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Special Issue Article

Water is a preservative of microbes

John E. Hallsworth*
Institute for Global Food Security, School of Biological
Sciences, Queen’s University Belfast, 19 Chlorine
Gardens, Belfast, BT9 5DL, UK.

Summary

Water is the cellular milieu, drives all biochemistry
within Earth’s biosphere and facilitates microbe-
mediated decay processes. Instead of reviewing
these topics, the current article focuses on the activ-
ities of water as a preservative—its capacity to main-
tain the long-term integrity and viability of microbial
cells—and identifies the mechanisms by which this
occurs. Water provides for, and maintains, cellular
structures; buffers against thermodynamic extremes,
at various scales; can mitigate events that are trau-
matic to the cell membrane, such as desiccation–re-
hydration, freeze–thawing and thermal shock;
prevents microbial dehydration that can otherwise
exacerbate oxidative damage; mitigates against bio-
cidal factors (in some circumstances reducing ultra-
violet radiation and diluting solute stressors or toxic
substances); and is effective at electrostatic screen-
ing so prevents damage to the cell by the intense
electrostatic fields of some ions. In addition, the
water retained in desiccated cells (historically
referred to as ‘bound’ water) plays key roles in
biomacromolecular structures and their interactions
even for fully hydrated cells. Assuming that the com-
ponents of the cell membrane are chemically stable
or at least repairable, and the environment is fairly
constant, water molecules can apparently maintain
membrane geometries over very long periods pro-
vided these configurations represent thermodynami-
cally stable states. The spores and vegetative cells
of many microbes survive longer in the presence of

vapour-phase water (at moderate-to-high relative
humidities) than under more-arid conditions. There
are several mechanisms by which large bodies of
water, when cooled during subzero weather condi-
tions remain in a liquid state thus preventing poten-
tially dangerous (freeze–thaw) transitions for their
microbiome. Microbial life can be preserved in pure
water, freshwater systems, seawater, brines, ice/per-
mafrost, sugar-rich aqueous milieux and vapour-
phase water according to laboratory-based studies
carried out over periods of years to decades and
some natural environments that have yielded cells
that are apparently thousands, or even (for hyper-
saline fluid inclusions of mineralized NaCl) hundreds
of millions, of years old. The term preservative has
often been restricted to those substances used to
extend the shelf life of foods (e.g. sodium benzoate,
nitrites and sulphites) or those used to conserve
dead organisms, such as ethanol or formaldehyde.
For living microorganisms however, the ultimate
preservative may actually be water. Implications of
this role are discussed with reference to the ecology
of halophiles, human pathogens and other microbes;
food science; biotechnology; biosignatures for life
and other aspects of astrobiology; and the large-
scale release/reactivation of preserved microbes
caused by global climate change.

Introduction

Water is one of the most versatile and protean of sub-
stances. To the biologist, it seems that there are few
roles that this substance cannot and does not perform:
water is implicated in the origin of life (Miller and Urey,
1959) and is the very fabric of life. Furthermore, across
much of the Earth, water seems omnipresent. It forms
the oceans, lakes and rivers; pervades in the atmo-
sphere as vapour, clouds and fog; occurs as permafrost,
glaciers, sea ice and the polar ice sheets; and forms
subsurface aquifers, groundwaters and water flows.
Water also provides for the hydration of soils and sedi-
ments, formation of thin films or dew on surfaces, evapo-
rative processes, precipitation and other aspects of the
hydrological cycle. All of the biosphere’s biochemistry
occurs within these aqueous milieux, including decay
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processes and nutrient cycling. However, one aspect
that receives scant attention is whether water is neces-
sarily a liability for inactive microbes or whether in some
cases it helps to maintain cellular integrity.
Life as we know it on Earth evolved in, and is sus-

tained by, water (Ball, 2017). What is more, this truism
applies at all scales. Cellular systems, and their macro-
molecular components, derive their structural–functional
properties from water, and Earth is habitable due to the
abundance and liquidity of its water. For Earth’s life
forms, water is the cellular solvent; a reactant; provides
hydration for biomacromolecules; enables ionization of
salts; facilitates macromolecular stability, flexibility and
cohesion; provides cell turgor; and more (Daniel et al.,
2004; Ball, 2008). In addition, entropically unfavourable
interactions between hydrophobic chemical groups and
water molecules drive the self-organizing behaviour seen
in biological systems.
Water facilitates transport of substances into and out

of the cell, including nutrients and waste products. Micro-
bial cells also compete with each other and communi-
cate with cells of their own kind and other microbes/
organisms via soluble and hydrophobic substances
released into the aqueous extracellular milieu (Cray
et al., 2013a; Combarnous and Nguyen, 2020). At a bio-
sphere level, water is in constant exchange between the
Earth’s biomass and its hydrological cycle, and fluxes of
water move between organisms (Nelson et al., 2020;
P�erez-Ruiz et al., 2021). Trophic interactions are also
facilitated by water at many levels and via a diversity of
mechanisms, including the infection processes of micro-
bial pathogens (e.g. Hallsworth and Magan, 1994; Foster
et al., 2017).
Cellular systems can satiate part of their water require-

ments by generating H2O via their own metabolic pro-
cesses (Kreuzer-Martin et al., 2005, 2006; Li et al.,
2016). However, it is the thermodynamic parameter wa-
ter activity (the effective concentration of water mole-
cules) which determines whether biochemical and
biological processes can occur. The water-activity scale
extends from a minimum of 0 (equivalent to 0% relative
humidity) to 1, for pure water (equivalent to 100% rela-
tive humidity). This parameter is dependent on tempera-
ture and pressure, as defined by Raoult’s law. Water
activity limits the biological functions of individual
microbes and ultimately limits the boundaries of life on
Earth (Brown, 1976; Grant, 2004; Stevenson et al.,
2015a, 2017).
Any factors that perturb the interactions between water

and the cell can impose energy-expensive inhibitory
stresses on microbial systems. These stresses can be
damaging to cellular structures and frequently are lethal.
Water-mediated stresses can be caused by factors such
as dilution or hypo-osmotic shock; salts and other solutes,

or hyper-osmotic shock; supra- or sub-optimal water
activity; organic solvents; temperature changes or
extremes; dehydration–rehydration events; and freeze–
thawing cycles. Chaotropic substances (those which
entropically disorder biomacromolecules) also induce a
water-mediated cellular stress and render some environ-
ments unhabitable and thereby limit the extent of Earth’s
biosphere (Hallsworth et al., 2007; Cray et al., 2015).
Given that water and water-mediated stresses can be

lethal to microbial cells, it seems counterintuitive that water
may also function as a potent preservative of cell integrity
and viability for microbial communities. This article consid-
ers the evidence that water is indeed a preservative, con-
serving living microbial cells over long timescales where
conditions do not permit cell metabolism.

Pure liquid water, freshwater and seawater as
preservatives

Distilled water

Independent research groups have reported on the long-
evity of microbial cells that have been stored in distilled
water over periods of years or decades. For example,
Iacobellis and DeVay (1986) inoculated sterile distilled
water with cells of plant-pathogenic isolates of Pseu-
domonas syringae subsp. syringae and then stored them
at 10°C. Whereas there was a decrease in total viable
cells during the initial months, the remaining cells under-
went adaptative changes, including ultrastructural modifi-
cations, and a high percentage of these survived in a
viable condition throughout the 24-year study period.
Furthermore, pathogenicity towards the plant host was
retained. Studies into bacterial viability stored cells in
distilled water for 13–20 years revealed that their viability
is also maintained (Iacobellis and DeVay, 1986; Liao
and Shollenberger, 2003).
Experiments in which phylogenetically diverse fungi

stored in either distilled water or aqueous media (with a
water activity of ~ 1) have yielded similar results (Burdsall
and Dorworth, 1994; Elliott, 2005; Castro-Rios and
Bermeo-Escobar, 2021). For example, Elliott (2005)
stored biomass of five strains of the plant-pathogenic fun-
gus Gaeumannomyces graminis var. graminis for a period
of 10 years in sterile deionized water, mineral oil and on
dried paper at ~ 24°C. Biomass was also stored in a 40%
(v/v) glycerol solution at �20 and �75°C. Whereas all
strains survived throughout the 10-year period in the water
and mineral oil treatments, those on dried paper survived
for only ≤ 6 months; those in glycerol at �75°C survived
for 0 and 48 months; and those in glycerol solution at
�20°C did not survive at all (see Table III of Elliott, 2005).
Water was a superior preservation method when com-
pared with either paper- or low-temperature glycerol stor-
age. Furthermore, cells within mineral oil were likely
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contained within an aqueous extracellular layer so they
too were effectively preserved in water. Interestingly, at
4°C survival was poor in water (or mineral oil), a phe-
nomenon which may relate to changes in the density of
water—and associated cellular damage—that are peculiar
to this temperature (Pavankumar et al., 2021). In general,
however, water has proved the most effective preservative
of fungi in studies where comparisons were carried out
(for further examples, see the review of Castro-Rios and
Bermeo-Escobar, 2021).
For the overwhelming majority of microbes, the stabil-

ity and functionality of their biomacromolecular systems,
their cellular metabolism and their ability to proliferate
are all optimal at high water activity, in the range of
0.950 to 1 (see figure 2 of Stevenson et al., 2015b; for
lower water-activity limits for growth, see table 1 of
Brown, 1976). The cells of some extremely xerophilic
microbes (microorganisms that grow optimally in low
water-activity conditions, including halophiles) are unsta-
ble in pure water or seawater, the latter of which has a
relatively high water activity of 0.980 (Benison et al.,
2021). However, less than 1% of microbes are in this
category.
Oxidative damage can increase in desiccated cells

(see below), and active metabolic/growth processes gen-
erate reactive oxygen species which cause oxidative
damage (Hallsworth, 2018). Therefore, the hydrating
conditions for, and the low-or-zero growth rate of, cells in
pure water mitigate against these problems. Cells in a
state of zero growth include those starved of nutrient
sources; those in biophysically extreme conditions (e.g.
at temperatures or water activities beyond their windows
for cellular metabolism); and those entering or leaving a
dormant desiccated state known as anhydrobiosis. Nev-
ertheless, such cells may retain enzymatic basal func-
tions such as the ability to repair DNA damaged by
certain toxic and stressful chemicals or reactive oxygen
species (Bosch et al., 2021; Shoemaker et al., 2021).
For lipids within the cell membrane, the avoidance of
entropically unfavourable interactions with water mole-
cules maintains hydrophobic structural interactions and
motifs (Ball, 2008) thereby stabilizing cellular structures
(see Cytosol-lipid bilayer-extracellular solution; an aque-
ous continuum section of McCammick et al., 2010).
Long-term immersion in water also mitigates against bio-
cidal events/factors because it avoids potentially lethal
desiccation–rehydration events (see below), and at
depth in aquatic microbial habitats can filter out damag-
ing solar ultraviolet radiation, as explained below.
Whereas it is not claimed here that all microbes are pre-

served effectively in water, it is nevertheless remarkable
that pure water can be highly effective for long-term preser-
vation of some microbial cells, especially for those species
that are fast-growing, cultivatable copiotrophs and in some

cases are pathogens that exhibit interactions with higher
organisms. These microbes (see Iacobellis and DeVay,
1986; Liao and Shollenberger, 2003) were not isolated from
low-nutrient (oligotrophic), low-temperature freshwater
habitats that select for ability to survive in water while inac-
tive. In the natural environment, freshwater habitats that are
perpetually cold and/or nutrient-depleted do occur through-
out much of the biosphere, for example, many Antarctic
lakes. Microbial life cannot readily proliferate (or do so only
over long time periods) in some of these environments and
rates of metabolism can be so slow as to be undetectable,
yet cells appear to survive there over extended, indetermi-
nate timescales (see below).

Microbial longevity in freshwater and seawater

There are diverse lines of evidence indicating that the
cells of some microbes survive in bodies of freshwater
and seawater for very long periods of time. In deeply bur-
ied marine sediments, the low-energy conditions often dic-
tate that microbial cells subsist under strong energy- and
nutrient limitation for hundreds to thousands of years, and
possibly even longer (Hoehler and Jørgensen, 2013;
Jørgensen and Marshall, 2016). Temperatures and pres-
sures tend to remain constant, but there is some back-
ground ionizing radiation in these sediments. However,
theoretical calculations (based on microbes located in ice)
indicate that some cells—capable of self-repair even when
they appear to be otherwise inactive—can survive this
radiation for millions of years (Price, 2009). Therefore, cel-
lular macromolecules such as nucleic acids and lipids,
and an intact cell membrane, can serve as indicators for
viability in the deep biosphere where, under some envi-
ronmental conditions, they would disintegrate if a living
cell was not maintaining them. Many cells in subsurface
sediments that are thousands of years old may be in a
state of near-zero metabolism (known as cryptobiosis or
anabiosis) and have intact ribosomal RNA that can be
hybridized with fluorescent oligonucleotide probes (Buon-
giorno et al., 2017). Individual cells within such habitats
are likely to be ancient, although acetate from pyrogen
and H2 may support some low-level metabolism and very
occasional cell division in such populations.
The Antarctic freshwater Lake Vostok is several

thousands-years-old, ice-sealed (subglacial) and dark, at
subzero temperatures and high pressure, and nutrient-
depleted, yet the water of the main basin contains a
sparse community of microorganisms (Siegert et al.,
2001; Bulat, 2016; Gura and Rogers, 2020). Under these
conditions, it is likely that their cells survive in an inactive
(or virtually inactive) state for vast time periods, as do
those found in some seawater- and brine environments
(see below). The microbes in Lake Vostok include fungi,
Actinobacteria, Alphaproteobacteria, Betaproteobacteria,
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Gammaproteobacteria and Firmicutes (Gura and Rogers,
2020). Other Antarctic freshwater lakes host primitive
life, including the ice-covered, ultra-oligotrophic 0.5 to
5°C Lake Untersee (Marsh et al., 2020). This lake,
thought to have been sealed by its ice cover for
100,000 years, contains viable prokaryotic communities
including ancient archaean stromatolites (Andersen
et al., 2011; Mulyukin et al., 2014). Many such freshwa-
ter and marine environments are stable over geological
time periods (with very low, if any, perturbation) and the
turnover of microbial biomass ranges from years to thou-
sands of years according to calculations of the racemiza-
tion between L- and D-amino acids within necromass
(Lomstein et al., 2012; Mhatre et al., 2019).
A recent study of the environmental persistence of

heterotrophic taxa of bacteria, originally soil isolates but
tested for survival in water, was carried out by sealing
populations of each in an aqueous liquid (phosphate-
buffered saline) and storage in the dark at 25°C for
1000 days (Shoemaker et al., 2021). All of the 100 pop-
ulations of cells (21 bacterial taxa) survived for
1000 days when stored under extreme energy limitation
in this way. Based on growth data (there was some cell
death, but the necromass was used by remaining cells),
the authors calculated the mean time that would be
taken for extinction of an individual cell and for each
population (figure 2 of Shoemaker et al., 2021).
Based on this analysis, the populations of some of the

water-stored cells and populations will likely remain viable
for mean times of up to 102 days and 105 years, respec-
tively, so, in some cases considerably longer. Given the
turnover of necromass in this study, cell longevity was dri-
ven in part by production of new cells rather than an inabil-
ity of remaining cells to survive. In some natural
environments, such as oligotrophic Antarctic lakes, energy
and nutrient limitation combined with what Shoemaker
et al. (2021) call an initial ‘purifying selection’ (selection for
those cells capable of survival) will lead to indefinite sur-
vival times for both individual cells and their populations.
Microbial cells persist with growth rates near zero

according to estimates of total energy flux in deeply buried
sediments yet the community may be turning over, albeit at
a near-imperceptible rate (Hoehler and Jørgensen, 2013;
LaRowe and Amend, 2015). Cells in deep sediments are
apparently alive because they are intact (e.g. in sub-
seafloor sediment; Cragg et al., 1996), have intact mRNA
(as is also shown in studies of permafrost; see below) that
is consistent with available metabolites (e.g. in sub-
seafloor sediment; Bird et al., 2019) and in some cases
have even been cultured (e.g. from sub-seafloor sediment;
Imachi et al., 2014; Morono et al., 2020). Heterotrophic
bacteria persist in 33.5–104 million-year-old sub-seafloor
basalt (Suzuki et al., 2020), and sensitive isotope-labelling
experiments have been done on deep sub-seafloor

sediments using radio-labelled carbon- or nitrogen sub-
strates or deuterated water along with subsequent detec-
tion of substrate assimilation by cells (Morono et al., 2011;
Trembath-Reichert et al., 2017). The results showed that
up to 76% of all the cells present had an active (albeit slow)
anabolic metabolism, so are by definition, alive.

Microbial life within water ice

Freeze–thawing can kill microbial cells depending on
factors such as the rate of cooling and type of microbe
or physiological condition (Park et al., 1997; Meisner
et al., 2021). However, low-temperature environments
such as snow and water ice are habitats for microbes;
ice environments can also preserve microbes and other
organisms in an inactive-yet-viable state (induced primar-
ily by low temperature and termed cryobiosis) (Price,
2000; Maccario et al., 2015; Hallsworth, 2021). The low-
temperature (low-entropy) conditions contribute to the
stabilization of the cellular structure/ultrastructure, yet
this preservation process (whether in frozen or non-
frozen cells) is mediated by water given that the cell
membrane and other biomacromolecules are hydrated.
In addition, the survival of freezing and thawing events
are dependent on the properties and activities of the
cell’s water (Calcott and MacLeod, 1975a,b; Kruuv et al.,
1978; Tanghe et al., 2004).
Viable cells have been recovered from ice cores

around the world (Christner et al., 1999, 2003), including
those of 120 000-year-old Greenland ice (Miteva et al.,
2004), according to culture-based studies using low-
nutrient growth media. Direct detection of viable endo-
spores in ice-core samples has also been achieved from
measurements indicating the release of dipicolinic acid
(a substance unique to endospores) (Yung et al., 2007).
Even flowering plants have been revived from from fruits
preserved in permafrost for tens of thousands of years
(Yashina et al., 2012).
Microbial cells have been also recovered from ice

known to be 750 000 years old (Christner et al., 2003)
and from possibly the oldest ice on Earth (Bidle et al.,
2007) dated at approximately 8 million years (Sugden
et al., 1995), although the exact age has been debated
(Ng et al., 2005). Studies have shown that permafrost
frozen for millions of years harbours intact microbial cells
containing DNA and mRNA that also show other evi-
dence of metabolism and can be cultivated (Rivkina
et al., 1998; Orsi et al., 2013; Coolen and Orsi, 2015;
Liang et al., 2019, 2021; Pedr�os-Ali�o, 2021; Sipes et al.,
2021). Such cells are apparently capable of critical
survival-related processes, such as DNA repair during
reactivation process and possibly even during their long-
term preservation in an inactive or near-inactive state
(Price, 2009; Liang et al., 2021).

ª 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.

4



Whereas permafrost is a convenient model to study
the long-term survival of microbes in natural environ-
ments, the cryosphere is a large-scale and diverse
repository of microorganisms that includes those in the
polar ice caps, glacial ice, and sea ice. For examples of
ancient microbes recovered from such environments
(and a discussion of ice-sterilization protocols), see Ped-
r�os-Ali�o (2021). When microbes freeze, the formation of
ice within the cell can threaten cellular integrity because
ice crystals can puncture and rupture membranes
mechanically (Muldrew and McGann, 1990, 1994). Alter-
natively, growth of ice crystals within the cell membrane
interferes with lipid–lipid interactions. If cooling occurs
quickly, however, such ice crystals do not form, the cell
membrane remains intact, and cells can survive (Calcott
and MacLeod, 1975a).
Low-temperature, low-entropy conditions also act to sta-

bilize/preserve cellular membranes and other cellular
macromolecules. Whereas the limit for metabolic pro-
cesses in cells of extreme psychrophiles is about �40°C
(Price and Sowers, 2004; Panikova et al., 2006; de Vera
et al., 2014), many microbes survive storage at �196°C in
liquid nitrogen (Tsutsaeva et al., 2008) and there is no
known lower limit to the temperatures at which cells can
remain intact and viable. In addition to the physical dam-
age that ice crystals can cause, solutes become more
concentrated under freezing conditions, leading to osmotic
stress and dehydration of the cell (Clarke et al., 2013;
Clarke, 2014). Extreme dehydration drives vitrification of
the cytosol, which prevents the diffusion of gases and
metabolites (Clarke, 2014; Bakermans, 2017). This com-
plete suspension of life processes by solid H2O at low sub-
zero temperatures helps to maintain the viability of cells,
many of which are also capable of surviving the thawing
process.

Aqueous brines conserve cell viability

Synthetic brines can be made using salts plus com-
pounds such as ethylene glycol, propylene glycol (Sahoo
et al., 2017), glycerol (Takamura et al., 2012), methanol
(Bui et al., 1997) and hexane + ethanol (Cuiec et al.,
1994). Within Earth’s biosphere, however, the brines that
host microbial communities are typically formed from the
dissolution of ionic solutes in water. The chemistry, bio-
physics and habitability of these aqueous brines can
vary greatly. Some are highly permissive for active (halo-
phile) life when temperatures and nutrient availability
permit, most notably NaCl brines such as those of crys-
tallizer ponds (Grant, 2004; Daffonchio et al., 2006; Lee
et al., 2018), but others are not; particularly, chaotropic
ones such as the deep-sea MgCl2-saturated Lake Dis-
covery (Hallsworth et al., 2007; Belilla et al., 2019; Halls-
worth, 2019; Benison et al., 2021; Sanz et al., 2021).

Nevertheless, chemically diverse brines can preserve
microbial cells in a viable condition and/or conserve their
biomacromolecules including DNA and cell membrane
(see the studies of Duda et al., discussed below). Both
ions and biomacromolecules have hydration shells and
so this preservative effect is mediated by water, rather
than solely by the salt (Ball and Hallsworth, 2015; Hibino
et al., 2017; Pachler et al., 2019; Smith and Smith,
2020). Ions within the microbial cell always remain
hydrated. If they were not, and whereas it may be diffi-
cult to imagine the alternative (i.e. ‘naked’ water-less
ions) because they do not exist in an aqueous solution,
the intense electrostatic fields of ions such as Mg2+ and
Ca2+ would be highly damaging to the cell’s macro-
molecules. This is because one of the arguably biophilic
aspects of water is that it is highly effective at electro-
static screening, due to its relatively high dielectric con-
stant. Without this property, anything ionic would likely to
attach to anything counterionic (Maurer and Oostenbrink,
2019). In reality, the cell is shielded from such damage
by water molecules that participate in the hydration of
both ions and biomacromolecules.

NaCl (including thalassohaline) brines

In natural environments, NaCl brines typically host high-
biomass and phylogenetically diverse microbial ecosys-
tems that are highly active, whether located at the surface
or within the subsurface (Lee et al., 2018). This is because
their water activity is permissive for the metabolism, prolif-
eration and ecological interactions of numerous halophilic
organisms (Stevenson et al., 2015a; Lee et al., 2018).
However, some such brines can also limit or even prevent
metabolic activity and cell division; most notably under
oligotrophic conditions and/or at low temperature. And yet,
even under these conditions, live cells are preserved.
Some relatively short-term (laboratory-based studies)

have been carried out that confirm that microbes survive
preservation for years or decades in experimentally pro-
duced hypersaline inclusions (Dombrowski, 1966;
Elabed et al., 2019); even cells of non-halophiles can
survive in hypersaline inclusions of mineralized NaCl
(halite) and remain viable according to one study carried
out over a 14-year period (Elabed et al., 2019). In nat-
ure, this phenomenon is best illustrated by the microbes
found preserved within the hypersaline fluid inclusions of
halite (Fig. 1; Fendrihan et al., 2012; Lee et al., 2018;
Benison, 2019; Afouda et al., 2020) or hypersaline—
subzero-yet-liquid—cryopegs within permafrost
(Colangelo-Lillis et al., 2016; Afouda et al., 2020; Rapp
et al., 2021).

Could cells be preserved for hundreds of millions of
years?. Microbes have been reported, and in many cases
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cultured, from brine inclusions of halite that are typically
extremely energy-/nutrient-limited. These include brine
inclusions of Pleistocene mineralized NaCl (halite) (9,600
to 97,000 years old) (Mormile et al., 2003; Schubert et al.,
2010) and Permian halite (250 to 270 million years old;
Fig. 1; Vreeland et al., 2000) as discussed by Schreder-
Gomes et al. (2021). Microbial cells have been recently
observed in Precambrian fluid inclusions of halite that is
830 million-years-old based on radiometric dating of
overlying and underlying igneous rocks (Schreder-Gomes
and Benison, 2021; Schreder-Gomes et al., 2021), albeit
that attempts have not yet been made to culture them. For
a discussion of the robustness of dating of these
inclusions, which were identified as primary inclusions
which formed when the halite originally precipitated, see
Supporting Information Appendix S1. At this time, 830
million years ago, early plant life was developing on Earth
but it is thought that the first protozoan had not yet
appeared (Cunningham et al., 2017). It is not possible to
ascertain whether the cells in these Precambrian fluid
inclusions underwent any cell division(s) during their
entrapment. However, there was no visible evidence of this
(Schreder-Gomes et al., 2021), halophiles have a cell
membrane composition that is most thermodynamically
stable at high salt concentrations (Kates, 1993; Gunde-
Cimerman et al., 2018), and the constrained conditions
dictate that these cells must be ancient.

Low-temperature NaCl brines. Cold NaCl brines also
host microbial life. Whereas the low-temperature limit for

psychrophile metabolism appears to be near –40°C (see
above), most halophiles are unable to grow or retain
metabolic activities at low temperatures. The lowest
temperatures at which microbial cell division has been
observed are in the range of –10 to –18°C (for
references, see table 2 of Rummel et al., 2014 and
figure 1 of Lee et al., 2018). However, no active life has
ever been recorded at such low temperatures in NaCl-
saturated brines. In general, most psychrotolerant
halophiles are inactive at ≤ 0°C whether under
anaerobic or aerobic conditions (see figure 2b of
Harrison et al., 2015), but cells of these same organisms
are not necessarily killed if temperatures decrease to
values below the growth window (indeed, halophiles can
be stored in liquid nitrogen).
The lowest temperature ever recorded on Earth is

�89.2°C and many NaCl brines occur in locations or at
times with temperatures below �40°C. Sea-ice brine
channels of the polar regions and the hypersaline Deep
Lake (Vestfold Hills, Antarctica) are subject to environ-
mental temperatures that oscillate diurnally, seasonally
and, according to prevailing climatic conditions, can
reach �20°C or even below. High salt concentrations,
however, prevent brines from freezing so cells remain
suspended in the aqueous liquid. Cells in such habitats
are active if temperatures and nutrients permit, but
remain viable yet inactive when biophysical conditions or
nutrients are unavailable (Mou et al., 2012; Williams
et al., 2017; Cooper et al., 2019; Karan et al., 2020;
Rapp et al., 2021). Genome-based functional analyses
of microbes within the cryopeg brine of a 40 000-year-
old permafrost identified Marinobacter as a dominant
taxon within the community (Rapp et al., 2021). Both
studies of laboratory-synthesized brine inclusions and
those that focus on in situ ecology have revealed the
complexity and dynamics of halophile communities that
subsist or survive in these habitats (Colangelo-Lillis
et al., 2016; Huby et al., 2021; Najjari et al., 2021; Rapp
et al., 2021). Other studies have focused on organic
compounds within inclusions of halite (Chan et al., 2018)
(and billions-of-years-old fluid inclusions of quartz—min-
eralized silicon dioxide— Schreiber et al., 2017, and bar-
yte—mineralized barium sulfate—Mißbach et al., 2021).
In summary, NaCl brines are known to preserve simple
organic compounds, complex macromolecules and entire
cells over extraordinary time periods.

