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Abstract

A vast majority of Earth’s aquatic ecosystems are considered to be extreme environments by human stan-
dards, yet they are inhabited by a wide diversity of organisms. This review explores ranges of temperature,
pH, and salinity that are exploited by the three domains of life and viruses in aquatic systems. Four Eukarya
subgroups are considered: microalgae, fungi, macroalgae, and protozoa. The breadth of environmental ranges
decreases with increasing cellular complexity. Bacteria and Archaea can live in environments that are not
physiologically accessible to the macroalgae. Common strategies of adaptation across domains are discussed;
for example, organisms in all three domains similarly alter cellular lipid saturation in membranes in response
to temperature. Unique adaptations of each group are highlighted. This review challenges the use of the word
“extreme” to describe many ecosystems, as the title is applied in relation to human habitability, yet a majority of
life on the planet exists outside our habitable zone. Examining traits of the boundary lineages, those that exist at
the physiological edge of the entire biome, or within a specific group, will provide a better understanding of life

on Earth and provide a starting point to advance future detection of life on Earth and elsewhere.

Section 1. Introduction

Organisms living in extreme environments are known as
extremophiles (from the Latin extremus meaning “extreme”
and Greek philos meaning “loving”). Do they thrive in these
extreme environments, or are they simply tolerating it tem-
porarily? What defines an extreme environment? The anthro-
pocentric view is simply defined as anything outside what
is normal for humans (e.g., oxic, photic, room temperature,
neutral pH). However, life in extreme environments is not
rare: most of the ocean would be considered an anthropo-
genic extreme, as it is cold, dark, and saline. Still the term
‘extremophile’ invokes images of single-celled Bacteria and
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Archaea; however all three domains experience conditions
that lie outside the human definition of “normal.” The envi-
ronmental conditions that define “extreme” therefore depend
on the taxa being studied. Thus, what is extreme for one
organism is not extreme for another, making extreme a rela-
tive term. Focus should be given to environmental conditions
that represent the true boundaries for taxa specifically, or for
Earth’s biome as a whole. Therefore, as with the change of no
longer taxonomically describing organisms as being “higher”
or “lower,” the description of extreme should be reconsidered
as many organisms are capable of growth outside the limited
conditions that humans can tolerate. We suggest that those
organisms surviving at the edge of a biosphere habitable zone
should be considered boundary organisms as they occupy a
special niche within Earth’s biosphere. This would provide a
more descriptive term than extreme and remove the implied
anthropocentric connotation.

This review outlines the boundary conditions for many
different branches on the tree of life. Almost everywhere
scientists have looked on Earth, life of some kind is present.
Life proliferates in habitats that span nearly every physical or
chemical variable, with the single limitation that water must be
present for some portion of the organism’s life history. Many
organisms simultaneously experience, and are adapted to,
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boundary conditions in more than one environmental param-
eter. This review is not meant to be exhaustive but rather
indicative of observed trends and the range of adaptations to
extreme environments that exist across trophic levels (Fig. 1).
It is crucial to note that “adaptation” encompasses multiple
strategies, which may be short-term (merely persisting until
mesophilic conditions return) or long-term (genetic changes
which allow organisms to grow and multiply in the midst of
extreme conditions). The distinction between persistence and
growth can be clearly delineated for organisms being cultured
in ideal laboratory settings, but is often elusive in the environ-
ment. We try to reflect this distinction to the extent that it is
made in the literature for three main environmental param-
eters: temperature (Fig. 2), pH (Fig. 3), and salinity (Fig. 4).
This type of a study, examining boundary conditions rather
than arbitrary “extreme” descriptions, will help define the
limits of modern life and identify areas for future study, while
also increasing our understanding of the potential for life on
other planets and the nature of life on early Earth.

Section 2. Viruses

Viruses are ubiquitous in all environments from oceans
to the human microbiome and often are the most abundant
entity within ecosystems, generally an order of magnitude
greater than Bacteria or Archaea. Viruses ‘live’ essentially as
parasites on their host, which can be of viral (e.g., Mamavirus),
bacterial, archaeal, or eukaryotic origin (Hyman and Abedon
2012). These infections can enable transfer of genetic material
between and among viruses and hosts; therefore viruses can
serve to induce genetic diversity within varied ecosystems. The
microbial food web plays a major role in recycling carbon and
nutrients and regulates energy transfer to higher trophic levels
(Azam 1998; Kirchman 1994). Current knowledge of virus
abundance, diversity, and role within extreme environments
is rapidly advancing. The onset of new technologies, such as
those involved in community sequencing of genomic material
and microscopy, enable discovery within new ecosystems at
the boundary of the known biosphere. Still, few studies have
described the niche differentiation that leads to specific groups
being endemic to certain extreme or boundary conditions.

Temperature

High temperature habitats from marine hydrothermal
vents to terrestrial hot springs are active sites for viruses. In
general, bacteriophages prevail in hydrothermal vent regions
and archaeal phages in terrestrial regions (with notable excep-
tions), likely due to the available host Epsilonproteobacteria
and Crenarchaeota taxa, respectively (Prangishvili and Garrett
2005; Snyder et al. 2003). Viruses have different modes of
‘life’ in reference to their replication style, and it has been
found that lysogenic phages (i.e., those that can incorporate
their genome into their hosts and persist for several rounds
of host replication) persist in marine high temperature sys-
tems (Williamson et al. 2008). Abundances within marine
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Fig. 1. Hierarchal description of the habitat range of organisms, includ-
ing viruses, discussed in this review.

vent systems are relatively high (10>-10” mL™) compared with
background seawater (10*-10° mL™), suggesting active viral
production within vent fluids and the subseafloor (Ortmann
and Suttle 2005). The highest temperatures in which viruses
have been isolated is 100°C from a Yellowstone hot spring (Le
Romancer et al. 2007). This field of research is still develop-
ing, and since viral abundances appear to track prokaryotic
abundances within environments, we suggest that this upper
temperature boundary will be extended to the limit for bacte-
rial and archaeal life (discussed below).

