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Abstract-There are two groups of microorganisms that live and grow in hypersaline (>10-15% NaCl) envi- 
ronments: the halophilic Archaea and the halotolerant Bacteria and algae. In order to grow and reproduce in 
such high-salt, low-water activity environments, these organisms have made basic biochemical adaptations in 
their proteins, osmoregulation mechanisms, nucleic acids, and lipids. The environment of the halophiles and 
especially how the halophilic Archaea have adapted to that environment are reviewed in this paper. Along 
with this review is a brief description of how these adaptations could be important in the detection of life on 
early Mars assuming similar types of salts and a carbon-based life. 

INTRODUCTION 

If one thinks about salt at all, one thinks of its use on icy roads, 
as a flavoring in food, and possibly its use in the chemical industry. 
Traditionally, however, salt has been widely used to preserve hides 
and meats and in the preparation of sauerkraut and salted sauces. 
Despite the high concentration of salt used in these foods, the food 
or hides occasionally turned pink or had pink "salt stains" (Clayton 
and Gibbs, 1927). This was an especially serious problem for the 
salted cod industry (Kellerman, 1915; Browne, 1922) and led to the 
first attempts to understand the nature of this pink discoloration. It 
was found that the pink color was due to bacteria that grow in high- 
salt concentrations: the halophilic Archaea. Similarly, in the solar 
heating of seawater to produce salt, the increasing concentrations of 
salt result in changing colorations in the pans due to chemical changes. 
However, the green and red colorations of the various ponds are due 
to microorganisms: the halophilic Archaea and the halotolerant 
algae and Bacteria. This paper will review the characteristics of the 
hypersaline environment, what survival strategies microorganisms 
have developed in order to survive in this environment, with em- 
phasis on the halophilic Archaea, and finally how these types of 
adaptations might have contributed to life on early Mars. 

WHAT IS A HALOPHILE? 

As with other characteristics of microorganisms, such as growth 
temperature, there are gradations in the salt concentrations over 
which microbes are able to survive and grow. Just as some organ- 
isms will survive, but not grow, at 4 OC; there are many bacteria that 
will tolerate exposure to 3-8% salt but will not grow. For the pur- 
poses of this review, halophiles will be divided into two categories. 
The first category is the halophilic Archaea that will not grow below 
salt concentrations -1&12% and may grow at up to 34% NaCI, 
depending on temperature, and in which the compatible solutes are 
K ions and C1 ions. These microbes are generally considered the 
obligate halophiles (Grant and Larsen, 1989). The halophilic Ar- 
chaea are usually pigmented and share characteristics with both the 
bacterial and the eukaryotic domains. 

The second category is the halotolerant Bacteria and algae, es- 
pecially Dunaliella spp., which are algae that will grow over a broad 
salt range, often from essentially no NaCl to 25% NaCI, or occa- 
sionally 30% NaCI, and in which the compatible solute is neither K 
nor CI ions but organic compound(s). This review will concentrate 

on the survival strategies of the halophilic Archaea with some com- 
parisons with the halotolerant Bacteria and algae. 

WHAT IS A HYPERSALINE ENVIRONMENT? 

To understand the need for survival strategies in hypersaline 
environments, it is necessary to understand that environment. Solar 
salt production is based on a series of large concentration pans 
through which seawater is moved. At each concentrator, the salt 
content is increased due to the evaporation of water until finally the 
NaCl precipitates in the crystallizers leaving behind the more solu- 
ble K, Mg, and Mn salts in the mother liquor. Earlier in the concen- 
tration process, the Ca salts precipitated out as gypsum. 

Therefore, as the salt content of a solution increases, the water 
content decreases per unit volume. This means that although the in- 
coming sea water may have been -3.3% total salt weight/volume 
(w/v), the final salt concentrations will be over 34% (w/v), thus, 
reducing the amount of available water per unit volume for the micro- 
organisms. Hypersaline environments then are either salt crystals or 
those waters that contain >lo% NaCl and may have a higher total 
salt content depending on the source. Such an environment is char- 
acterized by a low-water content or water activity (a,) level because 
of the high-salt concentration. 

Water activity (a,) has been defined by Brock et al. (1994) as 
the "ratio of the vapor pressure of the air in equilibrium with a sub- 
stance or solution to the vapor pressure at the same temperature of 
pure water." Values for a, range from 0 to 1 and are unitless. Pure 
water has an a, of 1 .OO, whereas seawater has an a, of 0.980. Maple 
syrup has an a, of 0.900, salted fish has an a, of 0.750, and dry 
cereals have a, of 0.700. Typically, growth does not occur at a, 
below 0.72 (Brock et al., 1994) with the halophilic Archaea ap- 
proaching this lower limit. What this means to organisms is that as 
the a, decreases, there is less water for dissolving nutrients, for 
general metabolic processes, and for hydrating proteins and nucleic 
acids. Therefore, organisms living in this environment must acquire 
compensatory mechanisms or adapt their biochemistry to cope with 
the low water availability. 

The hypersaline environment also has other distinctive character- 
istics: high total ionic composition; generally stable temperatures; 
and, in solar salt pans, it may have intense light, alkaline pH, or the 
presence of alternate electron acceptors other than 02. The impor- 
tance of these environmental characteristics to the survival strategies 
of the halophiles is discussed below. 
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Ionic Composition 

Besides the low %, the ionic composition is the defining aspect 
of the hypersaline environment. The exact ionic composition of brines 
will vary depending on whether the salt solution is derived from 
seawater (thalassohaline) or from other sources (athalassohaline). 
Specific ionic compositions of selected hypersaline lakes, both neu- 
tral pH and alkaline lakes, are listed in Table I ,  along with seawater 
for comparison. Most of the hypersaline waters in Table 1 contain 
eight to ten times more total dissolved salts than seawater. How- 
ever, because Ca++ begins to precipitate at total salt concentrations 
of 6-8%, most halophilic microorganisms do not require elevated 
concentrations of this cation for growth. Similarly, because the 
brines contain elevated levels of K+ and Mg++ (especially in thalas- 
sohaline systems), many of the halophiles will require increased 
concentrations of these ions for growth in artificial media. 