Acid brines

Acid brines, such as those found in surficial lakes and
groundwaters of Western Australia, are biologically hos-
tile environments yet they contain communities of halo-
philic or polyextremophilic microbes according to
observations of foam production (Benison, 2008),

Fig. 1. Primary fluid inclusion in bedded halite from the Permian
Nippewalla Group, at a depth of 429 m the subsurface of Kansas,
USA (~ 267 million years old, based on paleomagnetic dating of the
rocks in a nearby core: Foster et al., 2014). The micrograph was
taken under plane-transmitted light, by Kathleen C. Benison (West
Virginia University, WV, USA). The spheres, which fluoresced blue
and green under UV-visible light (not shown here), appear to be
phylogenetically diverse microbial cells.
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metagenomic surveys (Mormile et al., 2009; Zaikova
et al., 2018) and lipid analyses (Johnson et al., 2020).
These brine lakes cycle between flooding (at which time
their waters are diluted) and evapo-concentration, when
their salt concentration, water activity and pH become
more extreme. A recent study of the water activity of
several acid lakes of Western Australia revealed water-
activity values for evapo-concentrated brines as low as
0.714 (for the pH-1.4 brine of Gneiss Lake; Benison
et al., 2021).
Whereas metagenomic analyses of brine from the

evapo-concentrated Gneiss Lake revealed diverse micro-
bial taxa, there was no direct evidence of metabolic
activity or microbial growth in these waters (Johnson
et al., 2015), nor has there been for microbes under
these conditions in either other natural environments or
laboratory culture media (Harrison et al., 2015; Steven-
son et al., 2015a; Benison et al., 2021; Hallsworth et al.,
2021a). Collectively, these studies show that acid brines
preserve DNA and facilitate microbial activity when
flooded/diluted and suggest that cells may survive even
during the evaporation stages of such lakes. Microbes
are also preserved within the acid-brine inclusions of
halite formed during the evaporation of acid brines, at
some time point(s) at least (Benison, 2019). However,
more work is needed to establish whether viable cells
are preserved at all stages of evapo-concentration.

Chaotropic brines

Like acid brines, chaotropic brines are hostile to life,
including those rich in MgCl2 (Hallsworth et al., 2007;
Yakimov et al., 2015), CaCl2 (Cray et al., 2013b; Trego-
ning et al., 2015) and LiCl (Cray et al., 2013b; Rubin
et al., 2017). Other salts—used in molecular protocols or
microbiology experiments—are also known to be chao-
tropic, including ammonium nitrate, guanidine hydrochlo-
ride, guanidine thiocyanate, iron chlorides, perchlorates,
potassium iodide and sodium thiocyanate (Cray et al.,
2013b; Alves et al., 2015).
So-called ‘bittern’ brines that derive from evaporated

seawater and are enriched in MgCl2 (because the NaCl
precipitates first), and Dead Sea brine—which is also
high in MgCl2—do not permit microbial growth or meta-
bolism once the concentration of this chaotrope goes
beyond a critical level that cannot be tolerated by the
cellular system (Javor, 1984; Oren, 1998; Hallsworth
et al., 2007; Bodaker et al., 2010; Khlaifat et al., 2010;
Yakimov et al., 2015). The salt MgCl2 decreases water
activity, increases cell turgor, has a low pH and
chaotropically damages cellular structures (Hallsworth
et al., 2007; Alves et al., 2015). Many halophile species
can grow in the water-activity range 0.801 to 0.845 in
NaCl-dominated brines (Stevenson et al., 2015a, 2017;

Lee et al., 2018), which is the range for which mRNA
data indicate that all microbial activity ceases in the
MgCl2-dominated brines of Lake Discovery and the
nearby deep-sea Lakes Kryos and Hephaestus—about
2.4 to 3 M MgCl2 (Hallsworth et al., 2007; Yakimov
et al., 2015; La Cono et al., 2019). Diverse lines of evi-
dence, including data showing that addition of salts that
entropically stabilize biomacromolecular structures (kos-
motropic salts) to MgCl2-rich brines, up to about 3 M
MgCl2, enables some microorganisms to resume meta-
bolic activity, and functional assays of cellular macro-
molecules, confirm that chaotropicity is the limiting stress
parameter (Hallsworth et al., 2007; Alves et al., 2015;
Yakimov et al., 2015; La Cono et al., 2019).
Whereas culture-based studies, mRNA-based studies

and macromolecular assays all indicate that cellular
activity does not/cannot occur beyond 3 M MgCl2, in
most cases the MgCl2 concentration limits for metabolic
activity or cell division are considerably lower, whether in
deep-sea MgCl2 brines or MgCl2-rich culture media
(Hallsworth et al., 2007; Alves et al., 2015; Stevenson
et al., 2015a; Yakimov et al., 2015; La Cono et al.,
2019)1. Studies on the activities of other chaotropic salts
(guanidine hydrochloride and guanidine thiocyanate)
against cells of phylogenetically diverse bacteria and
yeast indicate that these salts not only inactivate
microbes, but that they damage and kill cells yet pre-
serve their structures with the cell membrane intact
(Duda et al., 2004, 2005). The CaCl2-saturated Don
Juan Pond (Antarctica) brine is also uninhabitable (for a
discussion, see Stevenson et al., 2015b), and culture-
based studies carried out using lower CaCl2 concentra-
tions indicate that the mode-of-inhibitory action is similar
to that of MgCl2 (Alves et al., 2015).
Whereas it is clear that chaotropic brines can be

lethal, culture-based studies record growth/cell division
only up to concentrations of about 2 M MgCl2 (Halls-
worth et al., 2007; Alves et al., 2015; Stevenson et al.,
2015a; Jan�ci�c et al., 2016). For some halophiles, meta-
bolism only ceases at about 2.4 to 3 M MgCl2 (see
above), so we know that MgCl2 brines can preserve cel-
lular structures, at least up to those concentrations, for a
small number of taxa and under particular environmental
conditions (Yakimov et al., 2015). It is also established
that a 5-M MgCl2 brine selectively preserves some
nucleic acids (Hallsworth et al., 2007). A study of
surface-brine Dead Sea samples that had been stored
for 56 years (since 1936) revealed that cells were pre-
served in a viable and culturable state, based on the iso-
lation and phenotypic characterization of 158 isolates of
Archaea (Arahal et al., 2000). Whereas salts were not
analysed in this study, the MgCl2 concentration of Dead
Sea surface brine at that time was 142 g l-1, which is
~ 1.5 M (Elazari-Volcani, 1940).
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Moderate cellular stress, including that induced by
chaotropic substances, can stimulate cellular vitality
through various responses and adaptations, such as
increasing the rate of energy generation (Hallsworth
et al., 2003; Fallico et al., 2011; Alves et al., 2015;
Hallsworth, 2018). Furthermore, responses and adapta-
tions to specific stress parameters confer resistance
to other sources of stress. For example, the same
protein-stabilization proteins upregulated by chaotropicity
(Hallsworth et al., 2003) also increase tolerance to tem-
perature extremes and other stresses; the accumulation
of compatible solutes that function in osmotic adjustment
in response to salts (Grant, 2004; Alves et al., 2015;
Gunde-Cimerman et al., 2018) can also protect macro-
molecules and other cellular structures against other
(mechanistically diverse) stresses; and oxidative stress
responses induced by chaotropicity (Hallsworth et al.,
2003) mitigate against reactive oxygen species gener-
ated via other mechanisms. Extreme chaotropicity also
eliminates potential grazers and predators, and other
adverse trophic interactions, thereby protecting any sur-
viving (chaotrope-tolerant) cells against damage and
death from these biological threats. Therefore, it is to be
expected that at moderate sublethal levels, the (water-
mediated) stress-induced chaotropic salts can make
cells of halophiles more resilient and tenacious, possibly
enhancing their longevity. However, we have yet to
determine whether chaotropic brines can under some cir-
cumstances preserve viable cells at salt concentrations
above the known window for cellular metabolism. For
example, up to what MgCl2 concentration can halophile
cells be preserved over long timescales in an inactive-
yet-viable condition; only up to 3 M or at > 3 M MgCl2?

