Chapter 2
Microbial Diversity, Life Strategies,
and Adaptation to Life in Extreme Soils

Vigdis Torsvik(:=)) and Lise @vreas

2.1 Introduction: What Is an Extreme Environment?

There is no general consensus on how to define an extreme environment. From an
anthropocentric point of view, physicochemical conditions supporting mammalian
life appear as normal, and conditions deviating from these are considered as
extreme. However, what is extreme and what is normal for microbes remains debat-
able, and the concept “extreme” as we use it may not necessarily be appropriate for
micro-organisms (Gorbushina and Krumbein 1999). Micro-organisms dwell in vir-
tually all types of soil habitats. These range from extremely dry and cold deserts in
the Antarctic and deep into permafrost soils to geothermal and humid soils in vol-
canic areas, from extremely acid mines with sulfuric acid to high alkaline areas.
Microbial life can also exist in salt crystals, under extremely low water activity, and
low nutrient concentrations. As a group, micro-organisms have the highest ability
of all life forms to adapt to extreme and stressful environments. This includes new
types of habitats created by anthropogenic activities, such as those polluted with
heavy metals, radionuclides, and high concentrations of toxic xenobiotic com-
pounds (e.g., polychlorinated biphenyls, hydrocarbons, and pesticides).

Environments which we consider extreme can be inhabited by well-adapted
microbiota, and if the environment is stable the resident micro-organisms may not
experience any stress but metabolize and grow successfully under strictly limiting
conditions, which appear normal to them. During the approximately 3.8 billion
years that micro-organisms inhabited Earth, dramatic changes in physicochemical
conditions of Earth’s surface have periodically occurred. Thus, conditions that can
be considered as “normal” for life have also changed.

An alternative view is that any stable environment can be regarded as “normal,”
and that an extreme environment is one with highly fluctuating conditions where
the organisms experience episodic or periodic dramatic environmental changes. In
unstable and extreme environments, the metabolic costs to survive stress may be
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high, and most organisms will probably die. However, some micro-organisms have
very high physiological and ecological plasticity, which makes them well adapted
to survive even in environments where the conditions may change suddenly and
dramatically. Organisms that can tolerate considerable environmental stress caused
by fluctuating conditions have been termed poikilotrophic or poikilophilic (poikilo
= various; Gorbushina and Krumbein 1999). Poikilo-environments have prevailing
hostile conditions for life (extremely low water potential, extreme temperatures,
low nutrients, high levels of toxic substances), but the conditions may occasionally
and sporadically change and become suitable for microbial activity and growth.
The best examples of poikilotrophic organisms are rock-dwelling prokaryotes and
fungi. Organisms living in deserts or arid fell-field soils with extremely low nutri-
ents, precipitation, and highly variable temperatures can also be regarded as
poikilotrophic.

A more objective view of extreme environments is one based on the fact that
there are specific physical and chemical limitations to cellular processes. These
limitations are related to the characteristics of biomolecules and biochemical reac-
tions and set the boundaries for cellular life. Extreme conditions can, according to
this view, be defined as those near the limits for cell functioning, that is, limiting
for enzyme activities or damaging to biomolecules (Rothschild and Mancinelli
2001; Marion et al. 2003). The best example of a physical limit to life is the pres-
ence of liquid water. Life is not possible without water, because it is the solvent
necessary for all biochemical reactions. Other constraints are extreme conditions
typical at the end of gradients, such as low and high temperature, low and high pH
and E, high salinity, high radiation doses, high concentrations of toxic compounds,
and extremely low nutrient concentrations. Despite the physicochemical limits to
biochemical processes and stability of biomolecules, the evolving micro-organisms
have extended the boundaries for their life processes.

Organisms living under extreme conditions are divided into different categories
according to the nature of their adaptation (Table 2.1). They are classified as
thermo- (high temperature), psychro- (low temperature), halo- (high salt), acido- or
alkali- (extreme low or high pH), and xero- (low water activity). The suffix -phile
is used for those that require the extreme condition for growth, and -troph or -toler-
ant for those that tolerate the extreme condition. These designations are not exclu-
sive, because two or more factors can be extreme in the same environment, as
independent or interrelated conditions. The organisms may therefore belong to
multiple categories, and, for example, be considered as both psychro- and xerophile.

The extremophiles are adapted to and limited by very narrow sets of environmen-
tal conditions, and they thrive in or require the extreme conditions. Extremotrophic
or extremotolerant organisms can survive and proliferate under a wider set of envi-
ronmental conditions. They tolerate extreme environments but normally grow better
at moderate conditions.

In ecology, the predominant growth strategy of organisms is often described as
r- and K-strategy (Panikov 1999; van Elsas et al. 2006). Organisms with a predomi-
nant K-strategy can live near the carrying capacity of the environment. They have
relatively low growth rates, but compensate this by competitive advantages such as
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high affinity for substrates, low maintenance energy, the ability to uncouple growth
from transport, and accumulation of storage polymers. In contrast, r-selected organ-
isms have the potential of rapid proliferation and fast response to abundant and
readily available substrates. A specific life strategy, designated L-strategy, is used
to characterise organisms that are selected under unfavorable conditions and are
highly tolerant or resistant to stress (Panikov 1999). This also includes micro-organisms
with specific adaptation to manmade stress conditions. Thus, soils may be charac-
terized as extreme which support the growth of micro-organisms that can tolerate
anthropogenic disturbance and adverse conditions caused by high concentrations of
pollutants and toxic compounds.

2.2 Physicochemical Factors Limiting to Life

2.2.1 Water

Soil water is either adsorbed onto surfaces or present as free water in pores or films
between soil particles. The soil water status is described by the water potential,
which is a measure of the energy and forces that hold and move water in the soil.
It relates to water activity (a ) and is the difference in free energy (in pascals or Pa;
energy per unit mass) between pure water and soil water. The main components of
soil water potential are the matric potential (the energy with which soil water binds
to solid surfaces or is retained in pores) and the osmotic potential (a function of
dissolved salt concentrations; Vetterlein and Jahn 2004). Because these components
reduce the free energy of water, the water potential is negative. This indicates the
energy that organisms must exert to withdraw water from soil, and as the water
potential decreases, water becomes less available and the stress level of organisms
increases.

Extreme soil water stress occurs periodically in most soils, even in climates
with ample precipitation, where the water availability depends on soil composi-
tion, rainfall drainage, and plant cover. Soil prokaryotes live in water films
surrounding particles or inside water-filled pores, and are therefore very
susceptible to water depletion. Soil fungi are normally more tolerant to water
stress than prokaryotes. Furthermore, they can tolerate drought due to hyphal
growth, which allows them to cross dried pores and obtain water from smaller
pores where the water remains for longer periods (Killham 1994). Prokaryotic
cells have a turgor pressure, with a concentration of solutes inside the cell being
slightly higher than that outside. Changes in water activity in the environment are
rapidly followed by a water flux across the semipermeable cell membrane from
high to low water potential. This can cause swelling and lysis of the cells under
hypotonic conditions or dehydration under hypertonic conditions (Kempf and
Bremer 1998). Therefore the cell must maintain an intracellular water potential
similar to that existing outside the cells.
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To maintain cell integrity at nonextreme temperatures (10-40°C) usually
requires soil water potential above —4 MPa (0.95 a ) for most bacteria, and above
—22MPa (0.86 a ) for actinomycetes and most fungi. It is generally considered that
the lower limit of water potential for life is —70MPa (0.60 a_; Zvyagintsev et al.
2005), but recently it has been demonstrated that spore germination and elongation
of some actinomycetes can occur at water potential of -96MPa (0.50 a ;
Doroshenko et al. 2005; Zvyagintsev et al. 2005). Some organisms, for example
lichens, can even survive on water vapor rather than liquid water. Inasmuch as cell
damage cannot be repaired during desiccation, these organisms must exhibit an
efficient repair system upon rehydration.

