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“One day I rode to a large salt lake, or Salina, which is distant fifteen 

miles from the town [of El Carmen]. During the winter it consists of a 

shallow lake of brine, which in summer is converted into a field of 

snow-white salt. … One of these brilliantly-white and level expanses, 

in the midst of the brown and desolate plain, offers and extraordinary 

spectacle. A large quantity of salt is annually drawn from the salina; 

and great piles, some hundred tons in weight, were lying ready for 

exportation. … The border of the lake is formed of mud: and in this 

numerous large crystals of gypsum, some of which are three inches 

long, lie embedded; whilst on the surface, others of sulphate of 

magnesia lie scattered about. …  Parts of the lake seen from a short 

distance appeared of a reddish colour, and this, perhaps, was owing 

to some infusorial animalcula. .... How surprising it is that any 

creatures should be able to exist in a fluid, saturated with brine, and 

that they should be crawling among crystals of sulphate of soda and 

lime! … Thus we have a little world within itself, adapted to these 

little inland seas of brine.” 

Charles Darwin visiting a hypersaline lake in Patagonia in 1833
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Unicellular cyanobacteria from the upper 

layer of the gypsum crust – Halothece

(Aphanothece)-type



Filamentous 

cyanobacteria from 

the green layer –

Phormidium-type



Photosynthetic purple 

bacteria from the red layer, 

with intracellular sulfur 

granules



Spherical bacteria with 

intracellular sulfur 

granules associated with 

the green layer – possibly 

chemoautotrophs



Different types of flagellate and 

ciliate protozoa from the 

gypsum crust





The crystallizer 

ponds of the Eilat 

salterns





Dunaliella salina, the primary 

producer in the Eilat crystallizer brine





Dunaliella is grown commercially in Eilat for the production 

of b-carotene by the Japanese-owned company NBT





Square and 

rectangular Archaea 

and other prokaryotes 

in the Eilat crystallizer 

ponds



The pink-orange color of these hypersaline 

environments is mostly due to the presence of 50-

carbon carotenoid pigments – bacterioruberin and 

derivatives





(Nature, 1980)



Mixed microbial assemblage, crystallizer pond, 

Alicante, Spain



Such square, flat halophilic Archaea have only recently 

been isolated in pure culture





Dead Sea



The Dead Sea – 2008



Dunaliella from the Dead Sea



Halophilic Archaea from the Dead Sea

Halorubrum 

sodomense

Haloarcula 

marismortui

Halobaculum 

gomorrense

Haloferax 

volcanii



Distribution of 

halophiles within 

the universal 

phylogenetic tree 

of life



The microbial world knows two 

fundamentally different ways to cope with 

life at high salt concentrations:

1. Balance “high salt out” with “high salt in” (mainly 

KCl).  This is the strategy of Halobacterium and 

other halophilic Archaea

2. Balance “high salt out” with low salt in + high 

concentrations of organic osmotic solutes.  This 

solution is realized in most other Bacteria known, 

as well as in eukaryotic algae



Dunaliella salina, the primary producer in the Eilat 

crystallizer brine







The crystallizer 

ponds of the Eilat 

salterns



Square Archaea in the Eilat crystallizer brine





Cyanobacteria from the Eilat 

gypsum crust – Halothece

(Aphanothece) and 

Phormidium-type



Organic osmotic solutes of salt-adapted Cyanobacteria



How abundant is glycine betaine as compatible 

solute among the eubactera?



Ectoine – the most abundantly synthesized 

compatible solute



Lys

Thr

Met



Strategies of osmotic adaptation within the SSU-rRNA tree of life

Organic osmotic solutes KCl



Salinibacter





Archaea in the Eilat crystallizers



Mixed microbial assemblage, crystallizer pond, 

Alicante, Spain







What are those rod-shaped organisms that coexist with the 

square Archaea?

Alicante, Spain

Photograph: F. Rodriguez-Valera



Fluoresence in situ hybridization: they belong to the domain 

Bacteria, affiliated with the Bacteroidetes branch

The microbial community of a 

crystallizer pond in Alicante, 

Spain, stained with DAPI (left 

panels) and with specific 

phylogenetic probes directed 

against members of the domain 

Bacteria, Bacteroidetes branch

Antón, J., Llobet-Brossa, E., Rodríguez-

Valera, F., Amann, R. 1999. Environ. 