High viral abundances have been reported at cold tem-
peratures as well. Polar sea ice contains approximately 10- to
100-fold greater viral counts than the warmer underlying
water (Maranger et al. 1994). Viruses persist in temperatures
between -2° to —6°C in sea ice where necessary substrates
and brine channels vary with temperature causing deviations
in virus/host contact rates that ultimately lead to changes
in infection dynamics and nutrient availability (Ewert and
Deming 2013; Krembs et al. 2000). Culturable virus/host sys-
tems from low temperature dependent (psychrophilic) organ-
isms exist for isolates from Arctic sea ice, and like their hosts,
these viruses are restricted to reproducing in low temperatures
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Fig. 2. Observed natural temperature ranges of the taxonomic groups outlined in the text, including viruses, based on measurements and observations
of activity and growth. References are as follows: high temperature (Tansey and Brock 1972; Knoop and Bate 1990; Huber et al. 1992; Maheshwari et al.
2000; Baumgartner et al. 2002; Ciniglia et al. 2004; Le Romancer et al. 2007; Takai et al. 2008; Toplin et al. 2008), low temperature (Becker 1982; Franzmann
et al. 1992; Junge et al. 2001; Krembs et al. 2002; Junge et al. 2004; Magan 2007; Rose and Caron 2007; Yau et al. 2011).
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Fig. 3. Ranges of temperature and pH extremes in which various taxonomic groups are found in nature. Where the distinction can be made, the ranges
here reflect active metabolism and/or growth, not simple persistence or stasis; for example, Bacteria and Archaea at hydrothermal vents are often peri-
odically exposed to temperatures well in excess of those shown here which represent instead maximum growth temperature. Lines between axes are
connectors only and not indicative of data points. References are as follows: high temperature (Tansey and Brock 1972; Knoop and Bate 1990; Huber et al.
1992; Maheshwari et al. 2000; Baumgartner et al. 2002; Ciniglia et al. 2004; Takai et al. 2008; Toplin et al. 2008), low temperature (Becker 1982; Franzmann
et al. 1992; Junge et al. 2001, 2004; Krembs et al. 2002; Magan 2007; Rose and Caron 2007), high pH (Skinner 1968; Hecky and Kilham 1973; Maberly 1990;
Nagai et al. 1998; Schrenk et al. 2004; Ong’ondo et al. 2013), low pH (Albertano et al. 1981; Schleper et al. 1995; Kelly and Wood 2000; Packroff and Woelfl
2000; Sabater et al. 2003; Baker et al. 2004).
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Fig. 4. Ranges of documented high salinity to temperature ranges of taxonomic groups. Salinity values of 35-36% w/v should be regarded as saturated
solutions. Extremely low salinity tolerances are an open question, but certainly on a percentage scale are as near to zero as makes little practical difference.
Still, absolutely pure water without any ions, gases, or dissolved substrate is, in theory, inhospitable. References are as follows: salinity (Kirby 1934; Tansey
and Brock 1972; Henderson 1977; Borowitzka 1981; Knoth and Wiencke 1984; Buchalo et al. 1999; Anton et al. 2000; Oren 2005), high temperature (Knoop
and Bate 1990; Huber et al. 1992; Maheshwari et al. 2000; Baumgartner et al. 2002; Ciniglia et al. 2004; Takai et al. 2008; Toplin et al. 2008), low temperature
(Becker 1982; Franzmann et al. 1992; Junge et al. 2001, 2004; Krembs et al. 2002; Magan 2007; Rose and Caron 2007).

(Borriss et al. 2003). Hypersaline lakes are particularly harsh
environments within polar regions. Phytoplankton viruses
have been identified recently in these cold (-14°-15°C),
hypersaline (~ 230 g L™' max salinity) lakes, which require the
organisms inhabiting them to be co-adapted to two boundary
conditions, and have been a source of phytoplankton viruses
in recent studies (Yau et al. 2011).

The viral hot and cold temperature boundary appears to
be limited only by the survivability of the host organism. This
statement should guide future research and attempts should
be made to test these boundaries.

pH

As viruses are found in every system where potential hosts
thrive, those that infect alkaliphiles and acidophiles (organ-
isms that persist in high and low pH, respectively) have been
identified. Evidence of viruses from alkaline lakes was recently
first reported in 2004 from Mono Lake (pH 10) in California
(Jiang et al. 2004). At this high pH condition, the estimated
abundance was much higher than in other more neutral pH
aquatic systems ranging from 10%-10° mL™' (Jiang et al. 2004).

Conversely, much less data exists for viruses of acido-
philic organisms. Archaeal viruses similar to those from
the hyperthermophilic environments mentioned above
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have been isolated in association with Sulfolobus, a com-
mon Crenarchaeota, from acidic hot springs in Yellowstone
National Park at pH 1.5-2 (Bize et al. 2008; Prangishvili et
al. 2006; Rice et al. 2001; Zillig et al. 1996). The morpholog-
ical structures and genome diversity of crenarchaeal viruses
is strikingly unique compared with other archaeal groups
and bacteriophage, thus providing evidence into evolution
and adaptation unrelated to other known viruses (Pietild et
al. 2014). More work in these areas will be needed to deter-
mine the boundary for viral persistence within microbial
communities.

Salinity

The first haloarchaeal virus was discovered in 1974 (Torsvik
et al. 2002), yet to date only about 15 have been described.
Recent studies on the activity of haloviruses indicates that
these communities are transcriptionally active and that groups
with high GC content in their expressed sequences are the
most active (Santos et al. 2011). Additionally, in hypersaline
marine systems (e.g., the Dead Sea), the reported estimates of
viral abundance are high at 10’ mL™ (Oren et al. 1997), and
vast genomic diversity exists with sizes ranging from 10 to
533 kb (Sandaa et al. 2003). Viruses follow the trend in these
environments of being more abundant than their microbial
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counterparts and based on estimates of microbial mortality,
viruses have been shown to limit the microbial population
(Guixa-Boixareu et al. 1996). As salinity increases, the per-
sistence strategies of viruses appear to switch from a preva-
lence of lytic to lysogenic modes of infection (Bettarel et al.
2011).

Principally, viruses exist wherever potential hosts pre-
vail. Future research should be guided by the knowledge of
hosts and their boundary conditions, and attempts should be
made to test these boundaries. Their ability to adapt across
boundary conditions lies in their genomic and morphological
diversity as well as their lysogenic capabilities. Whereas not
all viruses are lysogenic, it has been speculated that in some
environments, lysogeny is a preferred mode of replication as
a means to evade the harsh environments except when abso-
lutely necessary.

Section 3. Archaea

Archaea and Bacteria are frequently lumped as the “micro-
bial fraction” in many studies, and indeed they can be indistin-
guishable morphologically. Ecologically, the two domains of
life are distinct and warrant separate discussion here. Archaea
have been associated with extreme, or boundary, environ-
ments since their categorization as a separate domain of life
because some of the original representatives came from hot
springs and salt lakes. Whereas some Archaea are boundary
organisms, they are also abundant in environments including
terrestrial soils and oxic seawater. The “extremophile” bias has
been greatly reduced with increased sampling and culturing
efforts. Archaea can be difficult to distinguish from Bacteria
based on size and morphology; therefore, sequence informa-
tion and/or lipid analyses are often required to make a defin-
itive identification between them. In the environment, both
domains co-exist, co-habitate, and even form consortia (e.g.,
in the case of anaerobic methane oxidation) (Orphan et al.
2000; Orphan et al. 2002; Dekas et al. 2009). Studies of bound-
ary environments, such as sea ice and hydrothermal vents,
often assay microbial cells or metabolic activity, thus grouping
the two domains because of the difficulty in distinction. Below
is a discussion on some of the known environmental bound-
aries for Archaea in which these microorganisms are often
incapable of life under “normal” conditions, and therefore the
boundary conditions should not be considered “extreme.”

Temperature

The current record-holder for high temperature pure cul-
ture work is held by Methanopyrus kandleri at 122°C (Takai et
al. 2008), but it is not the only hyperthermophilic archaeon.
There is great interest from the biotechnology industry in high
temperature-adapted archaeal lineages. Products including
DNA polymerase isolated from Pyrococcus furiosis (Pfu) have
proven scientifically valuable. Culturing hyperthermophilic
Archaea is very difficult not just due to the high temperatures,
but varying pressures and pH. Once optimal temperature,
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pressure, and pH are achieved for archaeal growth, steady
state growth is maintainable. In the environment, hot springs
and hydrothermal vents can be more thermally variable than
lab cultures, which tend to be isothermal. Microbes at vents,
for example, can be periodically exposed to fluids in excess
of 300°C (Holland and Baross 2003). The extent to which
Archaea can survive these events is largely unknown, but the
upper thermal boundary undoubtedly depends on how the
limit is defined. There is a difference between growth and
survival, with survivability being temporally dependent on the
exposure period to adverse environmental conditions.

