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INTRODUCTION

Plants have evolved diverse and elegant strategies for life in wa-
ter-limited environments. At the extreme, some plants can survive 
typically lethal levels of water loss by becoming quiescent or dor-
mant during prolonged drought events. Vegetative tissues that can 
withstand drying to or below an absolute water potential of −100 
MPa without dying (Bewley, 1979) are considered desiccation tol-
erant. Plants with this ability are referred to as resurrection plants 
because of their dramatic ability to revive from a dry and seem-
ingly dead condition. In the current literature, the term resurrection 
plants is commonly reserved for vascular plants (distinguishing 
them from nonvascular plants), but in this review, we refer to all 

land plants with vegetative desiccation tolerance as resurrection 
plants. Resurrection plants are phylogenetically diverse, exhibit 
contrasting anatomy, drying kinetics, and survival frequencies, but 
they typically co-occur in specific habitat types. Over 90% of vas-
cular resurrection plants inhabit rocky outcrops or inselbergs in 
Africa, Asia, Australia, and South America, and it is common to find 
species spanning ~400 million years of divergence growing as com-
plex intertwined communities (Porembski and Barthlott, 2000).

Vegetative desiccation tolerance is an ancestral adaptation 
that facilitated the colonization of terrestrial habitats by early 
land plants. Subsequently, this trait was lost (or suppressed) in 
the ancestor of vascular plants as a trade-off for more complex 
water management and transport systems such as vasculature 
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and stomata (Oliver et al., 2005; Alpert, 2006; Gaff and Oliver, 
2013). Vegetative desiccation tolerance re-evolved in a subset 
of diverse vascular plants as an adaptation for survival in re-
gions where seasonal rainfall causes plants to dry periodically. 
Resurrection plants are represented in every major lineage of 
land plants, except gymnosperms (Alpert, 2000, 2006). Despite 

this widespread taxonomic distribution, vegetative desiccation 
tolerance is a relatively rare trait confined to select lineages. To 
date, vegetative desiccation tolerance has been documented in 
~600 land plants across 68 bryophyte (mosses, liverworts, and 
hornworts), 10 fern and fern ally, and 10 angiosperm families 
(Fig. 1; Appendix S1). Interestingly, desiccation tolerance has 

FIGURE 1.  Species tree showing the distribution of desiccation tolerance across all land plant families. Families in blue have at least one desiccation 
tolerant lineage. Major clades are designated by color. The complete list of plant families was retrieved from The Plant List (2013). The species tree was 
generated with phyloT (2019) and visualized using iTOL (Letunic and Bork, 2019). Desiccation-tolerant lineages were identified via a literature review; 
the complete list is in Appendix S1 (with citations in Appendix S2).
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been retained in the seeds and spores of nearly all land plants, 
suggesting that most plants have the genetic potential to be desic-
cation tolerant, but are limited by anatomical, physiological, and 
regulatory constraints. Consequently, it has been proposed that 
the convergent re-evolution of vegetative desiccation tolerance in 
vascular plants occurred through the rewiring of ancestral desic-
cation tolerance pathways maintained in seeds and spores (Illing 
et al., 2005; Costa et al., 2017; VanBuren, 2017; VanBuren et al., 
2018). Throughout the remainder of this review, we use desicca-
tion tolerance as shorthand for vegetative desiccation tolerance.

Although resurrection plants are remarkably diverse, it seems 
that their evolution has been shaped by common selective forces. 
Resurrection plants have successfully colonized extremely xeric hab-
itats unsuitable for most other organisms where they are subjected 
to long and/or frequent periods in a desiccated state (Alpert, 2000; 
Porembski and Barthlott, 2000). Specialized communities of phy-
logenetically diverse resurrection plants are common on inselbergs 
throughout Africa, Asia, Australia, and South America. These habi-
tats are characterized by shallow and nutrient-poor soils, intense so-
lar radiation, high temperatures, sporadic water availability, and low 
relative humidity (Porembski and Barthlott, 2000; Porembski, 2007, 
2011). Desiccation-tolerant plants (particularly bryophytes, ferns, 
and fern allies) are also abundant in the epiphytic niche, which is 
characterized by a similar lack of soil, intense solar radiation, and 
extreme water limitation (Hosokawa and Kubota, 1957; Proctor, 
2002; Leon-Vargas et al., 2006; Pardow et al., 2012). The observation 
that resurrection plants often co-occur and are found in character-
istic habitat types suggests that environmental selection has been a 
strong driving force in the retention and re-evolution of desiccation 
tolerance (Alpert, 2000). It is likely that similar selective forces con-
tinue to drive the contemporary evolution of desiccation tolerance 
on a local scale, but this possibility has rarely been tested. A more 
comprehensive understanding of the phylogenetic and geograph-
ical distribution of desiccation tolerance would shed light on the 
forces driving the evolution thereof, but the relative inaccessibility 
of inselbergs and epiphytic habitats continues to limit the discovery 
and characterization of new resurrection plants.

The substantial life history, anatomical, and physiological dif-
ferences that exist across diverse desiccation-tolerant lineages have 
imposed inherent constraints on the kinetics and mechanistic basis 
of desiccation tolerance in individual species. Consequently, des-
iccation tolerance is not a monolithic trait, and unique tolerance 
strategies exist across divergent lineages. Commonalities in desic-
cation tolerance mechanisms have been documented, but there is 
also evidence of lineage- and species-specific mechanisms (Oliver 
et al., 2020), likely driven by evolutionary baggage accrued over mil-
lions of years of independent evolution. These differences are most 
apparent between vascular and bryophyte resurrection plants, but 
unique strategies are also evident on smaller phylogenetic scales. 
In fact, responses to desiccation can vary within a single species  
(Stieha et al., 2014; Marks et al., 2019), and even among different 
development stages of an individual plant (Proctor et al., 2007a, b; 
Blomstedt et al., 2018; Radermacher et al., 2019). This complex vari-
ability highlights the intricate physiology underlying desiccation 
tolerance.

Substantial progress has been made in understanding the mo-
lecular biology and biochemistry of desiccation tolerance. A num-
ber of informative reviews cover recent advances in this area (see 
reviews by Vicré et al., 2004; Farrant et al., 2007; Moore et al., 2009; 
Morse et al., 2011; Dinakar et al., 2012; Gechev et al., 2012; Dinakar 

and Bartels, 2013; Zhang and Bartels, 2018; and Oliver et al., 2020); 
however, this knowledge is based on a small subset of resurrection 
plants that have been studied in great detail, with most studies 
conducted under laboratory conditions using a single or limited 
number of accessions. Consequently, multiple knowledge gaps and 
questions remain, particularly regarding the genetic diversity, plas-
ticity, and trait variability of desiccation tolerance. