Microbial anhydrobiosis

Jason Bosch'*, Gilda Varliero®”, John E. Hallsworth?, Tiffany D. Dallas?, David Hopkins3, Beat Frey?,

Weidong Kong®, Pedro Lebre?l, Thulani P. Makhalanyane?, Don A. Cowan'

1 Centre for Microbial Ecology and Genomics, Department of Biochemistry, Genetics and
Microbiology, University of Pretoria, Pretoria, 0002, South Africa

2 Institute for Global Food Security, School of Biological Sciences, Queen’s University Belfast, 19
Chlorine Gardens, Belfast, BT9 5DL, Northern Ireland, United Kingdom

3 Scotland’s Rural College, Edinburgh, EH9 3JG, United Kingdom

4 Rhizosphere Processes Group, Swiss Federal Research Institute WSL, 8903 Birmensdorf,
Switzerland

> State Key Laboratory of Tibetan Plateau Earth System Science (LATPES), Institute of Tibetan

Plateau Research, Chinese Academy of Sciences (CAS), Beijing, 100101, China

*These authors contributed equally to this work.

Correspondence: don.cowan@up.ac.za

Abstract

The loss of cellular water (desiccation) and the resulting low cytosolic water activity are major
stress factors for life. Numerous prokaryotic and eukaryotic taxa have evolved molecular and
physiological adaptions to periods of low water availability or water-limited environments that
occur across the terrestrial Earth. The changes within cells during the processes of desiccation
and rehydration, from the activation (and inactivation) of biosynthetic pathways to the
accumulation of compatible solutes, have been studied in considerable detail. However,
relatively little is known on the metabolic status of organisms in the desiccated state; that is, in
the sometimes extended periods between the drying and rewetting phases. During these

periods, which can extend beyond decades and which we term ‘anhydrobiosis’, organismal



survival could be dependent on a continued supply of energy to maintain the basal metabolic
processes necessary for critical functions such as macromolecular repair. Here, we review the
state of knowledge relating to the function of microorganisms during the anhydrobiotic state,
highlighting substantial gaps in our understanding of qualitative and quantitative aspects of

molecular and biochemical processes in desiccated cells.

1. Introduction

Although most of the Earth is covered by water, more than 35% of its land surface exists in a state
of near-permanent aridity or hyper-aridity (Pointing and Belnap, 2012; Mirzabaev et al., 2019),
with hot deserts being the most common dryland type. In some of these areas, liquid water inputs
may be restricted to only a few centimetres of precipitation over decades, centuries or even
longer (Cherlet et al., 2018). Other drylands, which form part of the Earth’s cryosphere (such as
polar, high alpine and high plateau areas), are ‘biologically arid’ because water is in the form of
ice and therefore unavailable for metabolism (Quinton et al., 2011; Larose et al., 2013). In all
types of drylands (hot, cold or temperate), water availability is the dominant driver of biological

community structure and function (Maestre et al., 2015; Naidoo et al., 2021).

Conditions of periodic or permanent low water availability are unquestionably challenging to
organisms and can be incompatible with life. This is often evidenced by the near-complete
absence of macrofauna and plants in the more extreme desert habitats (Hufnagel et al., 2018;
Berdugo et al., 2021). It might be expected that microbial populations would also be either scarce
or absent in drylands (Dragone et al., 2021). In general, however, this is not the case: these
environments harbour diverse microbial taxa which exhibit multiple adaptations to extreme
environments, arising from an evolutionary history spanning long periods when extreme
conditions were the norm (Torsvik and @vreas, 2008; Singh et al., 2019). Hot hyper-arid desert
soils are populated by complex microbial communities (Cowan et al., 2020) and Antarctic Dry
Valley soils contain a high diversity of microbial taxa (Cary et al., 2010; Chong et al., 2015). To
exist in such habitats, microorganisms must be capable of surviving extended periods of low

water availability (i.e., they must exhibit extreme xerotolerance) and be able to successfully



respond to sometimes sudden, short-lived and unpredictable changes in water availability due
to precipitation or flooding. While the generation of highly stable and resistant resting bodies
(e.g., spores) is one such option, this capacity is restricted to a limited range of taxa. Other
xerotolerant microbes must subsist in hydrated microniches, such as rock cracks and fissures
(Lebre et al., 2017), or enter a desiccation-induced state known as anhydrobiosis, also termed as

anabiosis or cryptobiosis, to escape these harsh conditions (Crowe and Cooper, 1971).