The lower temperature boundary for Archaea is less well
defined. Based on pure cultures and extrapolation from growth
curves, a limit of -2.5°C was predicted for Methanococcoides
burtonii (Nichols and Franzmann 1992). In the environment,
aquatic organisms are often frozen into sea ice and can exist in
small brine channels of liquid water and extremely cold tem-
peratures (Deming 2002), but whether they are active or not is
more difficult to assess. Similarly, Halorubrum lacusprofundi
was isolated from an extremely cold environment (-20°C),
but in lab is grown at room temperature or above (Franzmann
et al. 1992). Few cold temperature studies have focused on
Archaea in situ. Junge et al. (2004) measured microbial activity
in sea ice down to -20°C, although this was a mix of Bacteria
and Archaea. Looking specifically at archaeal DNA sequences,
Collins et al. (2010) noted the persistence of multiple lineages
in sea ice over a winter with in situ temperatures dropping as
cold as -26°C. In an artificial setting, laboratory cultures for
Bacteria, Archaea, and eukaryotic micro-algae are routinely
frozen at -80°C or in liquid N, (-196°C), and resuscitated for
research purposes.

The psychrophilic Archaea provide a great example for
the need to clearly determine activity versus survivability at
biosphere boundaries. Additional research should be done
to specifically determine the lower temperature boundary for
active metabolic function. A potential additional criterion may
be physiological maintenance activity versus growth. Results
from such studies will help better define the boundaries of
these archaeal lineages and can be applied to other domains.

pH

Archaea are found at the pH boundaries for life on
Earth. Many studies of high pH organisms have focused
on systems such as hydrothermal vents and hot springs fed
by serpentinization reactions, such as the archaeal mats of
Methanosarcinales, which are found in fluids up to pH 11
(Schrenk et al. 2004). Soda lakes also host notable archaeal
phylotypes such as Natronobacterium at pH 10 (Tindall et al.
1984). Conversely, Picrophilus oshimae, first cultured in the
1990s, has been shown to grow in media as acidic as pH 0
(Schleper et al. 1995). These acidophiles and additional species
of Sulfolobus and Acidanus are typically obligate acidophiles;
their adaptations to high hydrogen ion concentrations ren-
der them incapable of growth at more neutral pH levels (i.e.,
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greater than 4 or 5). As noted earlier, these lineages make good
examples for why the term “extreme” is relative and should be
reconsidered as it provides a biased description.

Salinity

Many Archaea are associated with extreme halophily, and
historically were considered dominant lineages within high
salt environments. The archaeal class Halobacteria, with many
cultured representatives, often tolerate completely saturated
environments of 36% for standard pressures and temperatures
(Henderson 1977). The consequences of high salt concen-
trations are the same as desiccation (i.e., low water activity).
Rather than preventing salt uptake, which could induce lysis,
Halobacteria cope with extremely high intracellular salt con-
centrations by using specialized enzymes. These enzymes
denature at low salt concentration, and are used to actively
pump Na* out and K* in (Ng et al. 2000). As discussed with
Bacteria, these strategies and their genetic composition are
shared between halophiles such as the archaeon Halobacteria
and the bacteria Salinibacter (Mongodin et al. 2005). Traits
that have co-evolved across domains provide general life
boundary characteristics that can be used to determine molec-
ular markers. These conserved gene sequences would provide
starting points for advanced searches to identify additional
halophilic species and potentially in situ quantification of yet
to be cultured populations.

Section 4. Bacteria

Phylogenetically, Bacteria is a very diverse domain that
includes a wide range of metabolic strategies unique only
to microbes such as autotrophy, heterotrophy, phototro-
phy, chemotrophy (using inorganic compounds as energy
sources), and fermentation (Oren 2009). Bacteria are ubiqui-
tous; however, only an estimated 0.1% to 1% of bacteria can
be cultivated in a laboratory under “normal” conditions. The
challenge to microbiologists is to understand the unculturable
microorganisms using genetic information. Comparative ribo-
somal RNA sequencing analysis has lead to the construction
of phylogenetic trees that map the natural relationships and
quantify the degree of relatedness among all life. Additionally,
ribosomal RNA probes identifying specific microorganisms
are used to determine the distribution of those organisms
throughout the environment. Using molecular techniques,
our knowledge of the diversity of bacterial life in extreme
environments has rapidly increased in recent decades. Results
from these studies have demonstrated that environments
previously considered extreme based on our own habitable
ranges support highly diverse ecosystems where bacterial and
archaeal lineages flourish.

Bacteria survive in a wide and diverse range of environmen-
tal parameters that are not limited to the boundary conditions
of temperature, pH, and salinity. The environments discussed
below are not meant to be an exhaustive list, but rather a
starting point using some common environmental parameters
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where Bacteria survive. An interesting example of life at addi-
tional boundary environments is that of Deinococcus radiodu-
rans, which survives high doses of radiation. This lineage was
first discovered in 1956 in a can of ground meat sterilized with
radiation. It is able to survive high doses of radiation by using
specialized DNA repair enzymes and cell membrane adapta-
tions containing bacterioruberin, a 50 carbon carotenoid pig-
ment that protects against DNA damage caused by UV light
(White et al. 1999). Additional boundaries of the biosphere
should be explored to identify other boundary lineages, with
the goal of understanding diversity from all physiological
aspects, and not simply labeling them “extreme” based on our
own, human-based environmental limitations.

Temperature

Thomas Brock was a pioneer of much of the work on hyper-
thermophilic (high temperature loving) bacteria. Thermotogae
(t,.. = 90°C) and Aquificae (t_ = 95°C) are the only known
bacterial phyla that thrive at environmental temperatures
above 80°C. The highest recorded marine temperature with
active bacterial life was found at a hydrothermal vent (95°C),
from which Aquifex pyrophilus was isolated (Huber et al.
1992). Specific structural adaptations, which require the opti-
mization of membrane stability and fluidity, have been noted
to support life in these conditions. Thermophilic bacteria and
cyanobacteria have highly unsaturated fatty acids allowing
them to remain stable and retain their shape at high tem-
peratures (Daniel and Cowan 2000; Maslova et al. 2004).
Structural protein molecules (e.g., ribosomal proteins, trans-
port proteins) that normally denature at about 60°C, exhibit
hyperthermostability through dehydration and slight changes
in their primary structure (Kumar et al. 2010). Compounds
such as potassium di-inositol-1,17-phosphate (Scholz et al.
1992) or tripotassium cyclic-2,3-diphosphoglycerate (Hensel
and Konig 1988) serve to stabilize protein conformation at
high temperatures, and it is suggested that this is also a possi-
ble mechanism for the stabilization of nucleic acid secondary
structure (Daniel and Cowan 2000). Thermostable protein
activity has been measured in excess of 130°C, although the-
oretical limits are closer to 150°C based on thermodynamic
calculations of the protein structure (Hoehler 2007). A clear
understanding of how life exists at the upper temperature
boundary is hindered by the shortage of data on biomolecule
stability above 100°C, which is mostly available for in vitro
rather than in vivo conditions.