Xerotolerant or xerophile micro-organisms are able to withstand water and salt
stress because they can counterbalance a low water potential in the environment by
accumulating highly soluble small molecules in the cytoplasm (Kempf and Bremer
1998). The solutes can be inorganic salts or organic molecules (amino acids, polyols,
carbohydrates, quaternary ammonium compounds). The accumulation of solutes
results in decreased internal water potential. These molecules can influence and
modulate specific enzyme activities, but do not inhibit the overall metabolism of the
cells, and are therefore termed compatible solutes or osmoprotectants (see Section
2.2.2). Some compatible solutes are constitutively produced, whereas others are
induced. Osmoregulation is an energy-requiring process, but seems to be a general
mechanism enabling soil micro-organisms to preserve the activity of intracellular
enzymes under long-term and severe water stress.

Other strategies that protect prokaryotes from desiccation are the production of
extracellular polysaccharides which retain water (Wright et al. 2005). Formation of
microaggregates of cells where elevated water activities are retained may further
protect micro-organisms from desiccation. Actinomycetes are particularly well
osmoregulated, as their cell membranes have restricted permeability and keep salt
ions out and organic solutes inside the cells. Like fungi, they can differentiate into
dormant cells that are resistant to drying (Dose et al. 2001).

2.2.2  Salinity

Salt or osmotic stress is closely related to water stress because solutes strongly
affect the water activity. In contrast to water stress which occurs frequently in most
terrestrial habitats, high salinity typically occurs in restricted habitats. Soils with
high salinity are often characterized by highly uneven temporal and spatial water
distribution (Brown 1976). Such fluctuations cause special stress for the microbes
and reduce their ability to survive, because they need to respond rapidly to desicca-
tion and adapt to high salt concentrations (see Chapter 5).

Saline terrestrial habitats are typical for naturally arid regions with high evapo-
ration rates. They may also be the result of pollution from mining activities or
chemical and metallurgic industries. Most of the micro-organisms that inhabit
saline soils are salt tolerant (halotolerant), but also halophilic micro-organisms



20 V. Torsvik and L. @vreas

that require salt for maintaining their membrane integrity and enzyme stability
and activity are present. Extremely halophilic prokaryotes can tolerate very low
water potential, and grow well at —40Mpa (0.75a , the value of saturated NaCl
solution). This limit is determined by the solubility of salt rather than by the
physiology of the cells (Brown 1976). As with the xerophile and xerotolerant
organisms, the halophiles and halotolerant organisms accumulate a variety of small
molecules in the cytoplasm (osmolytes or compatible solutes; see Section 2.2.2) to
counteract the external osmotic pressure (Kempf and Bremer 1998; Roberts 2005).
Generally, bacteria produce and accumulate compatible organic solutes that are
zwitterions (e.g., proline, glycine betaine, ectoine, methylamines, and derivatives)
or nonionic (such as polyols, carbohydrates, neutral peptides, and amino acids and
derivatives).

In archaea the osmolytes are often inorganic cations that are taken up by passive
diffusion or by selective ion transport across the membrane. Many archaea have
evolved negatively charged acid polypeptides that require cation counterions such
as K* for proper protein folding and activity. Organic osmolytes that accumulate
in archaea belong to the same types as for bacteria, but the majority of the solutes in
archaea are anionic (due to negatively charged groups such as carboxyl, phosphate,
and sulfate groups; Martin et al. 1999). In addition to their functions as osmotically
active substances, the compatible solutes may function as chemical chaperones that
protect proteins from denaturation and increase their activity.

2.2.3 Temperature

The temperature limits of life are related to the boiling and freezing points of water.
However, many micro-organisms have developed mechanisms to extend the tem-
perature ranges beyond the values for pure water and atmospheric pressure. At
present, the temperature limitations for microbial activity are regarded as ranging
from approximately —40°C to +130°C (Kashefi and Lovley 2003; Price and Sowers
2004). Arctic micro-organisms are well adapted to an extremely cold climate and
several authors have reported microbial activities at temperatures as low as —10 to
—20°C (Panikov and Dedysh 2000; Bakermans et al. 2003; Jakosky et al. 2003;
Callaghan et al. 2004; Gilichinsky et al. 2005; see Chapter 7). At subzero tempera-
tures there can still be liquid water present in soils, as adsorbed water forms a thin
liquid film on the surface of soil particles (hygroscopic water; Rivkina et al. 2000;
Steven et al. 2006).

Growth at low temperatures requires significant membrane alterations in order
to maintain the fluidity necessary for nutrient transport across the membrane.
The low temperature modifications involve less saturated and less branched
membrane fatty acids. Below the minimum growth temperature the membrane
becomes solid and transmembrane transportation stops. Life at subzero tempera-
tures is also facilitated by accumulation of antifreeze compounds (high concen-
trations of salts, hydrocarbons, or amino acids) in the cytoplasm. Archaea have
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many of the same mechanisms for adaptations to low temperatures as bacteria;
these involve altered membrane composition (cold-adapted lipids) as well as
cold-active proteins involved in fundamental cell functions (e.g., protein synthesis;
Cavicchioli et al. 2000).

In psychrophiles, the specific cold adaptation implies such drastic changes in the
chemical composition of the cell that life outside of cold environments becomes
impossible. For example, micro-organisms adapted to low temperatures have
enzymes and ribosomes becoming unstable at temperatures 1-2°C above their
optimum temperatures. Accordingly, the psychrophiles have optimum temperatures
at or below 15°C and maximum temperatures below 20°C. The psychrotrophic
organisms can also grow at temperatures close to or even below 0°C, but their
optimum temperature is above 15°C, and their maximum temperature can be as
high as 30 to 40°C. Price and Sowers (2004) studied the temperature dependence
of metabolic rates in different environments including permafrost. These authors
distinguished three categories of metabolic rates: first, rates sufficiently high to
allow growth; second, intermediate rates sufficient for maintenance of functions,
but too low for growth; and third, basal rates sufficient for survival of cells and
repair of damaged macromolecules, but otherwise permitting only cell dormancy.
They did not observe any minimum temperature for metabolism, but at low
temperatures the metabolic rate was extremely low. At elevated temperatures,
micro-organisms from permafrost showed metabolic rates similar to those found in
temperate soils.