Microbiol. 1: 517-523



(Bacteroidetes)



16S rRNA gene sequences directly amplified from the ponds:

Antón, J., Rosselló-Mora, R., Rodríguez-Valera, F. Amann, R. 2000. 

Appl. Environ. Microbiol. 66: 3052-3057

EHB = Extremely 

Halophilic Bacteria



Isolation of the bacterial component of the community – Alicante, 

May 1999 – using two independent methods



Thin layer chromatogram of 

lipid extracts of isolates 

obtained from the Alicante 

crystallizer ponds and 

reference cultures of halophilic 

Archaea

Black: glycolipids

Archaeal PG

Archaeal Me-PGP



Antón, J., Oren, A., Benlloch, S., Rodríguez-Valera, F., Amann, R., Rosselló-Mora, 

R. 2002. Int. J. Syst. Evol. Microbiol. 52: 485-491



Salinibacter ruber





Antón, J. et al. (2008) Saline Systems 4:15



Salinibacter ruber is pigmented red by a novel type of 

carotenoid pigment

The absorption spectrum of 

the Salinibacter pigment, as 

compared with the 

bacterioruberin spectrum of 

Halobacterium



The structure of the Salinibacter pigment has been resolved as an 

acylated C40-carotenoid glucoside

1’[6-O-(13-methyltetradecanoyl)- b-D-glucopyranosyl]-2’-

hydroxy-3’,4’-didehydro-b,-carotene-4-one = 

Salinixanthin

Lutnæs, B.F., Oren, A., Liaaen-Jensen, S. 2002. J. Nat. 

Prod. 65: 1340-1343

15:0 iso

1

FAME GCMS pattern 

of fatty acids 

extracted from 

Salinibacter ruber



Presence of salinixanthin can be detected in extracts of biomass 

collected from saltern crystallizer ponds

Oren, A., Rodríguez-Valera, F. 2001. FEMS Microbiol. 

Ecol. 36: 123-130

(Alicante)



The polar lipids of Salinibacter

resemble those of the Bacteria more 

than those of the Archaea.

However, there are some highly 

unusual features



The main polar lipid of Salinibacter has a molecular mass of 660-661 Da

Corcelli, A., Lattanzio, V.M.T., Mascolo, G., Babudri, F., Oren, A., and 

Kates, M. 2004. Appl. Environ. Microbiol. 70: 6678-6685



The structure of the major lipid of Salinibacter ruber

Corcelli, A., Lattanzio, V.M.T., Mascolo, G., Babudri, F., Oren, A., and Kates, M. 2004. 

Appl. Environ. Microbiol. 70: 6678-6685

C35H66NO8S   - Molecular mass  660.9 Da



Williamsburg, 1992

Alicante, 1989: the 

O.K.K.K. quartet

Earlier collaborations with Morris Kates (1923-2013):



This structure is less exotic than it looks – when compared with 

the capnine lipids of the phylogenetically related Cytophaga:

Godchaux, W., Leadbetter, E.R. 1984. J. 

Biol. Chem. 259: 2982-2990

Corcelli, A., Lattanzio, V.M.T., Mascolo, G., Babudri, F., Oren, A., and 

Kates, M. 2004. Appl. Environ. Microbiol. 70: 6678-6685



This characteristic lipid is also detected by electrospray mass 

spectrometry analysis of lipid extracts of biomass collected from 

saltern cystallizer ponds

Lattanzio, V., Corcelli, A., Mascolo, G., Oren, A. 2002. Extremophiles 6: 437-444. 

Corcelli, A., Lattanzio, V.M.T., Mascolo, G., Babudri, F., Oren, A., and Kates, M. 2004. Appl. Environ. Microbiol. 