In athalassohaline environments, other ions besides Na+ predomi- 
nate. In the Dead Sea, for example, the major cations are Mg++ 
followed by Na+ and Ca++ (Larsen, 1980), Table 1. Therefore, the 
Dead Sea halophilic Archaea have their optimal growth at inorganic 
ion concentrations ranging from 0.61.2 M Mg++ and 2.5-4 M NaCl 
(Grant and Larsen, 1989) reflecting their native habitat. What is 
particularly interesting about the Dead Sea is that the inorganic 
composition did not change following the 1978-79 overturn of the 
lake (Javor, 1989); but the nutrient composition did change due to 
the massive flooding. This nutrient increase resulted in algal and 
bacterial blooms in 1980 (Oren, 1988). By 1991, however, the con- 
tinued evaporation of the Dead Sea water had resulted in an increase 
in the Mg++ + Ca++/Na+ + K+ ratio of from 1.154 in 1977 to 1.276 
(Oren, pers. comm.). Thus, successful cultivation of bacteria and 
algae from the Dead Sea requires a change in both the ionic com- 
position and ionic ratio of the medium to approximate more closely 
that habitat. 

Soda lakes also present another variation on the ionic composi- 
tion of hypersaline environments. In these lakes, carbonate and 
chloride are the predominant anions, Na+ the dominant cation along 
with very low concentrations of Ca++ and Mg++. To culture micro- 
organisms from soda lakes, therefore, adjustments in the ionic com- 
position of the medium again are necessary to reflect the source 
from which the organisms originated. Frequently, in either case, the 
easiest way to mimic the local ion ratios and pH is to use site water. 

Compatible Solutes 

To compensate for the high osmotic pressure mentioned above, 
compatible solutes are produced by microorganisms. These solutes 
may be either inorganic ions or organic molecules, and their func- 
tion is to balance the internal osmotic pressure with the external 
osmotic pressure to maintain cellular integrity. 

Sodium ions, along with many inorganic ions, will passively 
diffuse across the membrane. This creates a problem for microbes 
lacking an adaptive mechanism for dealing with the increased salt 
concentrations. Nonhalophilic cells when exposed to >10--12% salts 
will lyse because of the excessive osmotic pressure generated by the 
high external Na+ concentrations compared to the internal Na+ con- 
centrations. The halophilic Archaea, on the other hand, have devel- 
oped an active Na+ pump by which a Na+ gradient is established 
across the cell membrane so that K+ is pumped into the cell in re- 
sponse to the electrochemical gradient established and the Na+ is 
extruded. The H+ gradient can be used for either the excretion of Na+ 
or adenosine triphosphate (ATP) formation (Lanyi, 1993). Adeno- 
sine triphosphate is the primary energy storage compound in all 
living cells, so its synthesis is critically important. The maintenance 
of the proper intracellular ionic composition provides a mechanism 
for this synthesis. The overall effect is the creation of an internal K+ 
concentration of -5 M that acts to balance the osmotic pressure of 
the -4 M Na+ and other ion concentrations outside the cell. The 
movement of ions across the membrane has been nicely illustrated 
by Gilmour (1990), Fig. 1 .  This figure illustrates how Na+ is 
pumped from the cells, whereas K+ is concentrated within the cell. 

Although the halophilic Archaea survive in the hypersaline envi- 
ronments through the control of inorganic ion concentrations, the 
halotolerant Bacteria and algae have developed an alternative osmotic 
pressure balancing mechanism: the synthesis of specific organic 
molecules as their compatible solutes. The concentrations of intra- 
cellular compatible solutes adjust to the external osmotic pressure, 
and each organism has a characteristic group of compatible solutes. 

The halotolerant Bacteria, for example, have developed several 
routes for the maintenance of osmotic pressure. One adaptation is to 
take up the compatible solute from the environment. For example, 
Halornonas elongata concentrates glycine betaine from the envi- 
ronment, but it can also synthesize ectoine. Other microorganisms 
such as the photosynthetic halophilic bacteria can only synthesize 

TABLE 1. Ionic composition of selected hypersaline bodies (g/L). 

Ionic 
composition 

Lake Magadi, 
Kenya 

North Arm Great 
Salt Lake, USA 

South Arm Great 
Salt Lake, USA 

Na+ 
K+ 
Ca++ 
Mg++ 
CI- 
c0,- 
so,- 
Total N 
PH 
References 

46 
0.06 

0.0007 
BDL* 

14 
34.9 

0.038 
10.35 

- 

(1) 

142 
2.3 
0 
0 

154.6 
67.2 
22.6 

11.0 
- 

(2) 

105.4 
6.7 
0.3 

11.1 
181 

27 
0.27 

4.3-7.2 
7.7 
(3) 

35.9 
3.0 
0.2 
4.2 
65.3 

8.7 

8.2 

- 

- 

(4) 

Dead Sea, Israel 
(1977 March) 

40.1 

17.2 
44.0 

224.9 

7.65 

0.077 
0.45 

5.94.3 
(5) 

- 

Seawater 

Crystallizer (at saturation), 
Western Salt Co, 
San Diego, CA 

10.6 
0.38 
0.40 
I .27 

0.14 
18.9 

2.65 

8.1 
- 

(6) 

~~ 

120 
52 

14.4 

24.5 

3.01 

210 

- 
- 
- 

(7) 