At the other extreme of the temperature range for life are the thermophiles and
the thermotrophs. Thermophilic organisms cannot grow at temperatures below
50°C, whereas the thermotrophs have a lower temperature limit (20-30°C). At their
upper temperature limit, cells undergo instability and irreversible denaturation of
their proteins and nucleic acids, and therefore the ability of these molecules to per-
form their functions is lost. Thermal soils, with temperatures above 50°C, can be
natural or manmade (see Chapters 8 and 14). Thermophilic micro-organisms have
been isolated from natural thermal soils such as decomposing litter, volcanic,
geothermal and tropical desert soils, and from manmade thermal soils such as com-
post piles and coal refuse piles (Botero et al. 2004).

Micro-organisms adapted to high temperatures have mechanisms for
protecting their proteins and nucleic acids from irreversible denaturation.
Biomolecules from such organisms are thermostable and remain active at tem-
peratures that generally inactivate proteins, lipids, and nucleic acids in
mesophilic organisms (Rothschild and Mancinelli 2001). In some proteins, the
stabilization is caused by changes in amino acid residues that make the proteins
more hydrophobic and increase the stability of subunit interactions (Singleton
and Amelunxen 1973). The nucleic acids are also thermostabilized, for example
as the result of interactions with histonelike proteins. At high temperatures, the
membrane fatty acids acquire longer chains, and they become more saturated
and more branched. Such changes in the membrane structure and composition
lead to decreased membrane fluidity and consequently better thermostability
(Pakchung et al. 2006).



22 V. Torsvik and L. @vreas

224 pH

Taken as a group, prokaryotes can live in environments with pH values ranging
from below 0 to 13 (Marion et al. 2003), although most prokaryotes grow at rela-
tively narrow pH ranges close to neutrality. Extreme acidophiles grow in the pH
range 0 to 3. It seems that a general adaptation to extreme pH is to regulate the
intracellular pH and keep it close to neutral. The bacterium Acidithiobacillus
ferrooxidans (previously Thiobacillus ferrooxidans) lives in acidic environments
with a pH of about 1 (see Chapter 10). However, its intracellular pH is around 5.5,
which indicates an active mechanism for excluding protons.

Whereas all known cytoplasmic enzymes have pH optima from pH 5 to pH 8,
some enzymes found in the bacterial outer membrane tend to have low pH optima.
Among archaea there are acidophiles that can grow at pH 0. Members of the cell
wall-lacking archaeon Ferroplasma have been isolated from highly acidic envi-
ronments associated with sulfide ores, solfatara fields, and the like (Golyshina and
Timmis 2005). They can mobilize metals from sulfide ores and tolerate high con-
centrations of heavy metals (Edwards et al. 2000; Baker-Austin et al. 2005). The
extremely thermoacidophilic archaea Picrophilus torridus and P. oshimae were
first isolated from solfataric Japanese soils. They have optimal growth rates at pH
0.7 and 60°C (Schleper et al. 1995). In contrast to most other acidophilic
micro-organisms, the intracellular pH is very low (pH 4.6), and P. torridus cannot
grow above pH 4.0. A common feature of acidophile and acidotolerant
micro-organisms is the presence of acidophilic lipids with cyclic rings and alkyl
side chains in their fatty acids. Adaptation to acid environments is also enhanced
by unusual tetraether lipids in the cell membrane (in Ferroplasma and Picrophilus)
or lipopolysaccharides with a low content of fatty acids (in Acidithiobacillus). The
tetraether lipids render the membrane of acidophilic archaea impermeable to
protons, and a proton pump expels protons from the cytoplasm. High ratios of
genes for proton-driven secondary transporters over ATP-consuming primary
transporters indicate that the cells utilize the proton gradient for solute transport
into the cell (Futterer et al. 2004).

Extreme alkaliphilic micro-organisms have pH optimum between 9 and 11, and
do not grow near neutral pH. However, the cytoplasmic pH is at least two units lower
than the external pH (Krulwich et al. 1998), which indicates that the cell membrane
presents an efficient barrier to fluxes of OH™ ions and that there is an efficient inward
proton translocation system (e.g., Na*/H* or K*/H* antiporters, proton-translocating
ATP synthase). pH in bulk soil is generally between 4.0 and 8.5 (Lynch 1979).
Decomposition of plant litter tends to reduce the pH, and soil with accumulated
organic matter is normally acid. Redox reactions also influence the soil pH. For
example, oxidation of NH,*, S, and FeS, results in production of mineral acids such
as HNO, and H,SO,, and thereby decreases the pH. Thus, it is apparent that prokary-
otes exert a profound influence on their own environment. As a result of metabolic
activity, the pH in microbial microhabitats can be at least 3—4 pH units lower than in
the bulk soil. High pH is common in soils containing alkaline minerals, or occurs
temporally in restricted zones, for instance due to the presence of animal excretions.
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Anaerobic reactions, such as the reduction of nitrate to N, and of sulfate to sulfide,
also increase the pH. Recently alkaliphilic psychrotolerant bacteria were isolated
from permafrost soil in the Qinghai-Tibet Plateau (Zhang et al. 2007). The colony-
forming units of alkaliphilic bacteria in these soils varied between 10? and 10° cells
¢! of dry soil. The isolates could grow at pH 6.5-10.5 with optimum pH of 9.0-9.5,
and optimum growth temperatures of 10-15°C.

2.2.5 Radiation

High doses of ionizing radiation and ultraviolet (UV) light are lethal to most
microbes, although some of them can tolerate surprisingly high radiation doses (see
Chapter 16). Normally high correlations are observed between tolerance towards
radiation, desiccation, and DNA damaging chemicals (Shukla et al. 2007).
Deinococcus radiodurans is the most radiation-resistant organism known and can
survive doses of 1,000J/m? UV-light, and more than 20kGy of y-radiation (1 Gy = 100
Rad), which is approximately 4,000 times the dose that will kill a human (Battista
1997; Marion et al. 2003; Rainey et al. 2005). This micro-organism is remarkably
well adapted to extreme conditions as it can survive drought and lack of nutrients,
in addition to extremely high radiation dosages (Battista 1997). This red spherical
bacterium was discovered in 1957, in a can of ground meat that was spoiled despite
having been sterilized by radiation. The bacterium is widely distributed and has
been found in a variety of soil environments as well as in granite in Antarctic dry
valleys.

Dehydration and radiation cause very similar types of DNA damage. Resistance is
conferred on Deinococcus by a particularly efficient system for DNA repair.
Desiccation or high doses of radiation lead to massive double-strand breaks in DNA.
Deinococcus has 4—10 copies of its chromosome (Battista 1997) and repairs the frag-
ments by intrachromosomal recombination that reconstitute an intact chromosome in
just a few hours (Minton and Daly 1995; Sale 2007). Prokaryotes and algae on
surfaces of barren polar soil have adaptive strategies that allow them to avoid, or at
least minimize UV injury. In this case, substances such as pigments and amino acids
(e.g., melanoids, carotenoids, scytenomin, mycosporine-like amino acids) protect
against the excessive light radiations and oxidative damage (Ehling-Schulz et al.
1997; Bowker et al. 2002; Wright et al. 2005).