70: 6678-6685

(Margherita di 

Savoia, near Bari, 

Italy)



Lobasso et al., 2011. In: 

Ventosa, A., Oren, A., and 

Ma, Y. (eds.). Halophiles and 

hypersaline environments: 

Current research and future 

trends. Springer, Berlin 



The microbial world knows two fundamentally 

different ways to cope with life at high salt 

concentrations:

1. Balance “high salt out” with “high salt in” (mainly 

KCl).  This is the strategy of Halobacterium and 

other halophilic Archaea, and of the 

Halanaerobiales, a group of fermentative Bacteria 

(low G+C Firmicutes)

2. Balance “high salt out” with low salt in + high 

concentrations of organic osmotic solutes.  This 

solution is realized in all other Bacteria known and 

also in halophilic methanogens (Archaea)



Intracellular K+ concentrations of Salinibacter are extremely high

Antón, J., Oren, A., Benlloch, S., Rodríguez-Valera, F., Amann, R., Rosselló-

Mora, R. 2002. Int. J. Syst. Evol. Microbiol. 52: 485-491





Oren, A., Mana, L. 2002. Extremophiles 6: 217-223

The cellular proteins of Salinibacter possess a large excess of 

acidic amino acids



PNAS 102: 18147-18152, 2005



Chromosome - 3.55 Mb

66.2% G+C

ORFs: 2,934  (85.3% coding)

1,795  assigned

225    conserved hypothetical

544    unknown

370    hypothetical proteins

One plasmid – 35.5 kb

57.9% G+C

ORFs: 33



Copyright ©2005 by the National Academy of Sciences

Normalized distribution of pI values at 0.2 intervals for predicted ORFs in Haloarcula 
marismortui (purple), Halobacterium sp.

Mongodin, E. F. et al. (2005) Proc. Natl. Acad. Sci. USA 102, 18147-18152



Copyright ©2005 by the National Academy of Sciences

A schematic representation of the hypersalinity island identified in the genome of 
Salinibacter

trk genes : TrkH – membrane-bound transporting unit
TrkA – cytoplasmic membrane surface protein that binds NAD+

Eukaryotic type Na-K-Cl cotransporter

kef – K transport; cat – cationic amino acid transport; usp – universal stress protein

Red: closest to halophilic Archaea
Green: closest to Cyanobacteria
Yellow: closest to methanogenic Archaea
Blue: closest to Firmicutes

Mongodin, E. F. et al. (2005) Proc. Natl. Acad. Sci. USA 102, 18147-18152



Copyright ©2005 by the National Academy of Sciences

Mongodin, E. F. et al. (2005) Proc. Natl. Acad. 
Sci. USA 102, 18147-18152

The phylogeny and genomic context of 
Salinibacter rhodopsin genes

Four retinal proteins: 

A proton pump 
(xanthorhodopsin)

A putative chloride pump

Two sensory rhodopsins

Flagellar genes next to one of the 
sensory rhodopsins



Comparison of Salinibacter and Halobacteriaceae

Salinibacter Halobacteriaceae

-----------------------------------------------------------------------------------------------------------

G+C % in DNA 66.2 59-71

Salt requirement >15%;     > 9% - >15%;  most 

optimum at 15-30%     species optimum at 20-25%

Pigmentation C-40 substituted               C-50 bacterioruberins

carotenoid

Retinal pigments                Bacteriorhodopsin,          Bacteriorhodopsin, 

Halorhodopsin Halorhodopsin

Sensory rhodopsins  Sensory rhodopsins

Lipids Bacterial, unusual                  Archaeal

Osmotic solute KCl KCl

Enzymes Salt-tolerant and Mostly salt-requiring

salt-requiring

-----------------------------------------------------------------------------------------------------------



Nanohaloarchaea – a new group of 

extremely halophilic Archaea





The enigma of salt adaptation in the 

Halanaerobiales



Strategies of osmotic adaptation within the SSU-rRNA tree of life

Organic osmotic solutes KCl



Some anaerobic halophilic Bacteria isolated from 

Dead Sea sediments

Halobacteroides halobius                    Sporohalobacter lortetii

Orenia marismortui                         Selenihalanaerobacter shriftii



Sporohalobacter lortetii





Halanaerobium, Halobacteroides
and relatives:

- Very high KCl inside

- Salt-tolerant and often salt-
dependent enzymes



Halanaerobium acetethylicum

Butyribacterium









So the apparent excess in acidic amino acids is caused by a high 
content of glutamine + asparagine

But note: bulk analysis mainly sees the dominant proteins, 
genome analysis all proteins encoded.



Summary