The most intensively studied groups of anhydrobiotic organisms are tardigrades, diminutive
eukaryotes members of the phylum Tardigrada (Wang et al., 2014; Kamilari et al., 2019; Pedersen
etal., 2021); the dipteran insect Polypedilum vanderplanki (Ryabova et al., 2020; Voronina et al.,
2020); brine shrimps, crustacea in the Artemia genus adapted to high-salt conditions (Clegg,
2005); angiosperm resurrection plants (Farrant, 2000; Farrant et al., 2015) and domesticated
strains of the ascomycete yeast Saccharomyces cerevisiae (Dupont et al., 2014; Rapoport et al.,
2019). Desiccated cells (as opposed to those which are partially-dehydrated) have traditionally
been assumed to be metabolically inactive. This assumption has been based on commonly-used
means of assessment, and is largely based on well-studied macroscopic organisms where survival
in a desiccated state has been observed over decade-long time scales (Clegg, 1967; Guidetti and
Jonsson, 2002). This view is supported by various studies: a reduction in the size of tardigrade
storage cells during starvation, but not during desiccation, over the same length of time (Reuner
et al., 2010); the processing of 14CO; in different fractions of brine shrimp embryos only until
complete desiccation, after which it remained stable (Clegg, 1967); the lack of detectable change
in stored carbohydrate content in desiccated brine shrimp over a period of 28 years (Clegg, 1967);
and the observation that, during prolonged desiccation conditions, certain plants enter a cellular
state that mimics death (Singh et al., 2015). While these observations point to a lack of metabolic
activity during anhydrobiosis in higher organisms, it is unclear whether this applies to

microorganisms, particularly those adapted to low water-activity lifestyles.

Large and complex microbial communities occur in low water activity habitats such as brines (Lee

et al., 2018; Benison et al., 2021) and the soils of some of the driest environments in the world



(Cowan et al., 2002; Uritskiy et al., 2019). This suggests that many microorganisms might be
particularly adept at entering, surviving and then recovering from anhydrobiosis. We speculate
that microscopic, unicellular organisms are less metabolically constrained than their multicellular
counterparts under anhydrobiotic conditions, due to the lack of a dependence on inter-cellular
transport or signalling. Several studies suggest that, whereas most of cellular metabolism shuts
down during the anhydrobiotic phase, metabolic activity related to microbial cellular
maintenance and repair is still present in low water-activity conditions (Sun and Leopold, 1997;

Deng et al., 2012; Pazos-Rojas et al., 2019).

The published anhydrobiosis literature includes numerous studies on metabolic changes as
eukaryotes enter or leave the anhydrobiotic state, with most focusing on the responses to
mechanical, structural and oxidative constraints that must be overcome during
dehydration/rehydration cycles (Crowe et al., 2002; Dupont et al., 2014; Farrant et al., 2015;
Leprince and Buitink, 2015; Koshland and Tapia, 2019; Oliver et al., 2020; Camara and Sant’Ana,
2021). By comparison, there are few studies focused on metabolic processes during the
anhydrobiotic state (e.g., Wang et al., 2014; Farrant et al., 2015). Even fewer studies focus on the
most common taxa in desiccated environments: prokaryotes and unicellular eukaryotes such as

fungi (e.g., Cytryn et al., 2007; Deng et al., 2012; Pazos-Rojas et al., 2019).

In this review, we re-evaluate key aspects of the ecophysiology of microbial anhydrobiosis;
specifically, we define the concept of cellular anhydrobiosis; identify metabolic processes that
can occur in anhydrobiotic microorganisms; and explore microbial community functions under

conditions of near-complete aridity.

2. Definition of anhydrobiosis

The word “anhydrobiosis” is formed by combining the prefix an- (from Ancient Greek, meaning
“not”), hydro (from Ancient Greek, meaning “water”) and the suffix -biosis (meaning “a way of
living”); i.e., life without water (Wharton, 2015). The classical view of anhydrobiosis is a

desiccation-induced state of an organism when it “shows no visible signs of life and when its



metabolic activity becomes hardly measurable, or comes reversibly to a standstill” (Keilin, 1959).
This definition asserts that anhydrobiosis has the following criteria: it is induced by desiccation;
has no observable metabolism; and is reversible. However, we argue that this definition does not
reflect the complex and subtle realities of microbial cell biology under arid conditions/in arid

habitats.

3. Desiccation versus osmotic stress

While anhydrobiosis has been the target of much research, it is important to acknowledge
methodological inconsistencies of many studies. These inconsistencies are partly due to a
confusion between desiccation, (partial) dehydration, and osmotic stress. Whereas there are
physical similarities between desiccation and osmotic stress, these two cellular stresses are
mechanistically distinct (Billi and Potts, 2002; Kieft, 2003; Vriezen et al., 2007; Gunde-Cimerman
et al.,, 2018). The hybrid condition induced by high salt concentrations, osmobiosis, is
characterised by cellular changes and responses beyond those imposed by hyperosmotic
processes (Gade et al., 2020). Many experimental ‘desiccation’ studies are performed by the
addition of highly concentrated salt or solute solutions as a mean of reducing water activity
(Stevenson et al., 2015; Stevenson et al., 2017; Bremer and Kramer, 2019). These represent
examples of systems where water is physically present, but where much of the water is not

biologically available.