*below detection limit. 
- = not determinednot reported. 
References: (1) =Grant and Tindall (1986); (2) = Larsen (1980); (3) = Post (1977); (4) = Post (1977); (5) = Beyth (1980); (6) = Brock ef al. (1994); (7) = 
Javor (1983). 
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FIG. 1. The active transport of ions and amino acids into a typical halophilic Archaea. RC = respiratory chain; HR = halorhodopsin; BR = bacteriorhodop- 
sin. (1) Active uptake of amino acids during Na+ entry (symport); (2) Kf entry in response to the electrochemical gradient set up by step (3); (3) active Naf 
excretion coupled to H+ entry (antiport); and (4) Ca+ excretion coupled to Na+ entry (antiport). Reproduced with permission of McGraw Hill (Gilmour, 
1990). 

their compatible solutes, ectoine (Peters et ul., 1990), or glycine 
betaine (Ollivier e f  al., 1994). A third mechanism is de novo syn- 
thesis of glycine betaine (Louis and Galinski, 1997) or amino acids 
or sugars such as sucrose or trehalose (Ollivier et al., 1994). Fi- 
nally, the halotolerant alga, Dunaliellu, synthesizes glycerol as its 
compatible solute (Ben-Amotz and Avron, 1973). Thus, the halo- 
philic Bacteria and Dunaliella spp. have multiple mechanisms for 
osmoregulation, whereas the halophilic Archaea rely totally on in- 
organic salts. 

Light 
One characteristic of successful solar salt works is an abundance 

of sunlight. This increases the evaporation rate of the water through 
solar heating. Consequently, the halophilic Archaea that live in these 
shallow evaporation pans have developed a rich array of carotenoid 
pigments. It is thought that these pigments provide a protective bar- 
rier to the ultraviolet light from the Sun because carotenoids contain 
conjugated double bonds that can function as free radical scaven- 
gers. As an added benefit, pigmented surfaces absorb more heat 
from the Sun; hence, heavily pigmented pans may have a tempera- 
ture of 5-8 "C higher than nonpigmented pans (Litchfield, unpubl. 
data). 

In addition, many of the halophilic Archaea contain the pigments, 
bacteriorhodopsin and halorhodopsin. Halorhodopsin is important 
in the excretion of H ions and the import of chloride ions into the 
cells, whereas bacteriorhodopsin is involved in the export of H ions 
during the process of ATP generation (Fig. I ) .  Unlike plants or photo- 
synthetic microorganisms, this energy production does not involve 
chlorophylls but is the result of a light-dependent proton gradient 
established across the membrane. Thus, bacteriorhodopsin, found in 
the genus Halobacterium, allows for energy production under re- 
duced 0 2  or anaerobic conditions and high light intensities. This 
provides a competitive advantage to Halobacterium spp. over those 
organisms that must rely totally on oxidative metabolism for energy 
production. 

Besides the halophilic Archaea, Dunaliellu spp. are the most com- 
mon photosynthetic algae found in high-salt environments. These 
algae also contain high concentrations of carotenoids with B-carotene 

predominating, which is harvested commercially. Thus, the color of 
ponds and salterns containing blooms of Dunaliellu are typically a 
deeper red/orange than those in which the halophilic Archaea are 
blooming. 

Most of the photosynthetic halophilic Bacteria are found in float- 
ing mats, under gypsum crusts, or along the edges of the salt pans 
where the light intensities are very bright (edges of the salt pans) to 
low (beneath gypsum crusts). They have not been found in mined 
salt. Both cyanobacteria and the purple sulfur bacteria inhabit hy- 
persaline environments such as solar salt pans (Litchfield, 1977; 
Javor, 1989) and the shores of inland salt lakes such as Hamei Ma- 
zor along the Dead Sea (Oren, 1989). These microbes are anoxygenic 
photoautotrophs, which do not produce O2 from photosynthesis but 
instead fix C via bacterial chlorophylls. Thus, these hypersaline 
Bacteria are adapted to up to -25% salts as well as variable light 
intensities. Many of these microbes are also S oxidizing. Therefore, 
they constitute a metabolically versatile group of microorganisms 
that have not been widely investigated but were reviewed recently 
by Ollivier et al. (1994). 

While the photosynthetic Bacteria are generally pigmented, the 
halotolerant Bacteria may or may not be pigmented. One of the 
most widely distributed organisms in a solar salt plant is the genus 
Halomonas. To date, none of the isolates from this genus have been 
shown to be pigmented despite their growth or survival in salt con- 
centrations similar to those of the pigmented halophilic Archaea. 

Temperature 
Because most solar salt production plants are in tropical regions, 

there is relatively little temperature fluctuation for the halophiles. 
Most of the pure culture isolates examined to date tolerate at least 
15-20 OC, even if they do not grow at these lower temperatures. The 
optimum temperature tends to be in the 35-55 "C range (Grant and 
Larsen, 1989), which, again, is reflective of their environment. 

PH 
The various pans in solar salt plants generally have a pH in the 

neutral to slightly alkaline range of 7.1 to 8.1. As the water be- 
comes more saturated, the pH decreases somewhat so that crystal- 
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lizer pH values tend to be in the 6.2-7.2 range (Litchfield, 1977). 
The pH optima of the halophilic microbes is usually between 5.5- 
8.5 (Grant and Larsen, 1989). For those microorganisms growing in 
soda lakes, however, the pH range is typically 8-10 (Grant and Lar- 
sen, 1989). Thus, the halophilic Archaea and halotolerant Bacteria 
live within a fairly restricted pH range typical of their native envi- 
ronment. 

Electron Acceptors 

For solar salt pans that typically have a significant amount of 
wind, the constant agitation of the surface ensures that O2 is avail- 
able to the microorganisms in the upper layers of the water. Thus, 
members of the Halobacteriales, the halophilic Archaea, are all aerobic 
or facultatively anaerobic, which means that they either use 0 2  for 
aerobic metabolism or nitrate as their terminal electron acceptor. 
Nitrate is frequently present in solar salterns but at fairly low levels, 
0-4.2 mg/L (Litchfield ef al., 1998). Thus, it is uncertain to what 
extent nitrate can serve as an alternate electron acceptor for the 
halophiles in their environment. To date, no obligately anaerobic 
halophilic Archaea have been isolated, but it seems likely that they 
exist because of the amount of sulfate present in the sediments and 
the anaerobic nature of the bottom sediments in the high salt pans. 