2.2.6 Low Nutrients

Environments characterized by extreme physical or chemical conditions, such as
desert and permafrost soils, are often poor in organic and inorganic nutrients. Most
of the indigenous micro-organisms in such environments are probably oligotrophs,
which means they are adapted to low nutrient supply rates. However, high numbers
of oligotrophic prokaryotes may also be found in bogs and other soils with high
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amounts of organic matter. In such soils the major organic compounds are humic
matter that is recalcitrant and not readily decomposable (Koch 2001; Fierer et al.
2007). Bacteria in the phylum Acidobacteria are generally regarded as oligotrophic.
They are especially abundant in soils with low resource availability and their abun-
dance decreases after amendment with a readily available carbon source (Fierer et
al. 2007). Prokaryotes that are adapted to grow in oligotrophic environments are
normally K-selected (Bernard et al. 2007). They have low growth rates, but very
efficient uptake systems with low half-saturation constants (down to nM levels) for
uptake of organic substrates. This adaptation often results in their inability to grow
under high nutrient levels.

Other mechanisms for adaptation to low nutrient levels are the ability to use
many different substrates simultaneously (Eichorst et al. 2007). In environments
where nutrient supplies fluctuate, prokaryotes can store nutrients as intracellular
polymers (e.g., polysaccharides, poly-B-hydroxybutyrate, polyphosphate). However,
in constant oligotrophic environments, especially cold environments, the nutrient
supply probably is too low to support any intracellular storage. It has been sug-
gested that the organisms’ affinity for substrates decreases at low temperature due
to loss of membrane fluidity that impedes active transport, and that the minimum
substrate concentration needed for growth therefore increases near the organisms’
lower temperature limits (Wiebe et al. 1992). If liquid water is present, growth limi-
tation by decreased temperature may be the result of reduced active uptake of
nutrients, which eventually becomes so low that the cell’s minimum maintenance
requirements is no longer met (Nedwell 1999).

2.2.7 Pollution

Acid deposition has affected soil microbial communities and activities for some
decades. This pollution is caused by acid precipitation, the result of nitrogen oxide
(NO,) and sulfur dioxide (SO,) emitted into the atmosphere and oxidised to SO,*
and NO,". Despite the effort to reduce the primary sources of acid input, the effect
is still apparent in many regions. The effect of acid deposition on soil ecosystems
depends on the concentration of SO,*~ and NO,~, the amount of precipitation, and
the buffering capacity of the soils (the cation exchange capacity through bases).
Nitrogen and sulfur provided by acid rain may stimulate growth of some soil
micro-organisms. On the other hand, even low-level but prolonged acid rain will
result in soil acidification that may have adverse effects on soil bacteria, whereas the
effect on fungi seems to be minor (Pennanen et al. 1998a; Baath and Anderson 2003).
The effect of acid deposition can be direct or indirect. The lower pH and reduced
concentrations of divalent cations (Ca*, Mg?*) can lead to mobilization and
increased bioavailability of heavy metals and other toxic compounds (Francis
1986). Acidification of soils may also reduce the solubility of organic matter and
thereby reduce the substrate availability for microbes. Increased soil acidity does
not seem to affect prokaryotic biomass to any extent, but rather to reduce prokaryotic
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growth rates and activity (Francis 1986; Pennanen et al. 1998b). Reduced activity
of a number of soil enzymes, such as dehydrogenases, ureases, and phosphatases
have been observed at significant pH reductions (Killham et al. 1983). The reduced
microbial growth observed with increased acidity may indicate that more metabolic
energy is used for maintenance rather than for biosynthesis of cell materials. It has
been suggested that increased metabolic quotient (qCO,, the ratio of basal respira-
tion to microbial biomass) indicates a shift in energy use from growth to mainte-
nance, and that increased energy demand is a sensitive indicator of physiological
adaptation to environmental stress (Post and Beeby 1996; Liao and Xie 2007).

Soil can have naturally high concentrations of heavy metals as the result of
weathering of parental material with high amounts of heavy metal minerals (e.g.,
mineral sulfides). Other sources are contaminations associated with mines and
metal smelters, which have led to increased soil concentrations of heavy metals
such as zinc, cadmium, copper, and lead. Sewage sludge may also contain heavy
metals, and it has been demonstrated that long-term application of heavy metal
containing sewage sludge to agricultural soils can have profound effects on the
microbial diversity and community composition (Sandaa et al. 1999; Gans et al.
2005). The effect of heavy metal toxicity depends on soil abiotic factors such as
organic matter and clay content, divalent cation concentrations (cation exchange
capacity), and pH (Giller et al. 1998). These factors influence complex formation
and immobilization of heavy metals.

Irrespectively of soil types, however, the relative toxicity of different metals
seems to be the same, namely Cd > Cu > Zn > Pb (Béaath 1989). In soil contami-
nated for 40 years with high concentrations of Cr and Pb, the microbial biomass
and activity was reduced and soil organic carbon accumulated (Shi et al. 2002).
These results indicated that Pb presented greater stress to soil microbes than
Cr. Soil micro-organisms vary widely in their tolerance to heavy metal contamina-
tion, and the proportion of culturable resistant micro-organisms can range from
10% to nearly 100%. The activity of enzymes in soil may serve as indicators for
heavy metal contamination as there are generally high correlations between reduced
enzyme activities (of, e.g., dehydrogenases, acid phosphatases, and ureases) and
increased heavy metal contamination (Baath 1989). It has been reported that heavy
metal contamination has a different effect on soil bacteria and fungi (Rajapaksha
et al. 2004). Metal addition decreased bacterial activity whereas it increased fungal
activity, and the increased fungal activity was found to persist in contaminated as
compared to control soil after 35 days. The different effect of heavy metals was also
demonstrated by an increase in the relative fungal/bacterial ratio (estimated using
phospholipids fatty acid analysis) with increased metal concentrations.

Mechanisms for metal resistance include stable complex binding (chelation)
with organic ligands (extracellular or intracellular sequestering), transportation
out of the cells, and biotransformation of the ions to less bioavailable or less toxic
metal species. Genes for metal resistance (e.g., mercury resistance) are often har-
bored on plasmids and can easily be disseminated through a population or a
community in response to selection pressure associated with toxic metal exposure
(Drgnen et al. 1998).
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Hydrocarbon contamination of soils caused by human activities increasingly
occurs in all parts of the world. Petroleum is a rich carbon source and most of the
hydrocarbon components are biodegradable by micro-organisms. The rate of deg-
radation is normally rather low, because crude oil has low concentrations of phos-
phorus and nitrogen, which do not allow extensive growth of indigenous
hydrocarbon-degrading micro-organisms in petroleum-contaminated soils.
However, growth can be stimulated by addition of phosphorus and nitrogen fertiliz-
ers. In many extreme environments, hydrocarbon-polluted areas are found
(Margesin and Schinner 2001). The success of bioremediation in such environ-
ments depends on the presence of biodegrading microbes that are adapted to the
prevailing environmental conditions.