Life in vapour-phase water

It is known that microbes can absorb and utilize water
from the vapour phase (Rummel et al., 2014; Stevenson
et al., 2015b). Notably, however, optimum longevity can
occur at moderate-to-high relative humidity values; sur-
vival decreases for some microbes at low relative humid-
ity values. In other words, at their ideal relative humidity
and temperature combinations, some microbes can be
preserved by vapour-phase water.
For example, spores of the plant-pathogenic basid-

iomycete Phakopsora pachyrhizi were stored at relative
humidity values of 92.5%, 855%, 75%, 64%, and 47.5%
(for one month) and germination assays carried out as a
measure of survival, revealing that 92.5% and 85% rela-
tive humidity were the optimum values for preserving via-
bility (Twizeyimana and Hartman, 2010). Daoust and
Roberts (1983) stored conidia of the insect–pathogenic
fungus Metarhizium anisopliae for a 2-year period at a
range of relative humidities (0, 12%, 33%, 53%, 75%

and 98%). For those stored at physiological tempera-
tures, 98% humidity preserved conidia most effectively
(for those stored at 4°C, the highest viability was
retained at 0% relative humidity, possibly due to cellular
damage that can be caused by changes in the density
of water at about 4°C, as discussed above). For another
insect pathogen (Beauveria bassiana), a high relative
humidity of 80% was used to preserve viability of spores
over a period of > 2 years (Blanford et al., 2012). Similar
results have been obtained for bacteria: Bacillus subtilis
spores stored for 2 years at about 40% relative humidity
did not exhibit any decrease in viability (in this study,
higher humidities were not tested; Ulrich et al., 2018). In
a separate study, cells of Escherichia coli stored at rela-
tive humidity ranges of 30–40%, 40–60%, and > 90%
were better-preserved at > 90% relative humidity than at
lower values (Ng et al., 2017). Other examples for both
bacteria and fungi are discussed in the review by Tang
(2009).
Studies of microbial longevity at different relative

humidities show that, as might be expected, survival
depends on the type of microbe, its physiological condi-
tion, and the storage temperature used, so longevity
experiments can yield various outcomes (Tang, 2009).
Nevertheless, the findings highlighted here indicate that
the effective concentration of vapour-phase water mole-
cules (relative humidity) can be critical to ensure survival
under some circumstances. This can be critically impor-
tant for microbes that inhabit surfaces (including those
within soils and soil crusts; Lebre et al., 2017) and
microbes present in the atmosphere, whether attached
to particles, within aerosols, or ‘free’ (Archer et al.,
2021). Such habitats are frequently dynamic; for exam-
ple, there is an equilibrium between the vapour phase
and condensed water. Condensation starts heteroge-
neously depending on the surface structure and occurs
preferentially at microsites with capillary structure or
electrical charges where the saturation vapour pressure
is reduced (Mikhailov et al., 2004). Under some circum-
stances, condensation can immerse cells in liquid water
more or less continuously. For example, a study of semi-
arid soil revealed that dew formation occurred over a
daily window of 14 h and that the dew residence time
was 18 h (Jia et al., 2019).
Water vapour, and aerosols, in Earth’s atmosphere

are impacted by prevailing weather, altitude, latitude,
anthropogenic activity, and volcanic activity (Robock,
2000; Satheesh and Krishnamoorthy, 2005; Hallsworth
et al., 2021a). At a minimum, vapour-phase water func-
tions to maintain the cell membrane and other biomacro-
molecular structures and thereby preserve cellular
integrity. In addition, moderate-to-high relative humidity
mitigates against the high rates of oxidative damage that
can occur during dehydration, is more favourable to
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basal-yet-essential metabolisms once absorbed by the
cell (such as DNA repair; Bosch et al., 2021), and averts
potentially lethal damage that can be caused by rapid
rehydration that can follow desiccation (see below).

Viable microbes in sugar-rich aqueous milieux

For most honeys, the water activity (0.67 to 0.53) and
acidity are so low (pH < 4) that no microorganisms, not
even sugar-adapted xerophiles, are metabolically active
(Lievens et al., 2015). Therefore, microbes rarely spoil
honey, and ancient honeys have been found that are
up to 5500 years old (Lomsadze, 2012). Studies of
modern honeys indicate that viable microbes can be
well preserved, including pathogenic species (Abdulla
et al., 2012; Grabowski and Klein, 2017). Preserved
low-moisture fruits and residues of ancient beers can
also have a sufficiently low water-activity to survive
over long timescales. Sugar molecules have a substan-
tial hydration shell and are hygroscopic, so microorgan-
isms within high-sugar materials remain immersed in/
hydrated by water. Whereas attempts have not always
been made to culture microbes from ancient sugar-rich
materials—that are effectively highly concentrated
aqueous solutions—viable microbes have been
retrieved in some cases. Although sugars were not
analysed, yeasts have been cultured from clay beer
vessels that were 5000 years old (Aouizerat et al.,
2019, 2020; Br€ussow, 2020). Whereas Yashina et al.
(2012) regenerated plants from 30 000-year-old fruits
(and no attempt was made to culture viable microbes),
these higher plants can survive within permafrost then
it is likely that these high-sugar fruits were associated
with preserved microbes; life forms that are generally
more simple and more robust.

Other ways in which water preserves life

Water is clearly capable of facilitating the long-term
preservation of microbial cells. What is not yet resolved
is the degree to which water preserves microbial life by
mitigating against things such as biocidal factors. These
may include, for example, reducing non-ionising radia-
tion; averting cell death due to trauma or senescence
caused by recurrent stresses; minimizing cellular expo-
sure to lethal chemicals or reactive oxygen species; pro-
viding for the structure and preservation of
biomacromolecular systems; and rejuvenating and invig-
orating the cellular system.

Water mitigates biocidal factors

Water can protect cells against potentially lethal phe-
nomena as detailed below. Specifically, these biocidal

factors are: (i) ultraviolet radiation; (ii) events which
cause trauma to the cell membrane or could lead to
death or the senescence or potential exhaustion of cells
from recurrent desiccation–rehydration, freeze–thawing
and extreme thermal shock (Morley et al., 1983; Moger-
Reischer and Lennon, 2019); (iii) high concentrations of
chaotropes or other potentially lethal stressors (both
solutes and hydrophobic molecules), and toxins/toxicants
such as heavy metals, pesticide residues and metabo-
lites, such as antibiotics, produced by competing
microbes; and (iv) dehydration associated with increased
oxidative damage.
Depending on the environment, prevailing conditions,

and type of microbe and its physiological condition, each
of factors i–iv could result in death. In some cases, cell
death from these factors can be instantaneous (e.g.
extreme cold or heat shock). In other cases (e.g. some
solute stressors), death may result from the inability to
generate energy and/or otherwise repair damage to the
cell’s structural or physiological integrity. Each of these
possibilities is discussed further below. As explained by
Moger-Reischer and Lennon (2019) in a discussion of
microbial senescence: ‘Not all damage can be fixed
owing to the time and energy costs of repairing the
diverse types of damage that accrue in cells’.

i. Shielding from ultraviolet radiation. For microbes at the
planet’s surface, ultraviolet radiation can kill cells via
DNA and protein damage (Krisko and Radman, 2010).
DNA is damaged due to direct interaction between DNA
and UV-B radiation, which leads to the formation of
pyrimidine dimers between adjacent bases (Slieman and
Nicholson, 2000; Cutler and Zimmerman, 2011).
Proteins, DNA, and lipids are also damaged by reactive
oxygen species, which are mostly produced by UV-A
radiation. While it was thought that DNA damage causes
cell death, evidence from numerous studies now
suggests that protein damage is a/the primary cause of
lethality (Krisko and Radman, 2010; Radman, 2016).
Without a healthy proteome, even DNA repair may be
compromised; for as Radman (2016) observed, ‘a
perfect genome is useless in the absence of active
proteins’.
Global climate change involves ozone depletion and a

corresponding increase in the ultraviolet radiation reach-
ing Earth’s surface. Therefore, there has been a resur-
gence of research into the degree to which ultraviolet
radiation can penetrate water; water reflects some ultra-
violet radiation at the surface (typically less than 10%)
and absorbs the remainder in proportion to depth in the
water column (e.g. Houskeeper et al., 2021). Ultraviolet
radiation is sharply reduced with depth in a water col-
umn by dissolved organic compounds such as humic
and fulvic acids, absorbance and scattering by
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particulates, and absorbance by water molecules them-
selves. By contrast, ultraviolet radiation is not strongly
absorbed by dissolved salts such as NaCl and MgCl2
(Godin et al., 2020). Ultraviolet radiation with energies
less than ~ 10 eV can cause electronic excitation result-
ing in O-H bond cleavage of water, but ultraviolet pho-
tons with energies above ~ 10 eV may ionize water,
leading to reactive species (Arumainayagam et al.,
2019). This reduction in ultraviolet penetration is
described by an exponential decay equation which
includes a wavelength-dependent attenuation coefficient
(in m�1), the intensity of light reaching the surface, and
depth of the water column (in m) (Rose et al., 2019).
In general, UV-B radiation is absorbed more strongly

than UV-A radiation. For waters containing organics and/
or particulates, 90% of ultraviolet radiation is absorbed
within a few centimetres from the surface (Tedetti and
Semp�er�e, 2006; Hooker et al., 2013; Rose et al., 2019;
Houskeeper et al., 2021). In waters which lack significant
levels of dissolved organics or particulates (such as the
open ocean), 90% UV-A radiation and UV-B radiation
are absorbed at depths ranging from 20 to 56 m and 5
to 18 m, respectively (Tedetti and Semp�er�e, 2006; Over-
mans and Agust�ı, 2019). Accordingly, some microbial
cells and communities correlate inversely with ultraviolet
radiation down through the water column in relation to
ecophysiology and longevity/survival (Avila-Alonso et al.,
2017; Garc�ıa-Corral et al., 2020a,b).
Water in other physical states is also effective at shield-

ing organisms from radiation insults. Snow and ice can
reduce ultraviolet radiation more strongly than liquid
water, through a mixture of scattering, reflection and
absorption (Warren et al., 2006). For instance, a 5-cm
snow covering containing ice layers and air bubbles can
reduce ultraviolet irradiance by an order of magnitude
(Cockell et al., 2002). Just millimetres of snow-encrusted
ice coverings can reduce ultraviolet irradiance by half
(Cockell et al., 2002). This property of water ice has been
used to define the ultraviolet-protected areas on the Mar-
tian polar caps that are potentially habitable by some ter-
restrial microbes and where visible radiation can still
reach (C�ordoba-Jabonero et al., 2005). Water vapour is
also very effective at filtering ultraviolet (see below).