The lowest temperature limit for active bacterial life is
approximately -20°C and motility down to -15°C for bac-
teria living in sea ice (Junge et al. 2004; Junge et al. 2001).
One Arctic marine bacterium, Psychromonas ingrahamii, has
demonstrated the lowest growth temperature of any organism
authenticated by a growth curve (-12 to —15°C) with a gener-
ation time of 240 hours (Breezee et al. 2004). This organism is
unable to survive at conditions otherwise considered “normal”
(25°C), as its maximal growth is 10°C.
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Growth optima near 20°C for cultured cyanobacteria iso-
lated from polar environments suggested that these organ-
isms may be cold-tolerant but not cold-adapted (Tang et al.
1997); however, observations of filamentous cyanobacteria in
microbial mats found in glacial cryoconite holes and sea-ice
melt-water ponds suggests that some species are psychrophiles
(De Los Rios et al. 2004; Gerdel and Drouet 1960).

The ability to protect cells from freezing (and subse-
quent thawing) relies on the membrane structure itself and
cold-temperature adaptation of proteins. Most research of
cold-adapted microorganisms at the molecular level focuses
on enzymes (e.g., valine dehydrogenase, laminarases, chitobi-
ase, and chitinases) (Deming 2002). However, psychrophiles
also regulate the chemical composition of their membranes
because the fluidity of membranes decreases with decreas-
ing temperature. The ratio of unsaturated to saturated fatty
acids increases to keep them sufficiently fluid to allow for
transport processes even at temperatures below freezing
(Rothschild and Mancinelli 2001). Regarding proteins, psy-
chrophiles typically use more polar and less hydrophobic
residues than proteins from hyperthermophiles. One specific
example is the adaptation of the protein M1 aminopeptidase,
renamed to cold-active aminopeptidase (ColAP), for which
the main function is to assist in proteolytic cleavage (Huston
et al. 2004).

Additionally, polar cyanobacteria must survive extended
darkness, freeze-thaw cycles and sustained cold tempera-
tures. The structure of the cyanobacterial mats likely aids the
survival of the community in which some cyanobacteria fix
nitrogen, whereas other members secrete exopolysaccharides
(EPS) that provide structure and possibly protection from
desiccation and freezing to the mat (De Los Rios et al. 2004).
The ability to recover metabolic processes after desiccation is
species specific, and long-term mat survival and propagation
may also be attributed stress-resistant spores produced by
some species (Hawes et al. 1992). Few research studies address
the mechanisms of cold-adaptation in psychrophilic bacteria,
instead inferences are made by performing temperature shift
experiments on mesophiles (Sato 1995).

Temperature fluctuations are sometimes assumed to affect
heterotrophic bacteria more than phototrophic bacteria, and
climate change models often assume that primary produc-
tion will not be directly affected by increases in temperature,
but heterotrophy and respiration in soils will be affected
(Kirchman 2012). One reason for this is that the light reaction
of phototrophy is affected less by temperature changes than
heterotrophic respiration reactions. Any differences in how
temperature affects heterotrophic organisms versus primary
producers or aquatic versus terrestrial organisms would have
huge implication for understanding the impact of climate
change on the carbon cycle and the rest of the biosphere
(Kirchman 2012). The many indirect effects of temperature,
such as those on the hydrologic cycle and pH, complicate this
understanding even further.
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pH

At high pH, cyanobacteria are frequently the dominant pri-
mary producers in alkaline lakes and are among the most alka-
liphilic organisms known. The cyanobacterium Plectonema
nostocorum is considered to be the most alkaline tolerant
species and can live at a pH of 13 (Skinner 1968). The cya-
nobacterium Spirulina platensis is an obligate alkaliphile, and
reaches large population sizes at pH 11 and above (Belkin and
Boussiba 1991). The most well-studied alkaliphilic bacteria are
within the genus Bacillus, which has a broad range for growth
(pH 7.5 to 11) and phototrophic purple bacteria (optimum pH
8-10). These organisms are incapable of growth at circumneu-
tral pH conditions.

Alkaliphiles survive by enzyme stability, homeostasis (e.g.,
pumping ions in and out of the cell to maintain a semi-neu-
tral cytoplasmic pH), and/or reversal of the pH gradient (e.g.,
coupling Na* expulsion to electron transport). For example,
Bacillus firmus uses a sodium motive force rather than a proton
motive force to drive transport reactions and motility (Krulwich
1986). Additionally, cells within a high pH environment are
composed of three main components: peptidoglycan, proteins,
and polysaccharides or polyol compounds. The peptidogly-
cans form mechanically rigid three-dimensional net-frame
structures outside the membrane, as in the case of a Bacillus
spp. (Horikoshi 1999). The polyols of the cell wall are also sub-
stituted with hexoses or hexosamines in response to high pH
surroundings (Krulwich et al. 2007). Within the cell membrane
of other alkaliphiles, acidic polymers composed of residues such
as galacturonic acid, glutamic acid, aspartic acid, gluconic acid,
and phosphoric acid prevent the entry of hydroxide ions yet
allow the uptake of hydronium ions (Horikoshi 1999).

The most extreme acidophilic bacteria are Acidithiobacillus
thiooxidans (pH 0.9-4.5) and Acidithiobacillus ferrooxidans
(pH 1.5-4), which were first isolated from acid mine drain-
age (Kelly and Wood 2000). They have since been found in
marine environments including the Seto Inland Sea, Japan
(Kamimura et al. 2003). Similar to alkaliphiles, many acido-
philic microorganisms have the ability to maintain intracellu-
lar pH at values that are circumneutral and a proton gradient
over their cytoplasmic membranes of several orders of mag-
nitude (Oren 2001; Seckbach 2000), which negates the need
for cytoplasmic proteins to evolve acid stability. However,
Acetobacter aceti has an acidified cytoplasm and nearly all
its proteins are acid stable due to an overabundance of acidic
residues, which minimizes destabilization at low pH induced
by a buildup of positive charge outside the cell (Menzel and
Gottschalk 1985).

Each of these adaptations provides the niche specializations
required for survival at alkali and acidic boundary conditions
while making neutral pH appear “extreme.” Evolutionary
adaptations allow these lineages to thrive in conditions that
are considered extreme, but that view is only from a human
perspective. These conditions are boundary environments
for the biosphere and should be noted as such. These specific
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adaptations should be explored to determine how they provide
the needed physiological mechanisms for survival relative to
organisms that are adapted to neutral pH. This will help to
better understand the range of pH-related adaptations without
the bias of considering one extreme and one normal.