“Complete desiccation” has been quantitatively defined as the condition in which the water
content is less than 0.1 g H,0 g dry mass (Alpert 2005). This is roughly equivalent to drying in
air at 50% relative humidity and 20 °C; corresponding to a water activity of 0.50 and to a water
potential of -100 MPa (Gaff, 1997; Haranczyk et al., 1998; Proctor, 2003). The presence of water,
even if it contains high solute concentrations, still allows for the movement of microorganisms
and facilitates the diffusion of nutrients. In contrast, bulk water is absent from desiccated cells
and bacterial motility is highly restricted (Dechesne et al., 2010). Similarly, the absence of a liquid
continuum limits the diffusion of nutrients and is likely to be a major limiting factor of microbial

activity in soils with low water contents (Manzoni et al., 2012).



Experimental data indicate that high concentrations of salts and other solutes affect cellular
processes beyond the changes imposed by osmotic stress (Gervais et al., 1988; de Lima Alves et
al., 2015). For example, the activity of the Synechococcus photosystem is impaired by the osmotic
effects of 1 M sorbitol, but by both ionic and osmotic effects of 0.5 M NaCl (Allakhverdiev et al.,
2000). High concentrations of salts such as MgCl, simultaneously impose multiple stresses on
cells including osmotic stress, reduced water activity and chaotropicity (Hallsworth et al., 2007;

de Lima Alves et al., 2015).

4. Transitions to and from the anhydrobiotic state

The assertion that anhydrobiosis is characterised by a total lack of metabolic activity (Keilin, 1959)
is debatable, given that a lack of “signs of life” (e.g., movement in multicellular organisms,
motility in unicellular organisms, and cell division) does not indicate the full extent of possible
metabolic functions (Walters et al., 2005; Hallsworth, 2018). A summary of the functional

changes in organisms entering and leaving the anhydrobiotic state is presented in Figure 1.

In all organisms, higher-order functions such as cell division and motility are rapidly inhibited, or
even lost altogether, as intracellular water is removed (Trevors, 2011; Leprince and Buitink,
2015). For example, incubation of cyanobacterium Synechococcus cells in 0.5 M aqueous NaCl
(water activity 0.98) reduced photosynthetic activity by 80% within 2 hours (Allakhverdiev et al.,
2000). Gram-negative bacteria such as Salmonella, Vibrio and Escherichia, require a water activity
greater than 0.95 for cell division (Fontana and Carter, 2020). However, the water-activity limits
of biological functioning are highly organism-specific: for example, some Haloarchaea continue
to divide in concentrated saline media at 0.635 water activity (Stevenson et al., 2015) and
Aspergillus penicillioides cells are capable of cell division at water activities down to 0.585
(Stevenson et al., 2017). During desiccation, multiple cellular responses to water depletion are
also activated. The expression of genes upregulated during the first few hours from the onset of
desiccation include those coding for heat shock proteins and chaperones, and those involved in
oxidative stress, DNA repair, DNA synthesis, compatible solute metabolism/transport,

modification of the cell envelope, and fatty acid metabolism (Katoh et al., 2004; Cytryn et al.,



2007; LeBlanc et al., 2008; Li et al., 2012; Rajeev et al., 2013; Garcia-Fontana et al., 2016; Palud
et al., 2020). As desiccation progresses, cells eventually enter a state of anhydrobiosis, where

cellular water may exist only in the bound (Type |) state (Figure 1).
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Figure 1. Conceptual view of microbial cells (black line, cellular water content) undergoing a desiccation/hydration
cycle. Following entry into the desiccation phase, the fully hydrated cells lose high-order functions. With the
progression of the desiccation phase the cells go from Type Ill water condition (0.85 to 1 water activity; Box 1) to
the Type Il state (0.25 to 0.85 water activity; Box 1), the transcription of genes involved in desiccation responses is
upregulated (e.g. biosynthesis of trehalose and/or other stress protectants) and major metabolic pathways
become inactive. With the progressive decrease of water activity, cells enter the anhydrobiotic phase (water
activity = 0.50), where cells retain basal metabolism. At this point, water may be in the Type | state (0.00 to 0.25
water activity; Box 1). The induction of the rehydration phase is triggered by the increase of water activity. Once
water activity is back to 0.50, the cells exit the anhydrobiotic state. Transcriptional pathways that were shut down
during the desiccation phase are reactivated, followed by a downregulation of genes involved in the desiccation
response, and the recovery of higher-order functions. The proposed boundaries for the various functional
transitions are broadly based on published studies: Trevors, 2011 (1); Vriezen et al., 2012 (2); Pazos-Rojas et al.,
2019 (3); Katoh et al., 2004 (4); LeBlanc et al., 2008 (5); Deng et al., 2012 (6); Cytryn et al., 2007 (7); Greening et al.,
2016 (8); Ortiz et al., 2020 (9); Candotto Carniel et al., 2021 (10); Rajeev et al., 2013 (11); Lépez-Lara et al., 2020
(12); KulieSiené et al., 2021 (13); Ledn-Sobrino et al., 2021 (14).



