-132
https://mra.asm.org
http://mra.asm.org/

	Data availability. 
	ACKNOWLEDGMENTS
	REFERENCES