Salinity

Most microorganisms in marine systems are naturally
halophilic, living in salinities of 3.5% w/v; however, a small
subset is uniquely adapted to extremely high salinities. These
microorganisms are found in hypersaline lakes and deep-
sea brine pools, and can tolerate saturated salt solutions
approaching 36% w/v. Extreme halophily has been studied
for decades, with several named taxa including Halobacterium
(Henderson 1977) predating the partitioning in scientific
literature between Archaea and Bacteria (Woese et al. 1983).
Subsequently, many of those named taxa were found to be
Archaea, and extreme halophily was regarded as an archaeal
adaptation. This distinction has been overturned in the past
decade with the identification of bacteria such as Salinibacter
(Antdn et al. 2000), which grow in saturated salt solutions.
Halophiles balance the solute concentration difference by syn-
thesizing or pumping in osmolytes, such as glycerol (Roberts
2005), sucrose (Roberts 2005), glycine betaine (Le Rudulier
and Bouillard 1983), or potassium ions (Oren et al. 2002).
Similar to the acidophiles discussed above, one strategy for
coping with a high salt environment involves the extensive use
of acidic amino acid residues to help stabilize protein struc-
tures (Oren and Mana 2002).

Paralleling our growing understanding of the significant
role that bacteria play in what was thought of as an archaeal
world, halophilic Bacteria and Archaea are thought to use
similar adaptations through convergent evolution and gene
exchange (Mongodin et al. 2005). The genes associated with
the adaptations can be used for molecular studies in higher
salt concentrations, allowing for additional targeted studies to
determine a true boundary for this environmental condition.
These results will help advance our understanding of the limits
of Earth’s biosphere and assist our search for the life on Mars,
as brines have been detected recently on the Martian surface.

Section 5. Fungi

Fungi are ubiquitous in natural environments and have
evolved specialized adaptations to a wide variety of environ-
mental, and sometimes boundary, niches. Marine fungi have
been reported from hydrothermal vents, deep-sea trenches,
cold methane seeps, deep-sea subsurface sediments, and
hypersaline, anoxic and suboxic waters. Specialized adapta-
tions have allowed fungi to persist in temperatures, pH, and
salinities that approach boundary conditions (Figs. 2-4).

Temperature
Thermophilic fungi, by convention, must grow at 20°C
or above and grow optimally between 40 and 50°C. Several
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species of fungi (e.g., Thermoascus aurantiacus, Rhizomucor
pusilis, Aspergillus candidus) have been found in natural geo-
thermal systems at temperatures of 60-62°C and enriched at
temperatures near 50°C (Maheshwari et al. 2000; Tansey and
Brock 1972). Four main hypotheses of fungal thermophily
have been investigated: 1) lipid solubilization to maintain flu-
idity of the cell; 2) resynthesizing essential metabolites rapidly;
3) molecular thermostability of the genetic material; and 4)
structural thermostability of the cell (Maheshwari et al. 2000).
Most notably, an increase in temperature results in cellular lip-
ids containing more saturated fatty acids, which have a higher
melting point than their mesophilic counterparts (Maheshwari
et al. 2000). These strategies are similar to the archaeal and
bacterial adaptations, suggesting similar, domain-level biolog-
ical solutions to survival at high temperatures.

At the psychrophilic boundary for fungi, some
Aureobasidium species have been isolated from Antarctic
rocks, which can grow and reproduce at 0-5°C, but are
reported to withstand temperatures as low as —-80°C (Magan
2007). In sub-Arctic regions, it is important for fungi and
other microorganisms to survive harsh winter months to grow
actively again during warm months. The conidia (i.e., spores)
of Aspergillus flavus were found to be resistant to freezing in
water at —73°C (Mazur 1956). These fungi have evolved mul-
tiple, psychrophilic-associated physiological characteristics,
including the capacity to produce antifreeze compounds,
dehydrate, high supercooling activity, and chill tolerance
(Magan 2007).

pH

Acidophilic fungi are found in volcanic areas, soda lakes,
and mine drainages. In the natural environment, filamentous
fungi Acontium pullulans was isolated at pH 2.5 from an
acidic coal waste stream (Belly and Brock 1974). Metabolically
active Dothideomycetes and Eurotiomycetes and additional
ascomycete fungi were found in acid mine drainage at pH 0.8
to 1.38 (Baker et al. 2004). Three species of fungi, Acontium
cylatium, Cephalosporium sp., and Trichosporon cerebriae,
have been grown near pH 0 under laboratory conditions
(Schleper et al. 1995). The most acid-tolerant fungi known are
Acontiuni velatum and fungus D (an unidentified member of
the Dermatiaceae), originally isolated from strong acid solu-
tions containing 4% CuSO, in an industrial plant (Sletten and
Skinner 1948). These two lineages grew well when submerged
in nutrient-enriched sulfuric acid solutions at pH values as
low as 0.4. Although these lineages were not isolated from a
marine environment, they represent the lower range at which
fungi are capable of life and can direct future research. The
marine fungi, Aspergillus awamori, was isolated from seawater
with a pH optimum of 2°C and 30°C (Beena et al. 2010)

The maximum pH of fungal growth at pH 11 was deter-
mined using Penicillium variables and Fusarium bullatum in
laboratory experiments; however, both of these species were
found to neutralize the growth media to pH 7 (Johnson 1923).
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Likewise, Johnson also reported that fungi growing in acidic
media increased the pH to neutral. The genera Acremonium
and Fusarium were detected in alkaline caves with a pH 9 and
above (Nagai et al. 1998). The ability for fungi to survive in
extremely acidic or alkaline systems is similar to that of Bacteria
and Archaea in that they need efficient trans-membrane trans-
port systems and control of protons moving in and out of the
cells to meet necessary energy requirements (Kroll 1990). These
mechanisms are also linked to the control of the osmotic poten-
tial and the ability to survive in hypersaline environments.

Salinity

In general, the diversity of eukaryotic species and their
abundances decrease with increasing salinity. The halotoler-
ant (e.g., able to tolerate high salinity) fungal strain, Hortaea
werneckii, has been isolated from several hypersaline envi-
ronments, and the maximum salinity it can tolerate is 26%
(Gostincar et al. 2010). However, halophilic (e.g., requires
high salinity for optimal growth) isolates from the Dead
Sea, which has a salinity of 34%, included Gymnascella
marismortui, Ulocladium chlamydosporum, and Penicillium
westlingii (Buchalo et al. 1999). Halophilic organisms will
progressively replace halotolerant species as salinity increases.
Adaptations, such as plasma membrane composition, produc-
tion of enzymes involved in fatty acid modifications, osmolyte
composition, and accumulation of ions allow these species to
exist in such extreme environments.

Section 6. Eukaryotic microalgae

The evolutionary history of algae includes two endosymbi-
otic events involving bacteria that developed into mitochon-
dria and chloroplasts. The ancestors of extant cyanobacteria
were the first chlorophyll-based photosynthetic organisms
that ultimately lead to the eukaryotic algal lineages and higher
plants through endosymbiosis. Primary endosymbiosis, in
which a heterotroph engulfed a cyanobacterium, led to green
(Chlorophyta) and red algal lineages (Rhodophyta), and sub-
sequent secondary endosymbioses of those lineages evolved
into dinoflagellates (Alveolata), diatoms, and the macrophytic
brown algae (Heterokontophyta) (Keeling 2004). Some adap-
tations specific to the boundary conditions of eukaryotic algae
are similar to those of Bacteria and Archaea. In the case of
one red thermoacidophile, the adaptive genes were trans-
ferred directly from Bacteria and Archaea, but further work
is required to determine if adaptive traits for boundary condi-
tions in the green and brown lineages are from horizontal gene
transfer or convergent evolution.