During the rehydration process, desiccated microorganisms show rapid changes in gene
expression (Finn et al., 2013; Rajeev et al., 2013; Lépez-Lara et al., 2020). For example, Lopez-
Lara et al. (2020) reported that within 20 minutes of water addition, the expression of genes
involved in phenylalanine/tyrosine catabolism in the Gram-negative bacterium Pseudomonas
putida were strongly upregulated, providing carbon substrates for energy generation. In a recent
metatranscriptomic study of desiccated and wetted soil microbiomes, statistically significant
changes in gene upregulation (e.g., motility genes, transporter genes) and downregulation (e.g.,
stress-response genes, autotrophic carbon-acquisition genes) were observed only 10 minutes

after the addition of water to desiccated soils (Ledn-Sobrino et al., 2021).

5. The anhydrobiotic state

How microorganisms survive during the anhydrobiotic state has been hotly debated. It has been
generally recognised that vitrification of the cytoplasm, with accumulation of compatible solutes,
contributes to survival (Sun and Leopold, 1997; Crowe et al., 1998; Boothby and Pielak, 2017;
Crowe, 2014). The most widely studied compatible solute, trehalose, creates a glassy matrix
which protects cellular structures, such as vesicles, during desiccation (Cesaro et al., 2008). As for
all compatible solutes, trehalose stabilised macromolecules by replacing water in H-bond
networks (water-replacement hypothesis) (Crowe et al., 1998), but may also contribute to the
retention of residual water (Kilburn et al., 2006; Kumar Jain et al., 2008) and serve as an energy

source (Tapia and Koshland, 2014).

Following desiccation, processes such as the Maillard reaction and the Haber-Weiss and Fenton
reactions can cause harmful effects due to the accumulation of reactive oxygen species and
damage to protein and DNA (Kranner and Birtic, 2005; Potts et al., 2005). The presence of
trehalose or other intracellular xero(desiccation) protectants reduces desiccation damage
(Franca etal., 2007; Narvaez-Reinaldo et al., 2010; Kosar et al., 2019). There is seme-also evidence
that anhydrobiotic organisms accumulate DNA damage during desiccation, triggering repair
processes on cellular rehydration (Mosca et al., 2019), although active DNA repair processes have

been observed in desiccated cells (Greffe and Michiels, 2020).



It is commonly assumed that total vitrification of the cytoplasm would inactivate all metabolic
pathways (Evangelista et al., 2017; Hibshman et al., 2020) but it is not known whether the
cytoplasm is indeed fully vitrified during anhydrobiosis (Ratnakumar and Tunnacliffe, 2006). A
recent study by Candotto Carniel et al. (2021) demonstrated that a state of vitrification in lichens
was only reached at 0.12-0.08 g H,0 g™ dry weight and that most molecules were in a glassy
state at 0.03 g H,0 g~ dry weight. We also note that different organisms use different molecules
and mechanisms to maintain cell integrity during desiccation stress (Boothby and Pielak, 2017;

Oliver et al., 2020), not all of which involve vitrification of the cytoplasm.

5.1. Cellular metabolism in the anhydrobiotic state

Various studies have reported gene expression patterns from microbial desiccation/hydration.
These studies have used a variety of experimental approaches, under different conditions and
using different model organisms (Table 1). However, because the point of entry into the
anhydrobiotic state is organism-specific, and probably specific to the spatiotemporal
environmental conditions, it is often impossible to determine whether a particular study reports
gene expression during desiccation/rehydration transitions or anhydrobiosis per se (Table 1). For
clarification, we define the anhydrobiotic state as the ‘steady state’ between the processes of
cellular desiccation and cellular rehydration, where cellular functions are restricted to basal
metabolism (Garcia, 2011). We note that while the two transitional phases will normally be

relatively rapid, the anhydrobiotic steady state may exist for long periods.