Pesticides are classified according to their primary target organisms, that is, her-
bicides, fungicides, and insecticides (Johnsen et al. 2001). Normally the pesticides
are very specific and restricted to a narrow range of target organisms. However,
they can be modified in the environment and become toxic also to nontarget organ-
isms. For instance, triazines, which normally target photosynthetic enzymes in C3
plants, may be chlorinated in the triazine ring and thus become toxic to a wide
range of organisms. The effect of pesticides on soil microbes depends on their bio-
availability, which in turn is influenced by the crop being grown, as well as soil
properties affecting the sorption and leaching of pesticides. The micro-organisms
can develop resistance to the pesticides through their ability to decompose or trans-
form them to less toxic compounds.

2.3 Soil as Habitat for Micro-Organisms

Soil has been defined as the upper weathered layer of the earth’s crust, with a com-
plex mixture of particulate materials derived from abiotic parent minerals, living
biota, and particulate organic detritus and humic substances (Odum 1971).
Formation of soil is the result of climate (temperature and moisture), parental
material, time, topography, and organisms (Jenny 1994), and involves complex
interactions of physical, chemical, and biological processes. Soil texture (the relative
proportion of particles with different sizes) and mineral constituents depend on the
parent material (rocks), and transportation by water, ice, and wind. Soil structure is
the distribution of pores of various sizes that occur between soil particles. The pore
sizes depend on the level of aggregation of soil particulate material, and the pores
contain gases and water.

The vegetation and soil biota affect soil development by weathering and control-
ling organic matter accumulation and mineralization. The recognition of close
interactions between soils and vegetation is reflected in the division of soils into
major types, which are associated with climatic vegetation zones. Micro-organisms
are able to modify and shape their physical and chemical environment. They
dissolve and alter minerals derived from the parental material, contribute to and
mineralize soil organic matter, and recycle nutrients. Microbes produce biopolymers
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(polysaccharides) as cell envelopes. Such polymers facilitate formation and
stabilization of soil aggregates, and thereby improve the soil water-holding capacity.
Together with colloid clay particles and humus, the polymers create complex
structures with extensive surfaces, which adsorb minerals and organic molecules.
Adsorption of proteins and nucleic acids to surfaces protects them from biodegra-
dation and denaturation. Adsorbed DNA remains available for horizontal gene
transfer by transformation of competent cells (Lorenz and Wackernagel 1994). The
activity of extracellular enzymes is maintained or even increased by adsorption on
minerals, whereas adsorption to humic substances can either maintain or decrease
their activity (Nannipieri et al. 1990; Allison 2006). The adsorption to soil colloids may
strongly reduce the availability of organic molecules as nutrients for micro-organisms,
and contribute to soils being oligotrophic environments.

Surfaces of soil minerals, especially clay colloids, can serve as catalyst for abi-
otic chemical reactions. Clay particles are coated with metal oxides and hydroxides
and have net electronegative charges. They can mediate electron transfer reactions
and catalyse oxidation of phenols and polyphenols. They also contribute to humus
formation by catalysing reactions such as deamination, polymerization, and con-
densation of organic molecules. It has been suggested that microbial processes such
as decomposition and mineralization of organic substances prevail under moderate
conditions, whereas abiotic reactions are more dominant under harsh conditions
where microbial activities are hampered (Huang 1990; Ruggiero et al. 1996).

Soils are among the habitats that have been shown to support the highest abun-
dance and diversity of micro-organisms. Soil habitats are distinguished from
aquatic habitats by being much more complex and spatially heterogeneous. A char-
acteristic feature is the wide range of steep physicochemical gradients (e.g., of sub-
strate concentrations, redox potential, pH, available water) which may occur across
short distances approaching the size of a soil aggregate. Thus, even an aggregate of
a few mm can offer many different microenvironments that would collectively be
colonized by different types of micro-organisms (Standing and Killham 2006). The
size scale of microhabitats is typically a few wm for unicellular prokaryotes, but
may be much larger for filamentous actinomycetes and fungi. Microhabitats for
prokaryotes exist either within or between aggregates. Intra-aggregate habitats have
typically small pores that are often water-filled and anaerobic, whereas inter-aggregate
habitats are more frequently aerobic. However, the living conditions in these habitats
can undergo considerable changes both in space and time, therefore soils are highly
dynamic systems.

The distribution, activity, and interactions (e.g., predation) of soil biota depend
on soil properties such as texture, structure, and available nutrients and water. The
growth conditions are normally most favorable on surfaces, and most (80-90%) of
the soil micro-organisms are attached to surfaces (Hattori et al. 1997), often aided
by extracellular biopolymers which stick to particles. However, surfaces also
expose micro-organisms to the highest risks of desiccation and predation. Specific
soil habitats such as organic litter aggregates, biofilms, rhizosphere, and animal
droppings, are rich in readily available organic nutrients and can support very high
microbial activities. The bulk soil on the other hand often contains low levels of
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easily decomposable substrates, and most of the organic matter is refractory. Thus
the distribution of biomass and activities of soil microbes is generally very patchy,
and the space that is occupied by micro-organisms may be less than 5% of the
overall space in soil (Nannipieri et al. 2003).

Moderate soils with no stress factors are characterized by a high microbial abun-
dance (10°-10'" prokaryotes g~' soil dry weight) and high genetic, phylogenetic, and
functional diversity of microbial communities (Giller et al. 1997; Torsvik and
@vreds 2006). Micro-organisms are by far the most active and functionally diverse
component of the soil biota. It has been estimated that 80-90% of the soil processes
are mediated by the microbiota, including prokaryotes and fungi. Generally, about
one third of the organic carbon added to temperate soils is transformed to humus
and microbial biomass, whereas about two thirds of the carbon is respired to CO,
by micro-organisms (Stotzky 1997).

Interestingly, the deep subsurface terrestrial environments, which can extend for
several hundred meters below the soil surface, have been proven to sustain ample
microbial biomasses. Although the cell numbers are much lower than in the surface
soil, a variety of micro-organisms, primarily prokaryotes, is present in deep subsur-
face soils. For example, in samples collected aseptically from bore holes drilled
down to 300m, a diverse array of micro-organisms has been found. These organ-
isms most likely have access to organic nutrients present in the groundwater perco-
lating down the subsurface material and flowing through their habitat. Studies on
the microbial ecology of deep basalt aquifers have shown that both chemoorgano-
trophic and chemolithotrophic prokaryotes are present, but that the chemolitho-
trophs are dominating in these environments (Stevens and McKinley 1995).

2.4 Extreme Soils

Extreme soil microbiology deals with micro-organisms adapted to extreme or
stressful soil conditions. Soil properties are determined by the parental material
(geological properties), climate, and biota, and are influenced by anthropogenic
activities. Odum (1971) divided soils in two categories, those which are mainly
controlled by climate and vegetation types, and those which are mainly controlled
by parent materials or other pedological or environmental factors (topography,
drainage, pollution, etc.). These controlling factors can strengthen each other. In
regions with extreme climate, minor differences in edaphic factors may create large
differences in the structure and activity of soil microbiota.