Temperature

Like cyanobacteria, saturation of membrane lipids and
increased photosynthetic protein stability are important
adaptions in the eukaryotic microalgae. Species within the
eukaryotic red algal order Cyandiales are thermoacidophiles.
Within this order, Cyanidium caldarium inhabits the highest
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temperatures of any eukaryote, with a maximum tempera-
ture of 57°C (Doemel and Brock 1971). These single celled
algae are phylogenetically and ecologically diverse, living in
and around acid hotsprings at pH 0.5-1.5 and temperatures
from 18 to 55°C (Ciniglia et al. 2004; Toplin et al. 2008). In
Cyanidium caldarium, grown at 55°C, the total lipid fractions
containing saturated fatty acids and saturated phospholipids
were greater than at 20°C (Kleinschmidt and Mcmahon 1970).
The photosynthetic pigment phycocyanin maintains struc-
tural integrity at high temperatures due to a high isoelectric
point, relative to mesophilic species, suggesting that the charge
of the protein at cellular pH allows it to bind tightly to other
pigment monomers (Kao et al. 1975). Carbon acquisition in
Galderia species is aided by the uptake of organic carbon and
by mixotrophy, phenotypes encoded by a suite of specialized
genes (Barbier et al. 2005).

Toxic chemicals, such as arsenic and heavy metals, that
dissolve easily in acid are found in high concentrations in
thermoacidic habitats. Arsenic and antimony are enzymati-
cally oxidized by the Cyandiales by methyltransferases; these
proteins have in vitro temperature optima between 60°C
and 70°C (Lehr et al. 2007; Qin et al. 2009). Similarly, the
heavy metal chelator produced by Cyanidioschyzon mero-
lae has a temperature optimum of 50°C (Osaki et al. 2009).
In Galdieria sulphuraria, many mechanisms for adaption
to thermoacidic environments, such as arsenic removal,
are horizontally transferred from Bacteria and Archaea
(Schonknecht et al. 2013).

Viable microalgal life at low temperatures (-2° to —-14°C)
is accommodated by hypersaline conditions in sea-ice brine
channels. Diatoms, chrysophytes, and dinoflagellates were
observed with microscopy, both light and epifluorescence, and
in situ "C uptake experiments in sea ice (Krembs et al. 2002).
Chrysophytes and dinoflagellates survive the dark winter
months by forming dormant cysts (Stoecker et al.1997).

Algal individuals of the sea-ice community are not only
physiologically adapted to cold saline conditions, but they
physically modify the ice by releasing EPS that also provides
energetic substrates for heterotrophic bacteria (reviewed in
(Ewertand Deming 2013)). Sea-ice diatoms have several mech-
anisms of cryoprotection. They secrete ice-binding proteins
that interfere with the growth of damaging crystals outside
the cells (Janech et al. 2006; Krell et al. 2008). Some diatoms
produce dimethylsulphoniopropionate (DMSP) (Levasseur et
al. 1994), which functions as a cryoprotectant and as an anti-
oxidant in high salinity (Lyon et al. 2011). Osmotic stress is
reduced by increased production of osmolytes such as proline
(Krell et al. 2007).

To increase membrane fluidity at low temperatures, fatty
acids of chloroplast thylakoid membranes are less saturated
in the green ice alga Chlamydomonas subcaudata than in the
mesophyllic C. reinhardtii (Morgan-Kiss et al. 2002). Active
photosynthesis extends from the relatively warm (-2°C) sea-
water-ice interface to greater than 0.5 m above that (Mock and



Reese et al.

Kroon 2002). Although ice algae are able to photosynthesize at
-11°C, photochemistry is more efficient at higher temperatures
with significant increases at —5° and 1.8°C (Ralph et al. 2005).

pH

Diatoms frequently dominate eukaryotic phytoplankton
communities living in pH extremes, both acidic and alkaline.
The highest pH at which diatoms have been recorded in the
field is 10.6 in an East African rift valley lake (Hecky and
Kilham 1973). Diatoms, like the cyanobacteria, concentrate
carbon using plasma-membrane integrated bicarbonate trans-
porters (Nakajima et al. 2013; Reinfelder 2011). The tiny green
alga Picocystis salinarum is also important in alkaline lakes.
A strain from Dogenoer Soda Lake in Inner Mongolia with
natural conditions of pH = 10 and 18.8% salinity was exper-
imentally grown at pH = 12 (Fanjing et al. 2009). In alkaline
lakes Picocystis mitigates osmotic stress by balancing envi-
ronmental solute concentrations with matching intracellular
concentrations of the osmolytes glycine betaine and DMSP
(Roesler et al. 2002).

In addition to the thermoacidophiles, some microalgae
are simply acidophiles. The green alga Dunaliella acidoph-
ila is adapted to low pH and survives in nature at pH 0.5-1
(Albertano et al. 1981). Experimentally, D. acidophila has
tolerated pH 0.2, but its pH optimum for growth was pH 1
(Fuggi et al. 1988). Similar to acidophilic bacteria, Dunaliella
acidophila maintains a near-neutral internal cellular pH and
has a positive electric potential across the plasma membrane,
thus decreasing its permeability to hydronium ions, and allevi-
ating the need for internal proteins to have special adaptations
(Gimmler et al. 1989). Protein regulation is an important
adaptive mechanism; Chlamydomonas acidophila increases
its basal levels of heat shock proteins, which aid in protein
cycling and assembly, relative to the mesophyllic C. reinhardtii
(Gerloff-Elias et al. 2006).

Salinity

Species within the genus Dunaliella tolerate a wide range
of salinities, but D. salina survives saturating salt conditions
(Borowitzka 1981; Oren 2005). The optimal salinity for growth
of D. salina is ~ 15%, but it is found naturally at higher salt
concentrations (Brock 1975). Dunaliella salina is valued for the
commercial production of 3-carotenes, and therefore, the adap-
tive response to high salinity is well characterized and known to
be integrated throughout the cell. Osmotic stress is controlled
through the removal of Na* by NADPH driven redox reactions
and Na*-ATPases located in the plasma membrane (Katz and
Pick 2001). Relative to low salinity treatments, cells grown in
high salinity have an increased amount of ion and nutrient
transporters, carbonic anydrases that increase the flux of CO,
into the cell via bicarbonate, signal transduction proteins, and
enzymes that reduce oxidative stress (Katz et al. 2007). The
increased flux of CO, at the plasma membrane is driven by
photosynthesis and an increase in Calvin cycle enzymes (Liska
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et al. 2004). This fixed carbon is shunted to the production of
glycerol, an osmolyte under high salinity (Liska et al. 2004).
Although the cellular concentrations of glyercol in D. parvum
can balance the external concentration of NaCl (Ben-Amotz
and Avron 1973), glycine betaine and proline may also be
important osmolytes (Mishra et al. 2008). The increased met-
abolic activity is aided by the fluidity of internal membranes,
which are enriched in unsaturated lipids (Azachi et al. 2002).

Oxidative stress increases with increasing salinity, but the
nature of the physiological response appears to be salinity
dependent (Mishra and Jha 2011). Under low to moderate
concentration of NaCl (~3-12%), oxygen radicals are enzy-
matically controlled, whereas at higher salt concentrations
carotenes are the primary anti-oxidants (Borowitzka et al.
1990; Mishra and Jha 2011).