However, truly anaerobic halotolerant Bacteria have been iso- 
lated from hypersaline lakes and solar salt plants (for example, Oren, 
1983; Rengpipat et al., 1988, for fermentative strains; Zhilina, 1986; 
Yu and Kawamura, 1987, for methanogens; see Ollivier et af., 1994, 
for a review of this area). Because of the relatively few studies on 
anaerobic halophilic Bacteria, it is not known to what extent these 
organisms contribute to the nutrient cycling in salt pans. Sulfate 
reduction has been observed both experimentally and in the field, so 
it is likely that organisms such as Desulfohalobium sp. (Ollivier et 
al., 1991) are important members of the microbial community. In 
fact, the recent isolation of an alkaliphilic halotolerant sulfate-reduc- 
ing eubacterium from Lake Magadi lends support to the hypothesis 
that these organisms are responsible for the lack of sulfate in soda 
lakes and are the cause of the high alkalinity of these bodies of wa- 
ter (Zhilina et ul., 1997). 

In summary then, the halophilic Archaea are generally aerobic, 
whereas the halotolerant Bacteria may range from obligate aerobes 
to photoautotrophs to anaerobic sulfate-reducers bacteria. So, de- 
spite the high-salt concentrations, metabolic diversity is common to 
solar salt works, even in the crystallizers (Litchfield et al., 1998). 

SURVIVAL STRATEGIES 

Given the apparently harsh environment of hypersaline lakes 
and salterns, it may seem surprising that a diverse and interesting 
group, including both prokaryotic and eukaryotic microorganisms, 
could form complex functioning communities in these waters. Sur- 
vival strategies are needed at all salt concentrations, but especially at 
salt levels >IS% (w/v). This is especially true for the halophilic 
Archaea with their high internal K+ concentrations. The survival 
strategies for these microorganisms have required biochemical adap- 
tations to their proteins, lipids, and nucleic acids. 

Proteins 

Halophilic archaeal proteins have been modified to contain high 
concentrations of acidic amino acids (glutamic acid and aspartic acid). 
The excess acidic amino acid residues range from 12-20 mol%; for 
comparison, Escherichia coli has from 0.2 to 9 mol% excess acidic 
amino acids (Lanyi, 1974). In the halophiles, most of these acidic 
amino acids are found on the external surface of the protein (Eisen- 

berg et al., 1992) and may be found around the N-termini that helps 
to stabilize the helices through salt bridges (Dym et a f . ,  1995). 
Because the internal concentration of K ions is almost equal to the 
external Na+ concentration, the ionic interaction between the nega- 
tive charges on the proteins and the K ions (which hydrate less water 
than Na+) helps to form a hydration shell around the proteins allow- 
ing them to continue to function (Dennis and Shimmin, 1997). This 
hydration shell also reduces the electrostatic free energy of the pro- 
teins (Lanyi, 1974). 

In addition, many enzymes require elevated K+ to maintain their 
activity. This requirement may be either ion specific or Na+ or other 
cations may substitute depending on the enzyme, so no generaliza- 
tions can be made. Hydrophobic bonds may also be important in 
the maintenance of protein stability and activity. It has been postu- 
lated that one effect of the cation requirement is to help overcome 
unfavorable steric conditions affecting the packing of the nonpolar 
groups on valine, isoleucine, and leucine. If there is inefficient 
interior packing of the protein, the interior may be too loose to 
permit enzymatic activity due to altered configurations in the active 
site (Lanyi, 1974). Hence, the active centers may be protected by 
the interior location of the hydrophobic groups. 

The proteins of Bacteria growing in hypersaline environments 
also tend to have higher concentrations of the acidic amino acids 
than similar types of proteins from nonsalt-tolerant eubacteria. 
Among the first enzymes from halophilic Bacteria to be isolated and 
characterized, the protease from a moderately halophilic Pseudo- 
moms sp. was found to have 16 mol% of excess acidic amino acids 
over basic amino acids (Qua et aL, 1981). This is within the range 
of the halophilic Archaea and suggests that the compatible solutes 
may play a role in protein stabilization similar to that of the cations 
in the Archaea. How these organic compatible solutes interact with 
the internal structures of the hypersaline Bacteria has not been thor- 
oughly investigated. 

The external cell 
walls of the halophilic Archaea contain a glycoprotein instead of the 
outer membrandpeptidoglycan structure of the Bacteria. Again, 
there is in the glycoprotein an excess of acidic or negatively charged 
amino acids, and the cell walls may also contain sulfate, another 
negatively charged molecule. As with the internal proteins, these 
negative charges allow for a hydration shell around the cells possi- 
bly increasing the solubility of needed nutrients and proper func- 
tioning of transport mechanisms. This aspect of halophilic Archaeal 
structure has been reviewed by Wieland (1988). 

In addition, in the archaeal ribosomal 5 s  proteins, which are more 
similar to those found in eukaryotic organisms, the acidic amino 
acids again predominate: glutamic acid is the most common fol- 
lowed by equal concentrations of aspartic acids, valine, alanine, and 
glycine (Kimura et al., 1989). 

From this very brief overview, it is obvious that the ionic environ- 
ment and the acidic nature of the proteins involve a complex series of 
interactions. But the overall effect is to stabilize the protein, provide 
an aqueous environment, and insure its proper functioning whether 
the protein is found on the exterior cell surfaces or internal in the 
cytoplasm. 

Lipids 

All Archaea, including the halophiles, contain a unique set of 
lipids. The lipids do not contain the typical fatty acids found on the 
two and three carbons of the glycerol backbone in the Bacteria and 
Eukarya. Instead, archaeal lipids are composed of ether linkages to 
the glycerol. In addition in the halophilic Archaea, these ether- 

Another adaptation involves the cell wall. 
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linked side chains are comprised of four to five branched isoprenoid 
units (Fig. 2). This combination is more stable in the high-ionic 
environment while maintaining the proper membrane fluidity to 
allow for the passage of molecules across the cell wallhnembrane 
complex. 