Table 1. Studies exploring gene expression pattems in anhydrobiotic bactera after desiccationhydration experiments®.

Gene
exXpression
Organism Desiceation conditions Gone cXpreSSion Companson technigue Study
Bradyrhizobium japomicum Cell cultures were fillered, Filters Comparison between cells Microarray, Cytryn
were vacuum deicd, placed in desiccated for 4, 24 and 72 h RTgPCR ef al. (2007)
perforated polystyrene Petri
dishes, and transfered in
plastic 150 mm desiccatons
with distilled water (100%
redative humidity) or saturated
potassium acetate solution
{27% relative humidity)
Salmonclla erfenca Cell incubation in peanut ol (030 Comparson between cells grown ANA-seq, RT- - Deng
waler activity) in peanut oil (at 72, 216 and gPCR ef al. (2012)
528 h after desiccation) or
Luria—Bertani broth (12 and
32 h)

Salmonella erdenca serwvar Cells were air-dried on steel for Comparison between cells Microarray, Finn
Typhimurium 4 hat 24°C in a laminar flow desiccated onto stainkess steel RTgPCR ef al. (2013)
cabinet, at 45% relative for 4 h and cells cultured in
humidity static beoth; cells wene then

redydrated for 30 min
Salmonella criencasarovar Cells were air-dried in a biosafety  Comparnson between desiccated RANA-seq RT-  Gruzdev
Typhimurium cabinet for 22 h at 25"C, at and non-desiccated cells gPCR ef al. (2012)
40% retative humidity incubated in the same
conditions
Anabaena sp. PCCT120 Cultured cells were spotted on Companson between desiccated Microarray; Katah
filters. The latter were then and non-desiccated cells after RT-PCR ef al. (2004)
desiccated in a Pelri dish desiccation for 0.5, 3, 10 and
under room-ight conditions at 22h
30 C and 30% relative
humidity
Salmonella erdenca serwvar Cuttured cells were spotied on Comparison between cells AMA-seq Maserati
Typhimurium fitters. Fillers were air-dricd for equilibrated at 0.11 water ef al. (2017)
24 h at room temperatune and activity and 1 water activity
were then placed in
desiccators with distilled water
(100% relative humidity) or
saturated solution of LICI 99%
{11% relative humidity)
Rhodococcus josti RHA1 Cell cultures were fillered, Filters Compan=on between control and — Microamay, LeBlanc
were placed in an air-tight desiccated cells afier 0.5, 1, 3, RT-gPCRH ef al. (2008)
cabinet maintained at 30°C 6, 12, 24, 48, 168, and 336 h
and at either 20% or 100%
redative humidity for the
desiccated and control
samples respectively
Salmonela Tennessee and Both strains were stored for 2 h Companson of 5. Tennesse Microarray, Lief al. {(2012)
Salmonela Typhimurium in a sterbe desicoator with LICH (highly desiccation resistant) RTgPCR
LT2 (11% equilibrium relative and 5. Typhimurium LT2
humidity) (weakly desiccation resistant)
after 2 h drying
Pseudomonas putida KT2440 Cells were dehydrated for Comparison of desiccated and Microarray, Lopez-Lara
18 days in a desiceation non-desiccated cells after RTgPCR ef al. (2020)
chamber at 30°C and 50% 20 min and 24 h rehydration
redative humidity
Pseudomonas putida KT2440 Massive Stamping Drop Plate Comparn=on of cells before AT-qPCRH Pazos-Rojas
method camied out at 30°C desiccation and after 20 min ef al. (2019)
and 50% relative humidity and 24 h rehydration;
desiccation was perfomed for
6, 12 and 18 days
Microcolous vaginatus In controlled mesocosms, the soil  Comparnson of gene cxpression Microamay Rajecy
crusts were first hydrated in biclogical soil crusts ef al. (2013)
simulating a ranfall cvent, and subjected o rehydration,
then were desiccated again desiccation and two diel cycles

10



after 72 h by decreasing reom
humidity using air conditioners

Cronobactor sakazakil SP291 A 96-well microliter plate was Companson between cells in RMNA-zoq; RT- Srikumar
placed in a lEaminar-flow nutrient-rich medium early gPCR et al. (2019)
cabinet for 4 h stationary phase and cells

desiccated for 4 h

“Please nole that most of these studies also perdformed additional analyses which are not reported here,