Section 7. Multicellular eukaryotic algae

Multicellular eukaryotic algae range in size over four orders
of magnitude, from filamentous algae millimeters in length
to the giant kelp Macrocystis pyrifera, which can span tens
of meters of water column. Multicellularity evolved from
unicellular members of the Chlorophyta, Rhodophyta, and
Heterokontophyta, each with unique abilities to interact with
their environment. Algae also display a wide range of mor-
phologies (e.g., encrusting, calcareous, sheet-like). Macroalgae
may exist completely submerged in water and/or exposed to
the air and thus experience a range of physical conditions.
Factors such as those described below, can vary with tidal cycle
and seasons so algae must be able to cope with variations in
the conditions as well.

Temperature

Temperature can limit the geographic range of a species
as well as its vertical distribution from the subtidal to inter-
tidal zones. Macroalgae from the northern Indian Ocean
have a temperature limit of 28°C providing a biogeographic
boundary (Schils and Wilson 2006). Tolerance to high tem-
peratures (i.e., up to ~ 30°C) is correlated with vertical posi-
tion in the intertidal or subtidal zone in Caribbean seaweeds
(Pakker et al. 1995), and exposure to air temperatures. The
red alga, Chondrus crispus, has an upper lethal limit of 34.4°C
(Knoop and Bate 1990). At high temperatures trade-offs in
energy allocation may occur. For example increased rates of
photorespiration can lead to decreased net photosynthesis.
At 35°C, the photosynthetic performance of the siphonous
green alga Codium edule declined over a period of several
hours, with thermal denaturation of PSII proteins occurring
at 40°C (Lee and Hsu 2009). Chlorophyll degrades above 75°C
(Rothschild and Mancinelli 2001), thus setting a theoretical
upper temperature limit of chlorophyll-based photosynthesis
(Rothschild and Mancinelli 2001).

In salt water, the lower temperature limit of multicellular
eukaryotic algae is generally at the freezing point. Filamentous
Antarctic algae, Geminocarpus geminatus (Ectocarpales:
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Phaeophyceae) and Cladophora repens (Cladophorales:
Cladophorophyceae), have positive growth at temperatures of
-1.5°C (Mckamey and Amsler 2006). The red algae Devaleraea
ramentacaea grew well at —2°C and was able to survive short
time periods of freezing at -20°C (Novaczek et al. 1990).
Ascoseira mirabilis, a brown Antarctic algae, has a temperature
optimum near 1°C (Drew 1977). Adaptations for increasing
freezing tolerance include the possession of macromolecules
that prevent the recrystallization of ice such as in the Antarctic
eukaryotic green alga Prasiola sp. (Raymond and Fritsen
2001); Prasiola crispa was found to be photosynthetically
active as low as —15°C (Becker 1982).

pH

The filamentous algae Klebsormidium flaccidum and
Mougeotia sp. survive at pH 1.5 in the Rio Tinto River in
Spain, which has been acidified by mining, and has high
concentration of heavy metals (Sabater et al. 2003). At the
high pH boundary, algal species inhabiting tide pools modify
the pH in the pool by enzymatically using bicarbonate as a
carbon substrate and leaving hydroxide ions (Maberly 1990).
Enteromorpha intestinalis (now: Ulva intestinalis) effectively
depletes the inorganic carbon and can raise the external pH
to 10.82 (Maberly 1990). Likewise, the intertidal brown alga
Fucus vesiculosus increased pH to 10.19 in its environment
(Middelboe and Hansen 2007).

Salinity

Macroalgae are able to tolerate a range of naturally occurring
salinities from freshwater to highly concentrated salinities in
evaporative tide pools. Marine macroalgae experience a range
of salinities, from brackish to 3.5% (ocean salinity), that varies
with tidal cycle, season, and riverine input. In Fucus distichus,
and upper intertidal alga, the effective quantum yield of photo-
synthesis was not affected by changes in salinity ranging from
0.5 to 6% (Karsten 2007). Fucus species are able to maintain
turgor pressure across a range of external salinities via osmotic
adjustment of ions Na*, K*, and Cl" and organic compounds
such as mannitol (Karsten et al. 1991; Kirst and Bisson 1979;
Reed et al. 1985). Porphyra umbilicalis, an intertidal red algae,
tolerates osmotic conditions up to 6x (~21%) artificial seawater
medium (Knoth and Wiencke 1984). Seaweeds alter their tran-
scriptome (i.e., regulate gene expression) as a means to cope
with both hypo- and hyper- salinity stress (Teo et al. 2009).

Other extreme conditions

Algae require light for photosynthesis. Low light will limit
primary productivity, and excess light can cause damage to
the alga. As light is attenuated with depth in the ocean, cer-
tain wavelengths disappear faster than others, which can set
a depth limit to where algae can live. Algae have evolved a
diversity of light harvesting complexes such as the phycobili-
some found in cyanobacteria and red algae to exploit a range
of wavelengths (Grossman et al. 1995; Grossman et al. 1993).
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Polar species experience a period of low light during winter
months; kelp gametophytes can survive 18 months of darkness
(Tom Dieck 1993). On the other hand, too much light may
cause damage to photosystem proteins and generate reactive
oxygen species (Ledford and Niyogi 2005). Algae have several
photoprotective mechanisms for coping with this type of stress
including thermal dissipation of excess energy, alternative
electron transport pathways, antioxidant systems, and repair
mechanisms (Niyogi 1999). For example, mycosporine-like
amino acids (MMAs) protect cells against UV radiation (Oren
and Gunde-Cimerman 2007).

Physical characteristics (e.g., light, temperature, nutrients)
of the water column differ between the top and bottom, and
vary at multiple time scales (e.g., hourly, seasonally, inter-
decadally), meaning the same individual must cope with dif-
ferent conditions simultaneously. During the summer when
the ocean is stratified, the giant kelp may be limited by nutri-
ents at the surface and by light at depth. The ability to trans-
port materials (e.g., amino acids and sugars) through a sieve
tube system (only found in some kelps) allows for different
physiological processes to occur in different parts of the kelp
as determined by experiments testing photophysiology and
gene expression (Colombo-Pallotta et al. 2006; Konotchick et
al. 2013; Parker and Huber 1965; Sargent and Lantrip 1952).

Section 8. Protozoa

Heterotrophic and mixotrophic motile protists were origi-
nally classified as their own taxonomic group—the protozoa.
This classification is now outdated due to the difficulty in
differentiating pure autotrophs from heterotrophs. This sec-
tion will focus on unicellular, non-autotrophic eukaryotes and
their capability to survive and grow under “extreme,” bound-
ary conditions.