Phospholipids are those glycerol lipids to which a phosphate is 
linked on the first carbon (Fig. 2), and they are found in all living 
systems (Kates and Moldoveanu, 1991; Matsubara et al., 1994). 
However in the Archaea, this phosphate may be substituted with 
glycerol or phosphate moieties resulting in a distinctive class of 
phospholipids. Additionally, some of the polar lipids may not con- 
tain phosphate but have direct substitution of glucose onto the first 
carbon in the glycerol backbone resulting in a class of lipids called 
glycolipids. These glycolipids may also contain additional sugars 
and/or sulfate (Kates and Moldoveanu, 199 1 ; Matsubara et al., 1994). 
Typical structures of these various classes of polar lipids are shown 
in Fig. 2. Thus, the presence of diether polar lipids is indicative of 
the presence of the Domain Archaea and not just the halophilic Ar- 
chaea. Because many of the Archaea live in extreme environments, 
these unusual polar lipids appear to be essential to maintenance of the 
outer and cytoplasmic membranes by being less prone to hydrolysis. 
This stability is indicated by the fact that, to date, no archaeal ether- 
lipid lipases have been found in the obligate halophiles; this indicates 
that these molecules do not have a rapid turnover rate. 

Nucleic Acids 
Although many bacteria have high guanine (G) to cytosine (C) 

ratios in their DNA, all known halophilic Archaea typically contain 
from 59.5 to 71.2% G + C (Grant and Larsen, 1989) with most 
strains having at least one minor component in a slightly lower and 
narrower range of 55-58% G + C (Joshi ef al., 1963; Pfeifer, 1988). 
The high G + C content allows for extra H-bonding that is thought 
to increase the stability of the DNA when exposed to the high intra- 
cellular cation concentrations. Whether other compatible solutes such 
as glycine betaine also form additional H-bonds with DNA has not 
been reported, but it is interesting to speculate that this is a possibility 
when one considers that the G + C content of the extremely halotol- 
erant genus Halomonas is also in the 60% G + C range (Vreeland et 
al. 1980). 

The major chromosome of the halophilic Archaea contains 1.8- 
3 Mb and is fairly conserved in each strain. This chromosome is 
smaller than that of E. coli and contains sections homologous to both 
eukaryotic and bacterial chromosomes implying a more primitive and 
more ancient DNA (Woese, 1987). The minor component is cova- 
lently closed circular DNA and contains 80-160 kb (Pfeifer, 1988). 

Besides the main chromosome and the minor component(s) men- 
tioned above, extrachromosomal elements are common. Typically, 
there are two to four of these with a size of 120-400 kb or occa- 
sionally smaller. These elements can account for up to 30% of the 
genomic material. Furthermore, these elements are highly variable, 
even within the same species, especially if those species are obtained 
from different sources. In a few cases, these have been shown to be 
phages with relatively high G + C ratios (62-70 mol%) and 29 to 59 
kb in length (Pfeifer, 1988). Other explanations for this extra DNA 
is that they are plasmids, transposons, or simply repeat sequences 
(Meyers, 1995). Regardless, the small size of the major DNA com- 
ponent should not be considered as the only genetically important 
material in the cell. Whether these extrachromosomal elements are 
a result of the high internal salt concentration causing a dissociation 
of the DNA into smaller fragments to maintain stability is not en- 
tirely clear, but this is a common characteristic of the halophilic 
Archaea. 

APPLICABILITY TO LIFE ON EARLY MARS 

There appear to be at least two theories about the atmosphere of 
early Mars that have been summarized by Forsythe and Zimbelman 
(1995). One is that the atmosphere was not very different from today 
and the other is that there have been drastic changes in the atmosphere 
with a complex hydrologic cycle. Assuming that the atmosphere 
has evolved in a manner reviewed by Zent (1996), the climate on 
Mars may once have been more compatible to life as we know it. 
Carr (1986) states that the atmosphere may have been not only 
warmer but thicker than today with significant amounts of COz. 
Coupled with this COz, other gases such as methane and ammonia 
could also have been present (Clifford, 1993). These gases could have 
provided the C and N sources for photosynthetic microbial life. 

Phospholipids 
X = Glycerol 

= Glycerol Phosphate 
= Glycerol Sulfate 

0 
II 

H,C-0 -P-X 

CHI 
I I 

I 

2or3 

-CHl-CH~CH-CHl 
l o r 3  

Glycolipids 
R = Phytanyl Chains diagrammed above H,C- SUGAR,- SUGAR, 

Sugar,= Glucose 
Sugar = Mannose with Substitutions of Sulfate, 

I 
R - 0 - CIH 

H,C- 0 - R " 2  
Galactose, Glucose, etc. on C-2 or C-6.  

FIG. 2. Schematic diagram of some representative polar lipids (archeol lipids) of the halophilic Archaea. 
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There are two additional aspects of what we understand about 
Mars that are pertinent to suggesting that organisms similar to halo- 
philic Archaea could have been early life forms on Mars. The first 
is the presence of water (Carr, 1979, 1986), thus, potentially provid- 
ing a mechanism for brine solutions and eventually the second 
aspect: evaporite formation containing NaCl (Malin, 1974; Zent 
and Fanale, 1986; Forsythe and Zimbelman, 1995). This combina- 
tion implies that salt solutions existed at one time; and presumably 
as the water froze, the salt solutions became more concentrated, 
thus, providing an environment for the growth of halophiles. 

The Viking XRFS experiment showed the Martian surface to 
have the following mineral abundances: Si02, Fe2O3, MgO, A1203, 
and CaO with sulfate and chloride also present (Zent and Fanale, 
1986; Banin et al., 1992; Blaney and McCord, 1995). Working with 
pure solutions, Brass (1980) had earlier shown that MgC12 or CaC12 
depresses the freezing point of salt solutions below -23 "C and that 
the addition of sulfates decreases the freezing temperature to -63 "C. 
However, at temperatures > -60 "C (higher than 210 K), evaporites 
could form. It is possible that some of these evaporites contain fluid 
inclusions. 