ii. Preventing desiccation–rehydration, freeze–thawing
and extreme cold- or heat-shock events. For cells that
remain in liquid water, seawater, or brine for long time
periods, potentially lethal desiccation–rehydration events
(which is particularly dangerous if rapid or
instantaneous) and freeze–thawing events are avoided.
Even in frozen environments, cryopegs, brine channels
and thin films can function as refuges where
microorganisms are preserved. In other habitats, such
as soils where traumatic events can cause severe

stresses to individual cells and selective death of
microbes within the community, there can be a major
energetic cost to most microbes, consequences for
composition of the microbiome, and reductions in
ecosystem-level functions such as nutrient cycling,
trophic interactions and overall productivity (Schimel
et al., 2007; Cray et al., 2013a). Many kinds of aqueous
habitat can act as a highly effective buffer against such
eventualities by mitigating against biocidal events at
scales spanning from the individual cell to the entire
ecosystem.
The specific gravity (relative density) of water is low,

with a value of 1 (compared with 2.17 for NaCl and 7.87
for iron, for example) and its specific heat capacity is
high. In the liquid phase, water therefore functions as a
strong insulator against sudden changes in temperature
and so can mitigate against trauma to the cell membrane
that would result from a sudden decrease in the state of
order of the bilayer. For example, extreme heat shock is
lethal to microbial cells, by entropically disordering the
cell membrane and/or triggering oxidative damage
(Davidson and Schiestl, 2001; Tereshina et al., 2010).
Similarly, cold shock can be lethal for some cells (Drob-
nis et al., 1993; Cao-Hoang et al., 2008). By insulating
against extreme thermal changes, bodies of water can
help to maintain the thermodynamic stability of the cell’s
macromolecules, the extracellular milieu and the entire
habitat. In hostile environments (those that are extremely
cold, have a low water-activity that prevents metabolic
processes, and/or lack sources of nutrients), water’s
property of buffering against extremes thereby minimizes
the cell’s need for energy.

iii. Dilution or expulsion of stressors, toxins and
toxicants. Microbial habitats can contain lethal
concentrations of natural and anthropogenic solutes and
hydrophobic compounds. These include chaotropic salts
such as MgCl2; soluble and hydrophobic compounds
released from microbes including antibiotics and other
antimicrobial metabolites (Cray et al., 2013a); toxic
products of metabolism including breakdown products of
saprotrophic degradation (Cray et al., 2015);
components of crude oil; heavy metals; and pesticide
residues. The action of water (and seawater or brine)
can under many circumstances reduce the concentration
and bioavailability of such substances, at various scales,
by dilution or by ‘expelling’ them from the aqueous
phase so that they remain at sublethal levels.
This occurs when, for example, inhibitory metabolites

become diluted in the aqueous milieu outside the cell
membrane or volatilize (i.e. they are effectively purged
from the aqueous phase by the polarity of water, due to
their hydrophobicity); when pollutants are leached from
soil into bulk water; or when there is ingress of water
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into the cell’s environment via surface runoff, precipita-
tion, or tides (Aliste et al., 2020; Grimene et al., 2021). It
may seem self-evident that water can preserve life by
diluting these lethal substances, yet this property is so
manifestly obvious that it can easily be overlooked.
Examples are given above showing that water can dilute
chaotropic salts (e.g. Dead Sea brine) or other poten-
tially lethal cocktails, such as acid brines of Western
Australia that are highly osmotically stressful, highly
acidic and high in heavy metals.
For water-soluble organic compounds that are less

polar than water, and hydrophobic compounds (log
Poctanol–water ≥ 1.95; Bhaganna et al., 2010), the ‘expul-
sion’ principle is illustrated by the process used for high-
temperature production of bioethanol by microbial ther-
mophiles at 45 to 72°C (Olson et al., 2015). Microbial
inhibition due to chaotropicity and high temperature
results largely from the entropic disordering of biomacro-
molecular systems, so these two stress parameters
become even more potent when acting in concert (Cray
et al., 2015). However, the effective aqueous fraction of
ethanol is reduced at elevated temperatures in the range
45 to 72°C so water effectively ‘purges’ this alcohol from
solution. This happens because the energy of the sys-
tem means for a given temperature ethanol molecules
escape the surface liquid (overcome the intermolecular
forces) more readily than do those of the water.
Most cellular stressors, toxins and toxicants are less

polar (have a higher log Poctanol–water) than ethanol; see
figure 1 of Bhaganna et al. (2010); tables 2 and 6 of
Cray et al. (2013a); table 1 of Cray et al. (2013b); and
figure 3 of Cray et al. (2015). Therefore, these sub-
stances have limited solubility and for the most part their
modes-of-inhibitory action against the cell also relate to
their chaotropicity or hydrophobicity (Cray et al., 2013a,
2015). Water limits both solubility and bioavailability for
most of these potentially lethal stressors and toxins/toxi-
cants (Bhaganna et al., 2010). Furthermore, the same
phenomenon as that described above for bioethanol also
occurs for many of these substances, and does so at
much lower temperatures.
The same phenomenon occurs for those cellular stres-

sors within crude oil, and many types of pesticide resi-
dues, which are typically hydrophobic so their miscibility
limit and/or aqueous solubility are very low. For example,
benzene (which is the most-soluble substance within
crude oil) has an aqueous solubility of about 25 mM at
physiological temperatures, so excess benzene is
‘purged’ from solution (either into the vapour phase or a
separate liquid phase); this phase separation means that
cells in water are effectively protected from the excess
benzene. Microorganisms such as some strains of Pseu-
domonas and some oil-degrading microbes are able to
retain minimal levels of metabolic activity and their

capacity for cell division at 20–25 mM benzene. Microbes
resistant to the cellular stress induced by such hydropho-
bic compounds are prevented from exposure to higher
concentrations due to this water-mediated expulsion of
the hydrophobe from the system (Bhaganna et al., 2010).

iv. Averting damage from cellular dehydration. Cells in a
state of extreme dehydration, or those which are
desiccated, suffer from high levels of oxidative damage
(Potts, 1994). Whereas repair processes may remain
active in some such cells, the risk of lethal damage
remains (Potts, 1994; Chang et al., 2020; Bosch et al.,
2021). This can even occur in organisms that are well
adapted to anhydrobiosis, but may do so to a lesser
extent (Rapoport et al., 2019). Therefore, whereas Point
ii (above) likely applies for some cells/conditions,
extreme dehydration or desiccation is unlikely to favour
longevity for most microorganisms. Phylogenetically
diverse types of microorganisms are adapted for long-
term survival in an anhydrobiotic condition (Potts, 1994;
Rapoport et al., 1995; Alpert, 2006; Ranawat and Rawat,
2017; Rapoport, 2019; Bosch et al., 2021), but for others
(and even some of the former) it may be that long-term
preservation in some form of water (liquid water, vapour-
phase water, seawater, brine) is more favourable. For
some cells, under some circumstances, it may be that
the less molecular motion within a cell (during
desiccation or long-term freezing), the more effectively
the cell is preserved. However, evidence presented in
the current article suggests that in other cases the less
change to a hydrated cell that is immersed in an
aqueous liquid, the better the chances of survival.

Stabilizing activity of ‘bound’ water

From the viewpoint of cellular function, desiccated cells
by definition do not have liquid water/cytosol. Impor-
tantly, however, some water is retained even in lyophi-
lized cells; this is historically termed ‘residual’ or ‘bound’
water, although studies show that it is not bound per se
(Potts, 1994). In this way, desiccated cells are in fact
partially hydrated and this water contributes to their
preservation (Potts, 1994; Bosch et al., 2021). Some of
the seminal studies on the biology of bound water were
carried out in plant seeds (Vertucci, 1989, 1990). Subse-
quent studies, such as those of enzymes and cellular
biology of Saccharomyces cerevisiae (Rapoport et al.,
1995; Arjunan et al., 1996; Sano et al., 1999; Chen and
Liao, 2002; Padmavathy et al., 2003; Bosch et al.,
2021), focused on the microbiological aspects of bound
water.
The residual water in low-moisture lipid bilayers, such

as those of dehydrated or desiccated cells, plays a role
in maintaining lipid–lipid bonding and can help to
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maintain essential hydrophobic interactions (Potts, 1994;
Patel and Frank, 2006; Roark and Feller, 2008), lipid–
lipid proximity upon rehydration, and as a consequence,
van der Waals attraction between adjacent lipids. Unfa-
vourable entropic interactions between hydrophobic alkyl
chains on lipids are the driving force for self-aggregation
of lipid molecules. However, the self-organized structure
of these lipids into the bilayer configuration critical for
cell membrane integrity is dependent on the amount of
water and the presence of other molecules, such as
anions, cations and solvents, as well as temperature and
pressure in the system (Dymond et al., 2016; Burrell
et al., 2017). Water therefore appears to play a role in
preserving the bilayer configuration and structural integ-
rity and fluidity/energetics of the cell membrane
(Dymond, 2016); and a structurally intact and functionally
active membrane is critical to preservation of the cell
(Crowe et al.,1984; Potts, 1994; Sano et al., 1999; Faria
et al., 2009).
The concepts of residual or bound water(s) include