In many temperate climate zones, soil water and/or temperature stress occurs
periodically. Also nutrient stress occurs periodically in many soils, and this will
influence the soil microbiota so that organisms adapted to periodic stress become
dominant. In some areas, wide fluctuations in environmental conditions occur. It
has been reported that in Antarctic desert soil the temperature could change from
—15°C to nearly 30°C in three hours (Cowan and Tow 2004). For the micro-organisms
to survive freeze—thaw cycles and sudden differences of more than 40°C, very
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specialized adaptations are required. Thus, in soil where a stress situation is
maintained over an extended time period, the microbiota will develop specialized
adaptations and life strategies that differentiate them from microbiota in nonex-
treme environments. However, such specialization may correspond to a tradeoff
between life under adverse and harsh situations and loss of adaptability. Indeed,
extremophiles are often not able to adapt to less extreme conditions, and do not
compete effectively under moderate conditions.

Soil microbial communities under nonextreme and relatively stable environmen-
tal conditions are characterized as functionally redundant. Moderate environmental
stress and perturbations seem to have little impact on overall soil processes such as
respiration and mineralisation, although the microbial community structure can be
profoundly changed. This is explained by the insurance hypothesis (Yachi and
Loreau 1999), which states that in an ecosystem there are many different popula-
tions which can perform the same function, so that when some micro-organisms
disappear others proliferate and take over the function (Giller et al. 1997). Microbial
communities in extreme environments, especially those with fluctuating conditions,
often comprise some numerically dominant species. In such environments, ecologi-
cal processes may be more sensitive to changes in diversity imposed by additional
stress factors. Lack of functional redundancy in extreme soils is illustrated by the
observation that, in these environments, microbiota plays an increasing role at all
trophic levels. For example, cyanobacteria and microalgae contribute significantly
to primary production when the conditions become so harsh that higher plants can
no longer grow.

Two types of extreme soils are dominant on Earth, namely desert and tundra
soils. Typical of these biomes is that vegetation is sparse and consists mainly of low
vegetation, with no trees being present.

2.4.1 Desert Soils

Water is an overall limiting factor in terrestrial ecosystems, and within a specific
climate zone the annual net primary production correlates well with annual precipi-
tation. Deserts occur in regions having less than 250 mm of rainfall per year (Odum
1971). Arid areas, that can be either extremely hot or cold, cover more than 30% of
Earth’s terrestrial surface (Rainey et al. 2005). Dry soil ecosystems are characterized
by spatial patterns and high spatial heterogeneity. In temperate deserts, spatial
variability is strongly influenced by vegetation, whereas in polar deserts, which
often lack vascular plants, physical processes control the spatial variation in soil
properties. An example is the formation of frost fissure patterns.

The micro-organisms living in such environments have to deal with unfavorable
life conditions such as absence of water, high or low temperatures, and lack of
nutrients. The most extreme deserts are found in Antarctica (Ross Desert, Dry
Valleys), in northern Chile (Atacama Desert ; see Chapter 6), and in central Sahara
where there is virtually no rainfall. The low precipitation is caused by high
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subtropical atmospheric pressure (Sahara), position in rain shadow areas (Chile),
high altitude (Tibet and Gobi), or latitude (Antarctic Dry Valley). In hot deserts,
most of the matric water evaporates during the day and micro-organisms obtain
moisture by absorbing dew water during cool nights. The cold deserts in Antarctica
suffer from extreme temperature in addition to extreme water stress, although in
some areas and during restricted periods water can come from melting snow.
The air temperature is —10°C on average during the summer and down to —55°C
during winter, and there are often strong winds, which are responsible for high
sublimation rates.

In the past, doubts were raised if any organism could proliferate under such cli-
matic conditions, but micro-organisms have been isolated from even the harshest
desert environments. In deserts, the microbiota often inhabit pores in sandstones or
they tend to form biological soil crusts. In the Ross Desert, an Antarctic cold desert,
cryptoendolithic micro-organisms grow in the near-surface layer of porous sand-
stone rocks, where the microclimate is less hostile. They transform and mobilize
iron compounds, and depend on the unsteady interactions between biological and
environmental factors for survival. If the balance between these factors changes and
becomes unfavorable, they will die but leave behind trace fossils and a characteris-
tic iron-leaching pattern caused by their activity (Friedmann and Weed 1987). In
the most extreme cold deserts, conditions suitable for microbial metabolism may
occur only 2—-10 days per year.

The crust communities are composed of prokaryotes, fungi, microalgae, and
lichens. They are extremely important in desert ecosystems as they form stable
soil aggregates with increased water retention responsible for functions such as
primary production, nitrogen fixation, and nutrient cycling. Lichens are espe-
cially well adapted to extreme conditions, as they can withstand desiccation for
long periods. Under cold conditions, the lichen algae keep the water in their
cytoplasm in liquid form by producing and accumulating polyol intracellular
solutes. The desiccation tolerance characteristic for desert micro-organisms is
often correlated with salinity tolerance, extreme oligotrophy, and radiotolerance.
Chanal et al. (2006) analysed microbial diversity in the Tataouine sand dunes in
south Tunisia. The climate at this site is arid with a high seasonal variation in
precipitation. The mean annual rainfall is 115 mm, and there is almost no pre-
cipitation in summer. Despite these unfavorable conditions, an unexpectedly
high diversity of micro-organisms was revealed. The community contained a
broad spectrum of micro-organisms, with 16S rRNA sequences affiliated with
11 bacterial divisions and some archaeal lineages. After irradiation of this soil
with 15kGy, radiotolerant organisms affiliated with Bacillus, Deinococcus/
Thermus, and the Alphaproteobacteria could be isolated. In fact, many of the
environments from which radioresistant organisms have been isolated are
extremely dry, and many of these isolates are also desiccation-resistant (Rainey
et al. 2005; Chanal et al. 2006).

In deserts with the most extreme dry habitats, micro-organisms can be totally
dried out, and in arctic deserts they may actually be freeze-dried. The best strategy for
micro-organisms to survive in such extreme environments may be to completely
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abolish their metabolism during the most unfavorable time period, and switch into
a dormant state until the conditions improve. Therefore many of them have resting
stages or spores (Barak et al. 2005).

2.4.2 Tundra Soils

Climate has an overriding effect on species diversity on a global scale and biodiver-
sity generally decreases with increased latitudes and altitudes. For eukaryotes, this
trend is seen in polar regions both in terms of number of species and growth forms.
However, on smaller spatial scales, biodiversity may not be any lower in Arctic
tundra than in temperate soils. Permafrost represents approximately 26% of terres-
trial soil ecosystems and can extend hundreds or even thousands of meters down
into the subsurface (Steven et al. 2006). The permafrost environment is considered
extreme because indigenous micro-organisms must survive long-term exposure to
subzero temperatures and withstand background radiation. Low temperature and a
short growing season (approximately 60 days) characterize extreme tundra and
high altitude fell-field soils. Here such soils are considered and described together
as extreme environments.