Cellular metabolic functions are limited in the anhydrobiotic state (Katoh et al., 2004; LeBlanc et
al., 2008; Rapoport et al., 2019). Deng et al. (2012) showed that less than the 5% of the
Salmonella enterica genome was transcribed when the organism was cultured in peanut oil (0.30
water activity). For the nitrogen-fixing bacterium Bradyrhizobium japonicum, when desiccated at
27% relative humidity, expression of only a limited number of genes was detectable: pilin subunit
(ctpA), heat-shock protein (hsp20), sigma factors, and transcriptional regulators (Cytryn et al.,
2007). Similar expression patterns were observed in Salmonella enterica serovar Typhimurium at
40% relative humidity (0.40 water activity) (Gruzdev et al., 2012) and 11% relative humidity (0.11
water activity) (Maserati et al., 2017). A decrease in stored trehalose after long-term desiccation
(180 days) of Saccharomyces cerevisiae cells has been ascribed to ongoing basal metabolism, and
is consistent with the observed activity of trehalases in low water-content cells (0.05 g H,0 g™*

dry weight) (Tapia and Koshland, 2014).

However, we note that the intracellular water activity has not been ascertained with certainty or
accuracy in many such studies. Furthermore, gene expression patterns in anhydrobiotic cells
should be interpreted with caution, as there is some disagreement in the literature on the
stability of mRNA in a vitrified medium (Deng et al., 2012; Minogue et al., 2014; Sadler and
Khodavirdi, 2015). We suggest that RNA-based studies in desiccated cells should incorporate
comparative experiments and appropriate controls (e.g., fully hydrated cells) (Table 1), where
the identification of significant differentially expressed genes (e.g., p < 0.05) provides some
confidence in the assighment of water activity-related metabolic changes (Costa-Silva et al.,
2017). Further insights into the nature of gene expression during anhydrobiosis may be obtained
by quantitating the turnover of RNA species using a time sensitive technique such as SLAM-seq

(Herzog et al., 2017) and others (Wissink et al., 2019).
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5.2. Enzymatic activity in the anhydrobiotic state

The retention of some metabolic functions during steady state anhydrobiosis implies that some
enzymes continue to function in the very low water activity cytosol. Indeed, some enzymes,
biochemical reactions and metabolic pathways retain functionality with an apparently negligible
amount of water (Candotto Carniel et al., 2021). For example, a 3H,0 metabolic-labelling study
of anhydrobiotic metabolism in lichens suggested that some basal metabolic processes, most
notably amino acid biosynthesis (probably via transamination reactions from TCA cycle
intermediates), occur at water activities as low as 0.30 (Cowan et al., 1979), below the “complete
desiccation” threshold (Alpert 2005). The precise threshold of water content required for protein
function may depend on the amino acid composition and structure of the protein itself. It is also
possible that residual cellular water is concentrated in subcellular compartments, rather than
being homogeneously distributed throughout the cell. It has been reported that different
components of proteins require at least 0.1-0.05 g H,O g of protein™' to maintain their
conformation (Potts, 1994). Similarly, some lipases remain catalytically active in organic solvents
at water contents as low as 1% (v/v); performing esterification, aminolysis, acyl exchange,
thiotransesterification and oximolysis (Zaks and Klibanov, 1987), and subtilisin-catalysed
transesterification reactions in >99% (v/v) tetrahydrofuran (Affleck et al., 1992). The observation
that solvent-free “melts” (e.g., molten sorbitol) support enzyme activity at sub-solvation levels
and at very high temperatures (Brogan et al., 2014) suggests a requirement for a liquid milieu,
rather than an aqueous milieu per se, although the desiccated enzymes almost certainly retain

bound (structural) water (Ball, 2017).

5.3. Energy generation in the anhydrobiotic state

For non-growing microorganisms, Morita (1997) proposed two modes of energy
generation/metabolism:

- maintenance energy, which is required for osmotic regulation, maintenance of intracellular pH,
futile cycles, turnover of macromolecules, motility, and energy dissipation by proton leak and
ATP hydrolysis; and

- survival energy, which is required for the repair of macromolecular damage.

12



Assuming some metabolic functionality during the anhydrobiotic state is phylogenetically
universal, a source of the maintenance energy is critical (Pirt, 1987; Morita, 1997; Leung et al.,
2020). Intracellular reserves of metabolic substrates are the most likely source, although the
physiological utilisation of these substrates is not an equilibrium process (e.g., substrates will
become depleted over time). The Gram-positive bacterium Arthrobacter crystallopoietes is
metabolically active during desiccation, but at very low rates and approximately < 50% of stored

carbon was catabolised over a 12-year period (Boylen, 1973).

The microbial oxidation of trace atmospheric gases (particularly H, and CO) is a key process for
energy generation by hyper-oligotrophic soil microbiomes such as those of remote regions of
terrestrial Antarctica (Ji et al., 2017). This finding suggests a viable source of maintenance energy
during anhydrobiosis, at least for some microorganisms. Thermodynamic calculations indicate
that this autotrophic process (Greening et al., 2016), which may actually be widespread in soil
microbiomes (Bay et al., 2021), can provide sufficient energy to meet the maintenance needs of

these organisms (Bay et al., 2021).