Clark and Van Hart (1981) reported that the composition of 
brine from Eddy County, New Mexico approximated that to be 
expected from a similar volumetric extraction of Martian soil. Both 
Mg++ and SO4-- ions dominated at a salinity about one-half that of 
the Dead Sea or -17% salts, and this salinity is certainly within the 
range of the obligate halophiles. They also concluded that stable 
brines could not presently exist on Mars (Clark and Van Hart, 1981), 
but Zent and Fanale (1 986) concluded that unstable brines could 
exist and these could be a chloride-sulfate system. Therefore, either 
historically or currently, brines could exist on Mars, thus, providing 
a high-salt aqueous medium for the survival and growth of organ- 
isms with characteristics similar to the halophilic Archaea. 

That microorganisms can survive in salt crystals and salt inclu- 
sions has long been recognized. For over 35 years, bacteria have been 
isolated from salt deposits (Reiser and Tasch, 1960; Tasch, 1963; 
Dombrowski, 1961, 1963), with more recent isolations performed 
by Norton and Grant (1988), Rothschild (1990), Vreeland e t  al. 
(1998), and Vreeland and Powers (1998). The initial isolations by 
Reiser and Tasch (1960) were of diplococci, whereas Dombrowski 
(1961) reported motile rods. Norton and Grant (1988) showed the 
presence of bacteria within salt crystals obtained from Puerto Rico 
and Lake Magadi, Kenya. They also demonstrated that, except for 
Halococcus, all strains tested could be entrapped in the water inclu- 
sions within salt crystals. From many of these inclusions, viable 
cells could be cultured later, but nonviable cells were also trapped 
inside the crystals. 

Similarly, Vreeland et al. (1 998) also reported that occasionally 
halophiles could be isolated from inside salt crystals but that this 
was not a constant occurrence. Special procedures for the recovery 
of bacteria from salt crystals without external contamination have 
been developed, and Vreeland and Powers (1998) have noted the 
importance of dating and the selection of primary inclusions to 
conclusively state that the microorganisms, indeed, did come from 
within that salt crystal. 

These data show that failure to cultivate microorganisms from 
some salt crystals may reflect whether the original microbe was 
dead or alive at the time of entrapment in the crystal. Certainly, live 
halophilic bacteria can be cultured from some of the primary inclu- 
sions in salt crystals. To date, there have been no reports about the 

use of molecular techniques to test for DNA or RNA in primary 
inclusions that have failed to yield live organisms. 

Once it is accepted that viable halophilic Archaea can survive in 
salt crystals, the next question concerns their metabolic state. There 
have been few studies reporting metabolic activity in situ in evapor- 
ites. Recently Rothschild et al. (1994) demonstrated the fixation of 
N and C in crushed evaporites by the cyanobacterium Synechococ- 
cus Nageli. However, maximum uptake occurred at zero salt con- 
centration implying that the organisms were more halotolerant than 
obligate halophiles. The authors also found that N fixation occurred 
under both light and dark conditions and that the cells did not ap- 
parently utilize the nitrate and nitrite present in the evaporite. Based 
on the chains formed by the cyanobacterium, they also concluded that 
cell division was apparently occurring within these thin evaporites 
(Rothschild et al. 1994). Similar work needs to be done with in- 
clusions where halophilic Archaea have been found to see if the cells 
are metabolically active or quiescent. 

In conclusion, the ability of halophilic Archaea to survive within 
low-water activity environments such as evaporites and their require- 
ment for elevated salt concentrations makes them likely candidates 
for life on early Mars. This ability to survive is based on the bio- 
chemical adaptations in their proteins, nucleic acids, and lipids to 
their native environment. The persistence of their polar lipids on 
Earth could provide a biomarker for detecting their current or past 
presence in meteorites, fossils, or other planets. Currently, our ana- 
lytical methods for detecting very small quantities of the diphytanyl 
diether lipids prevent the examination of inclusions or the interiors 
of evaporites for these fossil remains. However, this is a methodo- 
logical problem that eventually will be overcome. 

Acknowledgements-I am indebted to A. Oren, R. Vreeland, and D. Kushner 
for many useful discussions on the nature of halophily and thanks to Drs. 
Oren and Vreeland, Ms. A. Irby and two anonymous reviewers for their 
helpful comments that have greatly improved the manuscript. Portions of 
this work were supported by a Binational Science Foundation Grant No. 
95:00027. 

Editorial handling: S. A. Sandford 

REFERENCES 
BANIN A., CLARK B. C. AND WANKE H. (1992) Surface chemistry and min- 

eralogy. In Mars (eds. H. H. Kieffer, B. M. Jakosky, C. W. Snyder and 
M. S. Matthews), pp. 594-625. Univ. Arizona Press, Tuscon, Arizona, 
USA. 

BEN-AMOTZ A. AND AVRON M. (1973) The role of glycerol in the osmotic 
regulation of the halophilic alga Dunaliellu parva. Plant Physiol. 51, 

BEYTH M. (1980) Recent evolution and present stage of Dead Sea brines. 
In Hypersaline Brines and Evuporitic Environments (ed. A. Nissen- 
baum), pp. 155-165. Elsevier, Amsterdam, The Netherlands. 

BLANEY D. L. AND MCCORD T. B. (1995) Indication of sulfate minerals in 
the Martial soil from Earth-based spectroscopy. J.  Ceophys. Res. 100, 
14 433-14 441. 

BRASS G. W. (1980) Stability of brines on Mars. Icarus 42,20-28. 
BROCK T. D., MADIGAN M. T., MARTINKO J. M. AND PARKER J. (1994) 

Biology of Microorganisms, 7th ed. Prentice Hall, Englewood Cliffs, 
New Jersey, USA. 986 pp. 