On a global scale, most of the tundra consists of Arctic wetlands covered
by vegetation. However, the most extreme high Arctic tundra offers bare soil
without vegetation except for sparse areas of lichens, sedges, and grasses. In the
high Arctic we find permafrost soils, where the ground is permanently frozen
except for a few dm of active layer during the growth season (see Chapters 7 and
12). Characteristic in permafrost soils are the ice-wedge polygon structures.
These are topographic features formed by a network of ice-wedges, with either a
depressed central area caused by thawing of the ice-rich permafrost in the centre,
or a relatively elevated central area due to melting of the surrounding ice-wedges
(see Chapter 7). Alpine fell-field tundra occurs in high mountains in temperate
zones, and such tundra soils do not have permafrost.

In some areas such as the Antarctic deserts, several harsh environmental
factors interact, such as low temperature, low annual precipitation, and strong
desiccating winds. The Antarctic Dry Valleys are regarded as the coldest and
driest place on Earth. The precipitation is only a few millimetres a year and
occurs mainly as snow. As most of this snow is blown away, the potential
evaporation exceeds precipitation. These regions are further characterised by a
long period of winter darkness and low temperatures, followed by a very short
summer with 24 h daily light for a few weeks, and even then the temperature
rarely exceeds 0°C. Organisms in these environments must therefore tolerate
long periods of desiccation and dormancy, and a common opinion has been
that the microbial biomass is very low in these soils (Horowitz et al. 1972;
Virginia and Wall 1999; Smith et al. 2006). Recent investigations suggest that
the biomass is several orders of magnitude higher than previously recognized
(Cowan et al. 2002).
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In polar tundra areas there may also be profound microclimate differences. One
factor which exerts a major influence on soil temperature is the snow depth. In
Siberia and Alaska, it has been observed that, whereas exposed areas with low snow
cover had soil temperatures down to —30 to —40°C, soils under the snow cover had
temperatures around —5 to —10°C. During the active summer season the diurnal
temperature fluctuations in the upper soil layers can vary considerably over short
time periods. The amplitude of such fluctuations is influenced by the soil water
content and vegetation cover, but in dry barren mineral soils temperatures can vary
by more than 20°C, sometimes by nearly 40°C, with minima below 0°C. As a result
of such abrupt temperature changes, freeze—thaw cycles occur that can be lethal to
soil organisms. The organisms have therefore developed mechanisms that allow
them to survive repeated freeze—thaw cycles.

Survival of adapted microbes depends on their hydration state, their compatible
solute content, and their ability to switch metabolism to cryoprotectant synthesis. In
some arid mineral soils, the micro-organisms are also subjected to osmotic stress due
to accumulated salts. However, the presence of salt may result in water remaining
liquid in cold environments, and active microbes can exist in thin films of liquid
water present in permafrost or in permafrost brine lenses, called cryopegs, at below
freezing temperatures (Gilichinsky et al. 2003). Cryopegs are layers of unfrozen
ground that are perennially cryotic (forming part of the permafrost), but in which
freezing is prevented by freezing-point depression due to high concentrations of dis-
solved substances in the pore water. An unfrozen cryopeg is entirely surrounded by
frozen ground (Gilichinsky et al. 2005). Such habitats allow for microbial growth at
—10°C and metabolic activity at —20°C and even lower (Bakermans et al. 2003).

2.5 Microbial Diversity and Community Structure
in Extreme Soils

The term microbial diversity describes different aspects of complexity and varia-
bility within microbial populations and communities. This comprises genetic
variability within taxons (species), variability in community composition, complexity
of interactions, trophic levels, and number of guilds, this latter parameter defining the
functional diversity. Diversity is expressed in different ways: as inventories of
taxonomic groups or as single numbers (diversity indices), which are based on the
number of taxons or OTUs (operational taxonomic units). Diversity may also be rep-
resented as phylogenetic trees, or appreciated from the number of functional guilds.
In moderate and stable environments, soil microbial communities will normally
develop into complex systems with high phylogenetic and functional diversities.
Therefore, such communities are among the most difficult to characterize pheno-
typically and genetically. In addition, huge and coherent discrepancies between the
total and cultivable cell numbers in natural environments has led to the introduction
of “the great plate count anomaly” concept (Staley and Konopka 1985). This means
that diversity measurements based on cultured micro-organisms are restricted to a
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subset of 1% or less of the community members (Torsvik et al. 1990; Ward et al.
1990) and applying culture-dependent methods will only reveal information about
the very small fraction of micro-organisms able to grow under the given conditions
(Sgrheim et al. 1989).

Molecular methods and direct in situ studies circumvent the selective and biased
culturing step and allow both cultured and noncultured members of a community
to be surveyed (Pace et al. 1986; Torsvik et al. 1998). Some molecular methods
allow for an in situ detection of prokaryotes in more or less intact soil samples
whereas other methods require effective separation of cells from soil particles.
Analysis of total DNA extracted directly from a community generates information
derived from all the community members, and provides estimates of the microbial
diversity and a comprehensive picture of soil microbial community composition
(Fig. 2.1). The information contained in nucleic acids can be used to address diver-
sity at different levels from the entire microbial community and populations to
within species levels. A schematic overview of various methods used to obtain such
information is given in Fig. 2.2 and in @vreés (2000).

The total genetic diversity can be estimated by measuring the reassociation rate
of community DNA (Britten and Kohne 1968; Torsvik et al. 1990), which is a
low-resolution method that allows analyses of broad-scale differences in microbial
communities (Torsvik and @vreas 2006).
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Fig. 2.1 Schematic drawing showing the overall approaches available for measuring bacterial
diversity in soil
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Fig. 2.2 Schematic drawing of the basic principles of some molecular methods

The metagenome can be regarded as the sum of all the microbial genomes in a
given sample. Therefore, the metagenome approach represents a different whole
community DNA-based analysis. It circumvents the cultivation anomaly as well as
the PCR biases by cloning and sequencing genes directly from the environmental
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DNA. This method involves construction of complex community libraries by direct
cloning of large genomic DNA fragments (40-80kb) from environmental samples
into fosmid or BAC (bacterial artificial chromosome) vectors. The challenge of this
application lies in the ability to extract DNA of high molecular weight and high
purity. The metagenome approach can be used to generate information on the
potential functioning of individual microbial species in soil environments in order
to study the broader role of micro-organisms in the ecosystem (Rondon et al. 2000;
Tringe et al. 2005).

The most common approach for assessing microbial diversity is to use polymer-
ase chain reaction (PCR) to amplify 16S rRNA genes (rDNA) from the community
(Pace et al. 1986). The amplified genes can then be cloned, and clones can be iden-
tified by DNA sequencing, which are then amenable to comparative analyses.
Cloning and sequencing approaches are time-consuming and labor-intensive for
routine analysis of large sample sets. To screen for changes in time and space, com-
munity fingerprinting techniques such as denaturing gradient gel electrophoresis
(DGGE), terminal restriction fragment length polymorphism (T-RFLP), automated
ribosomal intergenic spacer region analysis (ARISA), and single strand conforma-
tional polymorphism analysis (SSCP) of PCR amplified 16S rRNA genes are
frequently used (Muyzer et al. 1993; Macnaughton et al. 1999a,b; Kozdroj and van
Elsas 2001; Kuske et al. 2002; Hoj et al. 2005, 2006; Nakatsu et al. 2005; Neufeld
and Mohn 2005; Becker et al. 2006; Joynt et al. 2006; Loisel et al. 2006; Hewson
et al. 2007).