monomolecular aqueous films and water molecules that
hydrate, or form part of the secondary or tertiary struc-
tures of, organic macromolecules. The DNA helix, for
example, is dependent on water for its structure (Ball,
2008). Similarly, proteins rely on bound water molecules
for their structural–functional integrity (for a detailed dis-
cussion, see Ball, 2008). Indeed, desiccation by itself
can trigger the denaturation of some proteins (Carpenter
et al., 1993; Pikal-Cleland and Carpenter, 2001).
Whereas the bound water of cells is defined/determined
with reference to the desiccated state and has been
well-studied (Crowe et al.,1984; Kanô et al., 1994; Tiwari
and Tripathi, 1998; Ball, 2008; Dupont et al., 2014;
Bosch et al., 2021), bound water also plays essential
roles in the hydration and stability of biomacromolecules,
maintains the integrity of the cell in its physiological state
and facilitates protein functionality (Webb, 1965; Potts,
1994; Ball, 2008; Nomura et al., 2018; Murthy, 2021).

Water-mediated events may sometimes prolong life

For microbial cells which are resistant to cell membrane
damage caused by freeze–thawing, desiccation followed
by sudden rehydration, or thermal shock, it is plausible
that recurrent bouts of stress imposed by such events
can actually boost their vitality. Moderate levels of cellu-
lar stress can increase the cell’s generation of energy
and stimulate damage-repair mechanisms and other
stress responses and adaptations (Hallsworth, 2018) so
are also likely to increase the capacity for self-repair for
cells preserved long term in hostile environments
(Moger-Reischer and Lennon, 2019; Wright et al., 2020).
It is therefore reasonable to hypothesize that, for some
—maybe even most—microbes, repeated stressful

events can (under the right circumstances) enhance their
longevity. For example, within a microbial population or
community, some cells will not survive these events;
therefore, nutrients released from dead cells can be
used by surviving cells (Schimel et al., 2007; Shoemaker
et al., 2021). Evolutionary biology studies of soil
microbes exposed to repeated cycles of freeze–thawing
confirm adaptations to these events, albeit at the popula-
tion level (Walker et al., 2006; Rosinger and Bonkowski,
2021). It is also plausible that individual cells have also
adapted during these studies but further work would be
needed to confirm this ‘stress-induced cellular invigora-
tion’ hypothesis.

Water: A glass half empty or glass half full?

The fragility of cellular life is to some degree a product
of its aqueous nature. Non-covalent interactions that col-
lectively bind the cell membrane, and enable its vital
functions, also make it especially vulnerable to damage.
The need for cell turgor makes life susceptible to osmo-
tic shock/osmotic extremes and the high water content
of cells and hydrated biomacromolecules can facilitate
damage (or even death) by factors such as ionizing radi-
ation (Nikitaki et al., 2016; Hall and Giaccia, 2018), heat
shock/high temperature, desiccation–rehydration,
freeze–thawing and chaotropic and hydrophobic sub-
stances (Hallsworth et al., 2003; Bhaganna et al., 2010).
Water also poses challenges for life at the level of

physical chemistry. Speaking at a Fitness of the Cosmos
for Life Workshop in 2003, Nobel Laureate and Harvard
Professor Jack W. Szostak went so far as to say that
water is ‘really a noxious, toxic, corrosive and generally
lethal environment for life. . .[and] is probably the most
genotoxic substance known’ (Supporting Information
Appendix S2). He considers, for example, how hydrolytic
reactions can destroy biomacromolecules (requiring,
therefore, the evolution of energetically expensive repair
systems); the instability of some metabolites in water;
and the need for cellular membranes due to the strong
solvent power of water (Supporting Information
Appendix S2).
Despite these difficulties, life has evolved to become a

fundamentally fluid, dynamic and ephemeral condition; a
balancing act. Indeed, the very fabric of biology is made
up of paradoxes. For instance, microbes utilize oxygen
that is damaging, causing ageing and senescence
(Dixon and Stockwell, 2014; Moger-Reischer and Len-
non, 2019); expend energy to counter the entropic
degradation of cellular systems or the entire organism;
evolve to adapt to their abiotic and biotic environment
that in many cases undergoes constant change; and
sustain damage (and may even begin to die) from the
moment they first appear. It is, therefore, consistent with
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the nature of life that water provides both drawbacks
and benefits.

Mode(s) of action of water as a preservative

It would be difficult to mathematically model, or experi-
mentally test, the hypothesis that water is a preservative
of cellular life (e.g. what could be used as a meaningful
control?). However, in contrast to organic solvents such
as ethanol and formaldehyde that kill and preserve
organisms (Grigorev and Korzhevskii, 2018), water is
clearly a ‘biophilic’ solvent (Ball, 2008). Terrestrial life,
coined ‘life as we know it’ by astrobiologists, evolved
within the confines of the physical chemistry of water. It
could be argued, therefore, that identifying water as a
preservative is little more than an exercise in semantics.
However, it is irrefutable that water is the milieu in which
cells can remain stable, intact and alive over timescales
measured not only in decades, but possibly many mil-
lions of years.
Furthermore, it is beyond doubt that diverse mecha-

nisms are at play whereby water preserves cells in a liv-
ing condition. In summary, these include:

• facilitating the secondary, tertiary and quaternary
structures of biomacromolecular systems;

• buffering against thermodynamic extremes, partly due
to water’s low specific gravity and high specific heat
capacity;

• preventing traumatic events that could otherwise rup-
ture the cell membrane (Calcott and MacLeod, 1975a,
b; Kruuv et al., 1978; Crowe et al., 1984; Tanghe
et al., 2004);

• mitigating against biocidal factors, not the least by
reducing ultraviolet radiation and concentrations or
bioavailability of solute stressors, hydrophobic stres-
sors, and toxins/toxicants;

• preventing dehydration that increases oxidative dam-
age;

• providing for the long-term stability of the cell mem-
brane under some circumstances;

• mediating moderate cellular stresses that can invigo-
rate and rejuvenate cells; and

• providing strong electrostatic screening that allows
highly charged ions and polyelectrolytes to remain sol-
uble.

Water that is salt-saturated acts to precipitate or redis-
solve salts as temperature varies, and thereby maintains
a relatively consistent water activity even with moderate
changes in temperature (Winston and Bates, 1960). This
phenomenon helps to maintain a thermodynamically
stable environment for adapted cells and thereby con-
tributes to the habitability/survivability of some brines

both under conditions that allow metabolic function (Lee
et al., 2018) and those that do not.
The existence of two phase-state changes—one at

0°C and one at 100°C—acts as a buffer for some micro-
bial habitats. When there is a substantial body of liquid
water exposed to large thermal changes, temperatures
can be prevented from freezing or rising in temperature
any higher. For instance, a cooling freshwater lake that
is sufficiently large will not freeze, even at temperatures
far below the 0°C freezing point of water. In case of a
sustained ambient temperature drop below 0°C, the top
layer will freeze in a floating layer of ice, which in turn
creates a greenhouse effect beneath. In addition, once
the water reaches 4°C, its increased density makes it
sink which helps to maintain liquid water at depth where
microorganisms avoid becoming frozen (Garrett et al.,
2010; Bertilsson et al., 2013; Vollmer, 2019). Conversely,
water or an aqueous solution exposed to high tempera-
tures will release water vapour while maintaining the liq-
uid temperature close to 100°C (depending on the
solutes), thus preventing the water body or solution from
rising to higher temperatures. Many types of microbial
cells/communities can be preserved in liquid water at
subzero temperatures, and some even around 100°C, so
the capacity of water to act as a buffer against freeze–
thawing events and temperatures of > 100°C contributes
to preservation of cellular life for some microbes.
Water, being a fluid, also facilitates the removal of

toxic substances from cells as discussed in the classic
essay The Fitness of the Environment (Henderson,
1913). The roles that water plays in active biochemistry
and the roles specific to warding off threats to the integ-
rity of biomolecules and cells are not necessarily
mutually exclusive. The ability of water to mediate med-
ium range, relatively weak interactions—such as
hydrophobic forces—is crucial in both cases. That it can
support fast proton transfer by Grotthuss-type hopping
(whereby excess protons can move through a hydrogen-
bonded network of water molecules) is also important in
many biological processes, and individual water mole-
cules commonly function as ephemeral and mobile
extensions to biomolecular structure by mediating pro-
tein–protein and protein–ligand recognition, for example
(Ball, 2008).
In relation to water as a preservative, assuming the

components of the cell membrane are chemically stable,
or at least repairable, and the environment is fairly con-
stant (temperature, pressure, etc.), then water molecules
are apparently capable of maintaining membrane
geometries over extended periods, possibly even geo-
logical timescales provided, of course, that these config-
urations represent thermodynamically stable, or at least
kinetically trapped, states. In conclusion, water is
required for a cell’s biochemical machinery to function
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(Ball, 2008) and without it, rather than just seizing up, life
might often fall apart.