BROWNE W. W. (1922) Halophilic bacteria. Proc. Exper. Biol. Med. 19, 

CAM M. H. (1979) Formation of Martian flood features by release of water 

C A M  M. H. (1986) Mars: A water-rich planet? Icarus 68, 187-216. 
CLARK B. C. AND VAN HART D. C. (1981) The salts of Mars. Icarus 45, 

CLAYTON W. AND GIBBS W. E. (1927) Examination for halophilic micro- 

CLIFFORD S. M. (1993) A model for the hydrologic and climatic behavior of 

875-878. 

321-322. 

from confined aquifers. J.  Geophys. Res. 84,2995-3007. 

370-378. 

organisms. Analyst 52,395-397. 

water on Mars. J. Geophys. Res. 98, 10 973-1 1 016. 



Survival strategies for microorganisms in hypersaline environments 819 

DENNIS P. A. AND SHIMMIN L. C. (1997) Evolutionary divergence and sa- 
linity-mediated selection in halophilic Archaea. Microbiol. Mol. Biol. 
Rev. 61,90-104. 

DOMBROWSKI H. J. (1961) Lebende palaozoische Bakterie. MonatskurseJ 
Die drtzliche Fortbildung, 78-81. 

DOMBROWSKI H. J. (1963) Bacteria from Paleozoic salt deposits. Ann. N.Y. 
Acud. Sci. 108,453460.  

DYM O., MEVARECH M. AND SUSSMAN J. L. (1995) Structural features that 
stabilize halophilic malate dehydrogenase from an Archaebacterium. 
Science 267, 1344-1346. 

EISENBERG H., MEVARECH M. AND ZACCAI G. (1992) Biochemical, struc- 
tural, and molecular genetic aspects of halophilism. Adv. Protein 
Chem. 43, 1-62. 

FORSYTHE R. D. AND ZIMBELMAN J. R. (1995) A case for ancient evaporite 
basins on Mars. J.  Geophys. Res 100,5553-5563. 

GILMOUR D. (1990) Halotolerant and halophilic microorganisms. In Mi- 
crobiology of Extreme Environments (ed. C. Edwards), pp. 147-117. 
McGraw Hill Publishing Co., New York, New York, USA. 

GRANT W. D. AND LARSEN H. (1989) Group Ill. Extremely halophilic 
Archaeobacteria Order Halobacteriales ord. nov. In Bergey's Manual of 
Systematic Bacteriology (eds. J. T. Staley, M. P. Bryant, N. Pfennig and 
J .  G. Holt), pp. 2216-2233. Williams and Wilkins, Baltimore, Mary- 
land, USA. 

Grant W. D. and Tindall B. J. (1986) The alkaline salt environment. In 
Microbes in Extreme Environments (eds. R. A. Herbert and G. A. 
Codd), pp. 25-54. Academic Press, New York, New York, USA. 

JAVOR B. J. (1983) Planktonic standing crop and nutrients in a saltern eco- 
system. Limnol. Oceanogr. 28, 153-159. 

JAVOR B. (1 989) Hypersaline Environments Microbiology and Biogeochem- 
istry. Springer Verlag. Berlin, Germany. 328 pp. 

JOSHI J. G., GUILD W. R. AND HANDLER P. (1963) The presence of two 
species of DNA in some halobacteria. J. Mol. Biol. 6,34-38. 

KATB M. ANDMOLDOVEANUN. (1991) Polar lipid structure, composition and 
biosynthesis in extremely halophilic bacteria. In General and Applied As- 
pects of Halophilic Microorganisms (ed. F. Rodriguez-Valera), pp. 191- 
198. Plenum Press, New York, New York, USA. 

KELLERMAN K. F. (1915) Micrococci causing red deterioration of salted 
codfish. Centralbl. Bakt. 11. Abt. 42,398402.  

KIMURA M., ARNDT E., HATAKEYAMA T. AND KIMURA J. (1989) Ribosomal 
proteins in halobacteria. Can. J. Microbiol. 35, 195-199. 

LANYI J. K. (1974) Salt-dependent properties of proteins from extremely 
halophilic bacteria. Bacteriol. Rev. 38, 272-290. 

LANYI J. (1993) Bioenergetics and transport in extreme halophiles. In The 
Biology of Halophilic Bacteria (eds. R. H. Vreeland and L. I. Hoch- 
stein), pp. 289-309. CRC Press, Boca Raton, Florida, USA. 

LARSEN H. (1980) Ecology of hypersaline environments. In Hypersaline 
Brines and Evaporitic Environments (ed. A. Nissenbaum), pp. 23-60. 
Elsevier, Amsterdam, The Netherlands. 

LITCHFIELD C. D. (1977) Factors controlling the distribution of halophilic 
bacteria in the Antilles International Salt Co., N. V., Bonaire Nether- 
lands, Antilles. Final Report to International Salt Co., Clark Summit, 
Pennsylvania. 28 pp. 

LITCHFIELD C. D., IRBY A. AND VREELAND R. H. (1998) The microbial 
ecology of solar salt plants. In Microbiology and Biogeochemistry of 
Hypersaline Environments (ed. A. Oren). CRC Press, Boca Raton, 
Florida, USA. In press. 

LOUIS P. AND GALINSKI E. A. (1997) Characterization of genes for the bio- 
synthesis of the compatible solute ectoine from Marinococcus halophi- 
lus and osmoregulated expression in Escherichia coli. Microbiology 

MALIN M. C. (1974) Salt weathering on Mars. J. Geophys. Res. 79, 3888- 
3894. 

MATSUBARA T., IIDA-TANAKA N., KAMEKURA M., MOLDOVEANU N., 
ISHIZUKA I.,  ONISHI H., HAYASHI A. AND UTES M. (1994) Polar lipids 
of a non-alkaliphilic extremely halophilic archaebacterium strain 172: 
A novel bis-sulfated glycolipid. Biochim. Biophys. Acta 1214,97-108. 