It has been noted that aerobic H, metabolism is hydrogenic (sensu water-generating: 2H, + O, =
2H,0) and that this process may be quantitatively significant as a source of cytoplasmic hydration
in water-constrained habitats (Ortiz et al., 2020). Although the underlying biochemistry is
different, microbial growth appears to increase the water activity of the surrounding medium
(Mossel, 1975; Reif3, 1978; Richard-Molard et al., 1985). These studies further suggest that
metabolically generated water may be an important source of water for microbial communities
in hyper-arid habitats (Nagy, 2004). Given the importance of water for life, we speculate that the
primary selective pressures driving the evolution of trace gas metabolism in desert microbiomes

are oligotrophy and water insufficiency.

6. Metabolic responses of microbial communities to desiccation

Aridity affects microbial distribution in soils and reduces both microbial abundance and diversity

in water-constrained ecosystems (Maestre et al., 2015), including those with high concentrations
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of salts (Lee et al.,, 2018) or other solutes (Lievens et al., 2015). However, the capacity of
microorganisms to enter and persist for long periods in the anhydrobiotic state could play a
pivotal role in maintaining biodiversity of dry environments; by increasing the longevity of

individual cells and the sustainability of microbial populations (Pechter et al., 2017).

The behaviour of microbial communities in desiccated environments may not be accurately
predicted by the findings of laboratory studies, many of which have focused on pure cultures
(Table 1). For example, biological soil crusts dominated by Microcoleus vaginatus continued to fix
carbon at water potentials far below those where this activity had ceased in laboratory
experiments (Rajeev et al., 2013). The interpretation of the effects of desiccation in complex
biological communities is likely to be affected by inter-species interactions. For example, microbial
communities are known to improve and enhance plant growth under drought conditions (Khan
et al., 2016; Gehring et al., 2017; Vilchez et al., 2018). Root exudates have also been shown to
accelerate the exit of microbes from the anhydrobiotic phase (Pazos-Rojas et al., 2019).
Furthermore, mutualistic interactions are likely to exist between different microbial species

(Manzanera, 2020).

Transcriptomic studies of a desiccated soil microbiome in the hyper-arid Namib Desert showed
the presence of gene transcripts for enzymes driving inorganic nitrogen (nitrate) and organic
carbon (3-P-glycerate) assimilation (soil relative humidity values ranged from 13 to 28%) (Ledn-
Sobrino et al., 2019). We believe that these data constitute evidence of metabolic processes

performed by microorganisms in an anhydrobiotic state in their natural habitat.

One likely reason for the respective responses of axenic laboratory cultures versus environmental
microbial communities is the possible difference in the immediate cellular microenvironment.
Microbes in spatially and temporally dynamic/complex natural habitats can be conditioned by
changes in solutes and nutrients (Srikumar et al., 2019), and by other environmental changes
such as the formation of liquid films and microdroplets (Hallsworth, 2020; Orevi and Kashtan,
2021). In many soils (and other) biofilm communities, microorganisms respond to desiccation by

secreting extracellular polymeric substances (EPS), which form complex three-dimensional
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matrices in which the microbial cells are embedded (Rossi et al., 2012; Costa et al., 2018). Such
EPS matrices retain water and reduce drying rates of cells (Roberson and Firestone, 1992;
Manzoni and Katul, 2014; Schimel, 2018). EPS matrices are also hygroscopic, and have the
capacity to absorb water from the gas phase (Cray et al., 2013; Colica et al., 2014; Flemming et
al., 2016). The water retention capacity of EPS matrices is thought to contribute to microbial
community survival and function in desert soils (Adessi et al., 2018; Costa et al., 2018). Further,
soil relative humidity values are typically substantially higher than those of the surface
atmosphere, due to water vapour generated from sub-surface groundwater (in hot deserts) and

melted permafrost (in cold deserts) (Stomeo et al., 2012).

7. Discussion and Conclusions

In the last few decades, there has been substantial interest in the mechanisms involved in the
desiccation-rehydration responses of microorganisms (Garcia, 2011; Manzanera, 2020). Whereas
the transition to and from the anhydrobiotic state has been well characterized for some species
in culture-based systems, there is a general lack of information on the microbial anhydrobiotic

state, especially for complex communities within their natural habitats.

Here, we suggest that microorganisms entering the anhydrobiotic state maintain some degree of
basal metabolism to sustain cell repair systems and, possibly, other functions. However, the
lower limits of desiccation-related metabolic activities have not been accurately defined, nor is it
clear whether such limits might be organism-specific or generic. Furthermore, if rates of basal
metabolism are extremely low then it may be impossible to measure these within the time frame

of a typical research project, or even a human lifespan.