Implications and perspectives

The preservation of foods is in large part based on depriv-
ing microbial cells of the water relations that would permit
cell division/proliferation. This is achieved by increasing
the concentration of low molecular-weight solutes in the
food(s); physically dehydrating, to reduce water activity;
cooling or freezing (Qiu et al., 2019); and/or addition of
preservative substances such as sodium benzoate, MgCl2
or ethanol that prevent microbial growth due to their
chaotropicity (Alves et al., 2015), although this mechanism
is generally not stated as such. Similarly, microbe-
mediated deterioration of books, documents, museum
specimens, mummies, frescoes, paintings and other arte-
facts can be prevented by regulating the relative humidity
and temperature regime (Arai, 2000; Cirigliano et al., 2021;
He et al., 2021). These measures reflect the reality that
H2O facilitates microbial activity that in turn drives decay.
Water is widely recognized for facilitating the struc-

tural–functional properties of cellular systems in addition
to its role in promoting saprotrophic processes and
biodeterioration. Indeed, water is often caricatured as an
agent of decay (Chung et al., 2000; Brischke and Alfred-
sen, 2020; Fasuan et al., 2021). In the light of the evi-
dence presented here, it is beyond doubt that, like
anhydrobiosis (Dupont et al., 2014; Lebre et al., 2017;
Bosch et al., 2021), immersion in water can facilitate
long-term preservation of cells. One hundred and fifty
years ago, an authoritative (scientific and technical) Eng-
lish dictionary defined a preservative as: ‘That
which. . .has the power of preserving; something that
tends to secure a person or thing in a sound state, or pre-
vent it from incurring injury, destruction, decay, or corrup-
tion. . . Persons formerly wore tablets of arsenic, as
preservatives against the plague. . .Temperance and
exercise are the best preservatives of health. . .’ (Ogilvie,
1868). So, whereas this term is used most commonly for
substances that preserve foods, its application to the pro-
tection and conservation of microbes or other living sys-
tems should neither be viewed as contentious nor novel.
In relation to microbes located in salt deposits, McGenity

et al. (2000) observed that ‘slow growth over geological
time would be expected to decrease the mutation rate’,
alluding to the slowing down (or suspension) of microbial
evolution in environments where microbes are inactive
over immense timescales; a phenomenon also discussed
by others (Maughan et al., 2002; Pedr�os-Ali�o, 2021).
Water’s preservative activities also impact the ecologies
and evolution of halophiles and other microorganisms by
allowing them to circumvent hostile events or conditions
(e.g. those preserved in a more or less inactive condition in

oligotrophic or super-cold water, permafrost, or hypersaline
inclusions). Water thereby enables genomes that have
been stored for immense time periods to be re-released to
resume life into what is essentially the present-day (func-
tional) biosphere, remote in time from the biosphere they
once inhabited. Pedr�os-Ali�o (2021) recently published his
paper: ‘Time travel in microorganisms’, that includes dis-
cussions pertinent to this phenomenon.
To some extent, we already utilize the preservative

properties of water such as for the cryopreservation of
viable microbes at subzero temperatures. It is possible,
however, that re-evaluating where, why, and how water
preserves life in nature can inspire new biotechological
applications. For example, to develop enhanced steril-
ization methodologies (Craven et al., 2021) or under-
stand how and where unwanted human pathogens may
persist in natural and built environments so that we can
make knowledge-based interventions (Cabral, 2010;
Rhoads et al., 2015; Santos et al., 2015; Abioye et al.,
2021; Vadell et al., 2021). In general, microorganisms
are preserved in culture collections using –80°C storage
or lyophilization (freeze-drying). Only in limited cases
(for some fungi, for example) is pure liquid water used
for long-term storage (Castro-Rios and Bermeo-
Escobar, 2021). However, the preparation of such sam-
ples for storage is more time-efficient, less expensive,
and more environmentally sustainable so more studies
ought to be carried out into the efficacy of water, sea-
water or brines to preserve other microbial struc-
tures/taxa at ambient temperatures. Importantly, storage
in aqueous liquids also circumvents the potentially lethal
cellular stresses associated with thawing or rapid rehy-
dration.
Preparing the current article inspired the thought that

live microbes able to provide health benefits (probiotics)
might be added to frozen foods, but a literature search
revealed that such work is already underway, for ice
cream at least (Afzaal et al., 2020; Acu et al., 2021).
Insights derived from studying preservative properties of
water may also enable improvements of the hurdle tech-
nology (the methodology used to prevent the proliferation
of pathogens in foods and animal feeds using stress
parameters or other ‘hurdles’) (Qiu et al., 2019) by the
systematic application of chaotropicity, for example. The
principle that water repels apolar metabolites (many of
which are inhibitory to microbes) might also be applied
more widely to the biotechnological production of
hydrophobic substances using thermophiles grown at
high temperature.

A comment on astrobiology

In the astrobiology field, it has become the norm to plan
the search for biosignatures of past life by selecting
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places where water used to exist, such as the Jezero
Crater of Mars that is currently being sampled by the
Perseverance rover (Voosen, 2021), or is thought to cur-
rently exist, such as the oceans of Enceladus, Europa
and Titan. However, more future space missions could
also focus on waters themselves as a location where
biosignatures exist. Intriguingly, for example, the Mon-
aghans chondrite, partly composed of halite and thought
to originate from early Mars, was found to have hyper-
saline fluid inclusions containing water that is 4 billion
years old (see figure 2 of Zolensky et al., 2017). Given
the efficacy of water as a long-term preservative (and
assuming that alien life is indeed water-based), such
‘biosignatures’ may even take the form of extant life.
This could have implications on planetary protection pro-
cedures: care ought to be taken to consider long-term
preservation of cells in aqueous milieu to avoid contami-
nation of Mars or other planetary bodies during space
exploration (Changela et al., 2021).
In a seminal study relating to potential origins of life

on Earth and other planets, Bethell and Bergin (2009)
used modelling approaches to reveal that water vapour
shields both water and organics from ultraviolet and
other forms of non-ionizing radiation: ‘Similar to the
ozone layer that protects Earth’s surface from the
destructive effects of solar ultraviolet radiation, water cre-
ated in situ at the. . .surface [of the rotating protoplane-
tary disc of gas and dust around a newly formed star]
within a few astronomical units of the star will protect
any water vapour either created via gas-phase reactions
or supplied to the midplane via evaporating icy planetesi-
mals [debris likely to come together under gravitational
forces to form a planet]. In addition, the surface water
will protect any molecules created by gas-phase chem-
istry, allowing for a rich organic chemistry to persist in
the inner few astronomical units, even as the dust grains
evolve toward planets’. Astrobiological lines of inquiry,
therefore, may also provide insights pertinent to
knowledge-based terrestrial applications (Hallsworth
et al., 2021b).

Biosphere changes caused by global climate change

The terrestrial biosphere is changing drastically, driven
by civil engineering projects, changes in land use,
increasing human population, and the multifarious effects
of climate change (Blois et al., 2013; Cavicchioli et al.,
2019; Timmis and Hallsworth, 2022). Whereas the cur-
rent (Anthropocene) mass extinction event is being mon-
itored (Ceballos et al., 2020; Estes et al., 2020), another
major consequence is the release/reactivation of pre-
served microbes which were until now within the cryo-
sphere (permafrost, the polar ice caps, glaciers and sea
ice that have begun to melt); and the reactivation of

near-inactive microbes in hitherto nutrient-depleted and
cold freshwater, saline, and brine lakes and other places
where change is beginning to occur. For example, per-
mafrost is a repository for microbes of all domains of life
(Kochkina et al., 2012; Sipes et al., 2021) and yet the
increasing global temperatures and current forest fires in
Siberia are thawing this massive ice deposit (Kirdyanov
et al., 2020; Anisimov and Zimov, 2021).
The oceans, populated by microbes, are for the most

part nutrient-depleted (Kelly et al., 2021; Rech et al.,
2021) so they also act as a planetary-scale repository
for viable microorganisms. It is likely that climate change
will lead to the large-scale release of nutrients into aque-
ous environments (Feng et al., 2020; Duerschlag et al.,
2021; Kluge et al., 2021), lead to the emergence of new
or old pathogens (Revich et al., 2012), and in places
may promote the dissolution of some ancient salt depos-
its in which preserved microbes (from past biospheres)
are abundant (Ramos-Barbero et al., 2021; Pedr�os-Ali�o,
2021). Episodes of climate change have occurred
throughout the Earth’s geological history, driven by fac-
tors such as volcanic activity (Robock, 2000). The cur-
rent (anthropogenic) episode of climate change, primarily
hostile in its effect on life, will likely activate preserved
microbes on an unprecedented scale. Indeed, this pro-
cess has already begun, and will increase in the com-
ing years as global temperatures increase (Tollefson,
2020). We have yet to evaluate future impacts on the
ecology and evolutionary biology of microorganisms
within the functional biosphere. It is, however, clear that
the biology of water transcends various scales in space
and time, and is intimately involved in the transitions that
planet Earth is undergoing.
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ENDNOTE

1 There have been occasional suggestions of active
microbial life in saturated, MgCl2-dominated brines (4.4
to 5 MgCl2, van der Wielen et al., 2005; Steinle et al.,
2018); however, these were not based on observations
or measurements of cellular biology.
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