Temperature

Like the other eukaryotic groups, the temperature boundar-
ies at which protozoa are able to grow are moderate compared
with Archaea and Bacteria. The highest reported temperature
for growth of an anaerobic ciliate is 52°C (Baumgartner et al.
2002). At low temperatures, protozoa grow down to -3°C,
whereas temperatures below that require highly saline waters
for active growth (Rose and Caron 2007). In Antarctic ciliates,
reports of posttranslational modifications of tubulin were
correlated to survival down to —2°C (Pucciarelli et al. 1997).
One strategy to survive cold winter temperatures, below those
temperatures where active growth is possible, is to encyst
(Simon and Schneller 1973). An interesting aspect of the tem-
perature range of protozoans is that mixotrophy seems to be
more common among Antarctic protists than among species
from temperate waters (Laybourn-Parry 2002). This suggests a
potentially unique and diagnostic target for molecular analysis
of psychrophiles that should be explored.
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pH

Many protozoans are found in animal guts, therefore they
can cope with very low pH in their surroundings, while main-
taining a neutral internal pH (Seckbach 2000). The protozoan
record holder for life at low pH is an amoeba living at pH 1.1
in a crater lake outflow in Argentina (Packroff and Woelfl
2000). Ciliates from acidic mining drainages were reported liv-
ing at environmental pH < 3.0 (Packroff and Woelfl 2000). At
the other end of the pH range, ciliates are found up to pH 10.1
in Kenyan Rift Valley Lakes (Ong’ondo et al. 2013). Unlike
other abiotic parameters, the strategies used by free-living pro-
tozoans to adapt to high and low pH have rarely been studied.

Salinity

Protozoa, like other groups discussed can live in a range of
salinities from freshwater to the hypersaline, reaching bound-
aries established for Archaea and Bacteria. Taxonomically
diverse protozoa live at salinities that are nearly saturating
(Post et al. 1983), with the ciliate Rhopalophyra salina appar-
ently having the greatest tolerance at 34.8% (Kirby 1934).
The ciliate Mesodinium rubrum (earlier Myrionecta rubra),
which is often seen as purely autotrophic but is still capa-
ble of ingesting prey organisms (Gustafson et al. 2000), was
found in Antarctic lakes with a salinity of up to 10% (Perriss
and Laybourn-Parry 1997). This example shows that ciliates
occurring in large numbers in nonextreme habitats can adapt
efficiently to extreme conditions like low temperature and
salinity. Ciliates osmoregulate by maintaining intracellular
solute concentrations that are hyperosmotic relative to the
environment; the excess water is removed by a contractile
vacuole (Patterson 1980). For example, the marine ciliate
Miamensis avidis increases the intracellular concentrations of
free amino acids linearly from 0.9 to the asymptote at 5.25%
(Kaneshiro et al. 1969).

Other extreme conditions

Other conditions that may be considered as extreme are
those of low nutrient and oxygen availability. To cope with
low nutrient concentrations, many protozoans live mixotrop-
hically by acquiring nutrients from symbionts or kleptochlo-
roplasts. Anaerobic protozoans often contain methanogenic
symbionts, which use the H, produced by the protozoan
host as an electron donor (Fenchel and Finlay 1992). True
anaerobic protozoans (ciliates) survive for hours under anoxic
conditions due to their photoautotrophic symbionts, which
produce sufficient oxygen for the host’s respiratory require-
ments (Finlay et al. 2006). Anoxic, sulfide-rich conditions are
toxic for most organisms including the majority of protozo-
ans. However, there are sulfide-loving ciliate genera, including
Plagiopyla spp. and Metopus spp., that have been found in
sulfide concentrations of 1.2 mM (Dyer et al. 1986). Three
hydrothermal vent flagellates survived 24 h in anoxic water
with 30 mM sulfide (Atkins et al. 2002).

Pressure can limit survival and growth. About 25 years ago,
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a flagellate from a depth of 4500 m was isolated and cultured
(Turley et al. 1988). In the central Pacific Ocean, ciliates were
found at concentrations of 0.3-0.8 cells per liter at a depth of
4000 m but were not detected at depths greater than 5000 m;
in contrast, heterotrophic nanoflagellates were found at 5000
m (Sohrin et al. 2010). More research in these areas will need
to be completed to firmly define the boundaries for protozo-
ans in situ.

Section 9. Concluding remarks

The term “extremophile” is frequently limited to sin-
gle-celled Bacteria and Archaea; however this review docu-
ments lineages from all three domains fitting this description,
a description that is better stated as “boundary lineages.”
Lineages living at these boundary conditions are abundant
and diverse, with many of them incapable of living at “normal”
conditions, highlighting the relative, and less-than-descriptive
nature of the term “extreme.” Here we have discussed some of
the predominant physical boundaries selecting for, or against,
aquatic life across several tropic levels. Similar physiological
strategies have been noted for all three domains of life to
survive and grow at boundary conditions, suggesting conver-
gent evolution or horizontal gene transfer. These strategies
can provide direction for future work to develop advanced
molecular tools to push these boundaries beyond the current
culture-limited restrictions for identification.

Each of the three environmental conditions considered
here have boundaries where life has currently been identified.
Interestingly, each has one boundary that is more survivable
than the other. For temperature, cold is survivable, and is best
shown with cryostorage. Growth at cold temperatures appears
to be limited to the ability of water to flow or increases salin-
ity as the surrounding water freezes (e.g., brine channels).
However, a thermal maximum has been well noted for all
three domains, with Archaea currently occupying the biome’s
highest temperature niche for growth. For salinity, conditions
approaching near zero salinity are broadly survivable, but
there is a saturation point that limits many lineages. These
boundary brine conditions approaching 37% (w/v) appear to
be limiting to life as we currently know it. For pH, this review
notes multiple lineages that grow at pH 0, however no lineage
to date can survive pH 14. Alkalinity is more difficult for lin-
eages to survive. So a true “extreme” environment for all life
on Earth, based on our current knowledge, would be hot brine
with very high pH.

Increasing cellular organization and the proliferation of
multicellular life on Earth appears to limit the range of
environments that eukaryotic, and especially multicellular
organisms, can survive. As environments become “extreme,”
food webs become truncated and microorganisms predom-
inate. Bacteria, Archaea, fungi, and microeukaryotes are
predominantly asexual and have faster generation times than
the multicellular macrophytes, thus potentially providing
a greater genetic diversity through mutations that may be
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selected for through Earth’s history. Evolutionary trajectories
in multicellular organisms tend toward a greater diversity in
morphologies, whereas single-celled organisms, particularly
Bacteria and Archaea, exhibit metabolic diversity (Poole et al.
2003). There are three possible ways to survive or thrive in a
habitat that exceeds the tolerable limits: acclimatize, evolve,
or disperse. If none of the above occurs, the final outcome
is extinction. The replacement of taxa in response to salinity
changes over a 17,000 year period suggest that local extinction
and emigration are the dominant processes working in micro-
bial communities; although, variation in phylogenetic DNA
markers indicated that microevolution is also occurring (Jiang
et al. 2007). Range shifts, and slow adaptation, are most likely
to occur for macrophytes that have slower generation times.
Extremophiles are in some ways the boundary organisms
that demarcate what is currently biologically possible—for a
species, a domain, a community, and an ecosystem—from the
impossible. In times of change, these organisms can serve as
both the warning signs of extinction or the wave of things to
come.

Understanding the adaptations that promote life at envi-
ronmental boundaries is critical. It is important to determine
where these boundaries are, how life survives within these
niches, and then push forward to test those boundaries. Such
studies will help describe life’s origins and extent, both on
Earth and elsewhere. The list of organisms referenced here
with these specific boundary conditions is meant to be a point
of comparison and inspiration for additional studies. More
boundaries should be examined to reveal additional survival
strategies and identify novel lineages.
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