Despite these knowledge gaps, we argue that the available data, even if do not directly indicate
an anhydrobiotic metabolism, could support the concept of “anhydrobiotic basal metabolism”:
upregulation of genes during microbial anhydrobiotic state (Cytryn et al., 2007; Deng et al., 2012),
enzymatic activity at low cellular water content (Candotto Carniel et al., 2021), the microbial

oxidation of trace atmospheric gases (Greening et al., 2016; Ortiz et al., 2020). We also argue that
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there is a need for more in-depth and rigorous studies on microbial functionality in the
anhydrobiotic state. For example, high-resolution analyses of molecular turnover in desiccated
cells (e.g., using SLAM-seq), coupled with analyses of temporal changes in the metaproteome
and metabolome, would be highly informative, indicating which proteins and metabolic

adaptations are necessary to maintain cellular viability during anhydrobiotic phase.

Understanding the molecular and functional basis of anhydrobiosis is important for a variety of
reasons: increasing human population and climate change are exacerbating desertification on a
global scale; ecology and survival in the absence of large-scale bodies of liquid water inform life-
detection studies and other aspects of astrobiology; desiccated microbial structures can be used
for long-term storage of microbial species or communities; and providing insights into ageing and
longevity of cellular structures. Against this backdrop, there are other questions which remain
unresolved: for example, how long can microorganisms persist in a desiccated state (presumably
over geological timescales) before ionising radiation causes irreversible DNA damage; where is
the dividing line between maintenance metabolism, activity of individual (xerotolerant) enzymes,
and chemical processes (e.g., oxidation during anhydrobiosis); and what are the implications of

long-term anhydrobiosis for evolutionary biology?

Box 1: Quantitation of the desiccated state

Various metrics are employed in the description and quantitation of water in physical and
biological systems. Soil water content is traditionally designated by gravimetric H,O content (6;),
determined by heating and reweighing protocols (Bilskie and Campbell Scientific, 2001). An
alternative, more modern and physiologically more relevant, metric is matrix water potential
(Wsoil), a function of the attractive forces between hydrophilic polymers and/or charged surfaces
(e.g., extracellular polymeric substances or clay particles) and water molecules (Chapin et al.,
2002; Seneviratne et al., 2010), where non-wetted desert soils show typical values of between -
40 and -95 MPa (Huang et al., 2016). Other metrics include thermodynamic water activity (i.e.,
p/p* where p is the partial vapour pressure of water in the solution, and p* is the partial vapour
pressure of pure water at the same temperature; from this it follows that water activity is unitless

and that water activity of pure water is 1), and relative humidity (%) which is usually used to
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describe water in the vapour phase and has values 100-fold greater than the concomitant water

activity.

In soils, relative humidity values of < 70.0% (< 0.700 water activity) are generally considered to
be dry, although most (non-xerophytic) plants wilt at around 0.950 water activity. By way of
example, a 12-month 6-hourly sampling record of near-surface (0.5 cm) soil in the central hyper-
arid Namib Desert gave a mean value of 26.1% + 21.5% relative humidity (Cowan, unpublished

data).

An important metric to understand water flow in and out biological cells is the osmotic or solute
potential (Wx), which indicates the potential of water to move from a hypotonic to a hypertonic
solution, or vice versa. In desiccating soil, following an increase in solute concentration, water
tends to flow out of the cells by osmosis. Microorganisms react to this trend with different
mechanisms: for example, by accumulating solutes (stress protectants known as compatible
solutes) to maintain the osmotic potential across the membrane (Wood et al., 2001; Lebre et al.,

2017).

The physical state of water in biological systems differs substantially, depending on the degree
of desiccation. Thirty years ago, based on thermodynamic estimates and moisture sorption
isotherms (Vertucci, 1989, 1990), three different physical states of water in biological systems
were proposed: Type | (“bound”, meaning not readily removed), usually at a water activity
between 0 and 0.250; Type Il (“glass-forming”, part of a hydration shell), usually occurring
somewhere in the water activity range from 0.250 to 0.850 ; and Type Ill (“bulk water”) usually
in the water activity range from 0.850 to 1. Studies of water structure within fungal spores and
dry plant-tissues indicate that residual water exists in a gel-like state: probably Type Il (Wyatt et
al., 2015; Kuroki et al., 2019). The anhydrobiotic condition in cells is thought to be primarily
associated with the Type Il water state, where the diffusion of metabolites and the
conformational changes of macromolecules such as enzymes are limited (Greffe and Michiels,

2020).
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