All these methods provide information about the numerically dominant commu-
nity members, and the motivation for choosing one particular method instead of
another lies in the expertise and equipment available in various laboratories.
Furthermore, the phylogenetic affiliation of the numerically dominant organisms
can be assessed by subsequent sequence analysis of, for instance, DGGE-separated
PCR products. Such rDNA-based fingerprinting and cloning approaches offer
higher resolution than DNA reassociation analysis, and have led to the discovery of
several new prokaryotic taxa, even some entirely new divisions (Hugenholtz et al.
1998, 2001). Many studies have showed that most of the 16S rRNA sequences
obtained from a given soil sample are unique (Hugenholtz et al. 2001; Smith et al.
2006). Due to the complexity of soil communities and the efforts required for the
cloning and sequencing-based approach, only a limited number of soil environ-
ments have been surveyed using such methods, and our understanding of the extent
of microbial diversity in soils is still very limited. More detailed descriptions of
molecular methods for analysing microbial communities are provided in recent
review papers (Johnsen et al. 2001; Prosser 2002; Lynch et al. 2004; van Elsas
et al. 2000).

Regardless of their limitations, the culture-independent molecular methods
have greatly expanded our view of extreme soils as habitats for micro-organisms.
Several investigations have addressed the effect of extreme conditions created by
human activities and pollution on microbial communities. Microbial communities
in soils treated for many years with heavy metal-contaminated sewage sludge
were investigated with respect to diversity and composition (Sandaa et al. 1999).
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The control soil was amended with “uncontaminated” sewage sludge, whereas
the contaminated soils received sewage sludge with two different levels of heavy
metal concentrations (resulting in low and high levels of metal contamination).
The total genetic diversity in microbial communities in unpolluted soil was high.
In this case, the complexity of the community genome corresponded to approxi-
mately 9,800 different bacterial genomes with an average E. coli genome size. The
diversity of the metal-polluted soils was reduced and depended on the level of
pollution. The complexity of DNA isolated from the soils with low and high lev-
els of metal pollution corresponded to a diversity of approximately 4,600 and
1,500 E. coli genomes, respectively. Thus, it seems that the genetic diversity can
be an indicator of environmental stress caused by pollution.

It was further observed that environmental stress induces profound changes in
the community structure. Pollution and perturbation lead both to reduced species
richness and evenness, as some species become numerically dominant. It can be
concluded that, under extreme stress conditions or strong pollution, microbial
diversity may be reduced, and microbial community structure changed to the
extent that functioning of this community is altered (Giller et al. 1997; Griffiths
et al. 2004).

Both DNA reassociation and clone library analysis suggest that the overall
prokaryotic diversity in pristine Arctic tundra soils can be very high (see Chapter 7),
even higher than in soils from temperate regions (@vreés et al. 2004; Neufeld and
Mohn 2005). The prokaryotic communities in tundra soils have representatives of
the same phylogenetic divisions as found in soils at lower latitudes (Cowan et al.
2002; Smith et al. 2006). They also carry out the same microbial processes as in
temperate soils although at slower rates.

The increased human activities in polar regions depend on petroleum hydrocar-
bon for power generation and transportation. As a consequence of this and the
exploitation of oil field reservoirs in the Arctic, increased oil pollution has become
a significant problem in these cold environments (Aislabie et al. 2006; see Chapter 12).
Several studies of hydrocarbon-contaminated polar soils indicate that hydrocarbon
degraders are widely distributed in polar soils and that oil spill will result in marked
enrichment of these micro-organisms (Atlas 1986; Aislabie et al. 2004, 2006;
Sunde 2005). In comparative studies of pristine and oil-polluted Arctic and
Antarctic tundra, significant shifts in the microbial diversity and community com-
position have been observed as a result of oil contamination. Disturbed tundra soil
had lower microbial diversity than pristine soils, and in the polluted soils some
populations were very predominant (Neufeld and Mohn 2005; Saul et al. 2005;
Smith et al. 2006).

An investigation from Arctic tundra at Svalbard, Norway, showed that the pro-
portion of clones with sequence similarities to cultured bacteria was much higher
in polluted (36%) than in pristine soil (6%). Even then, the phylogenetic groups that
were most abundant in pristine tundra soil have so far only been represented in the
databases by a limited number of sequences from cultured organisms (Yndestad
2004). These, as well as clone library data from Antarctic pristine tundra soils,
indicate that most of the sequences are derived from unknown and uncultured
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micro-organisms, and may represent new and undescribed taxa. Enrichment
cultures with three different oil types incubated at 4°C demonstrated that different
oils promoted the establishment of different communities. In these experiments, the
efficient oil-degrading organisms showed phylogenetic affiliation to well-known
hydrocarbon-degrading organisms within the Proteobacteria and the Gram positive
bacteria (Sunde 2005). In oil-contaminated soil, biodegradation of petroleum
hydrocarbons by indigenous cold-adapted microbial populations at low tempera-
tures has been observed (Whyte et al. 1999, 2001; Rike et al. 2003; Sunde 2005),
but the in situ rates of degradation were low. Therefore, the activity of the
indigenous hydrocarbon-degrading microbes is limited in cold soil, most likely by
a combination of unfavorable conditions including low temperature and moisture,
nutrient limitation, alkalinity, and potentially inhibitory hydrocarbons.

2.6 Conclusions: The Significance of Studying
Extremophiles in Soil

Extreme soils have highly selective physicochemical properties and many of them
have low microbial diversity relative to nonextreme soils. Therefore, they can serve
as model systems for exploring fundamental ecological principles such as the rela-
tionships between diversity and activity of micro-organisms and soil environmental
conditions (Smith et al. 2006). Furthermore, studies of microbial community com-
position and functions in extreme soils may be of great value for applications in
environmental cleanup, pollution prevention, or energy production.

Improved knowledge about extreme ecosystems will lead to important advances
in the understanding of microbial adaptation mechanisms, and facilitate the design
of biotechnological applications for enzymes and other compounds adapted to
function under extreme physicochemical conditions. In addition, extreme prokaryo-
tes may be interesting for bioprospecting, as they can be expected to contain a
number of bioactive compounds potentially useful in medicine as well as in the
pharmaceutical and environmental industries.

Defining the limiting conditions for life on our planet can aid us in speculation
on comparable limits in the universe. Extreme environments on Earth may resem-
ble those that exist on other planets and moons. Thus, investigation of the most
challenging environments on Earth, can give us some clues as to under which
conditions we can expect to find life on other planets (see Chapters 6, 7, and 10).
It can also provide some hints of what to search for when looking for signs of
extraterrestrial life (see Chapter 11). The study of microbes in extreme soils is
therefore highly relevant for astrobiology. It will advance our understanding, at
the molecular and physiological levels, of specializations and adaptations
required for the maintenance and proliferation of remote and as yet unrecognized
forms of life.
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