MEYERS R. A. (1995) Molecular Biology and Biotechnology. A Compre- 
hensive Desk Reference. Wiley-VCH, New York, New York, USA. 

NORTON C. F. AND GRANT W. D. (1988) Survival of Halobacteria within 

143,1141-1 149. 

fluid inclusions in salt crystals. J. Gen. Microbiol. 134, 1365-1373. 
OLLIVIER, B., HATCHIKIAN C. E., PRENSIER G., GUEZENNEC J. AND GARCIA 

J-L. (1991) Desulfohalobium retbaense gen. nov., sp. nov., a halophilic 
sulfate-reducing bacterium from sediments of a hypersaline lake in 
Senegal. Int. J. Syst. Bacteriol. 41, 74-81. 

OLLIVIER B., CAUMETTE P., GARCIA J-L. AND MAH R. A. (1994) Anaerobic 
bacteria from hypersaline environments. Microbiol. Rev. 58,27-38. 

OREN A. (1983) Clostridium lortetii sp. nov., a halophilic obligatory an- 
aerobic bacterium producing endospores with attached gas vacuoles. 
Arch. Microbiol. 136,4248.  

OREN A. (1988) The microbial ecology of the Dead Sea. In Advances in 
Microbial Ecology, vol. 10 (ed. K. C. Marshall), pp. 193-229. Plenum 
Press, New York, New York, USA. 

OREN A. (1989) Photosynthetic and heterotrophic benthic bacterial com- 
munities of a hypersaline sulfur spring on the shore of the Dead Sea 
(Hamei Mazor). In Microbial Mars Physiological Ecology of Benthic 
Microbial Communities (eds. Y. Cohen and E. Rosenberg), pp. 64-76. 
American Society for Microbiology, Washington, D.C., USA. 

PETERS P., GALINSKI E. A. AND TROPER H. G. (1990) The biosynthesis of 
ectoine. FEMS Microbiol. Lett. 71, 157-162. 

PFEIFER F. (1988) Genetics of Halobacteria. In Halophilic Bacteria, vol. I1 
(ed. F. Rodriguez-Valera), pp. 105-133. CRC Press, Boca Raton, 
Florida, USA. 

POST F. J. (1977) Microbial ecology of the Great Salt Lake. Microb. Ecol. 

QUA D VAN, SIMIDU U. AND TAGA N. (1981) Purification and some proper- 
ties of halophilic protease produced by a moderately halophilic marine 
Pseudomonas sp. Can. J.  Microbiol. 27, 505-5 10. 

REISER R. AND TASCH P. (1960) Investigation of the viability of osmophilic 
bacteria of great geological age. Kan. Acad. Sci. Trans. 63,3  1-34. 

RENGPIPAT S., LANGWORTHY T. A. AND ZEIKUS J. G.  (1988) Halobacteri- 
odes acetoethylieus sp. nov., a new obligately anaerobic halophile iso- 
lated from deep subsurface hypersaline environments. Syst. Appl. 
Microbiol. 11,28-35. 

ROTHSCHILD L. J. (1990) Earth analogues for Martian life. Microbes in 
evaporites, a new model system for life on Mars. Icarus 88,246-260. 

ROTHSCHILD L. J., GIVER L. J., WHITE M. R. AND MANCINELLI R. L. ( I  994) 
Metabolic activity of microorganisms in evaporites. J. Phycol. 30, 
431-438. 

TASCH P. (1963) Fossil content of salt and association evaporites. In Sym- 
posium on Salt, vol I ,  (eds. B. C. Schreiber and H. L. Harner), pp. 96- 
102. Northern Ohio Geological Society, Columbus, Ohio, USA. 

VREELAND R. H. AND POWERS D. (1998) Consideration for microbiological 
sampling of crystals from ancient salt formations. In Microbiology and 
Biogeochemistry of Hypersaline Environments (ed. A. Oren). CRC 
Press, Boca Raton, Florida, USA. In press. 

VREELAND R. H., LITCHFIELD C. D., MARTIN E. L. AND ELLIOT E. (1980) 
Halomonas elongata: A new genus and species of extremely salt toler- 
ant bacteria. Int. J.  Syst. Bacteriol. 30,485-495. 

VREELAND R. H., PISSELL1 A. F., MCDONNOUGH S. AND MYERS s. s. 
(1998) Distribution and diversity of halophilic bacteria in a subsurface 
salt formation. Extremophiles, in press. 

WIELAND F. (1988) The cell surfaces of halobacteria. In Halophilic Bacre- 
ria, vol. II (ed. F. Rodriguez-Valera), pp. 55-65. CRC Press, Boca 
Raton, Florida, USA. 

WOESE C. R. (1987) Bacterial evolution. Microbiol. Rev. 51,221-271. 
Yu I. K. AND KAWAMURA F. (1987) Halomethanococcus doii gen. nov., sp. 

nov.: An obligately halophilic methanogenic bacterium from solar salt 
ponds. J. Gen Appl. Microbiol. 33,303-310. 

ZENT A. P. (1996) The evolution of the Martian climate. Am. Scien. 84, 
442-45 1. 

ZENT A. P. AND FANALE F. P. (1986) Possible Mars brines: Equilibrium 
and kinetic considerations. J.  Geophys. Res. 91, D429-D445. 

ZHILINA T. N. (1986) Methanogenic bacteria from hypersaline environ- 
ments. Syst. Appl. Microbiol. 7,216-222. 

ZHILINA T. N., ZAVARZIN G. A., RAINEY F. A,, PIKUTA E. N., OSIPOV G. A. 
AND KOSTRIKINKA N. A. ( I  997) Desulfonutronovibrio hydrogeno- 
vorans gen. nov., sp. nov., an alkaliphilic, sulfate-reducing bacterium. 
Inr. J .  Syst. Bacteriol. 47, 144-149. 

3, 143-165. 


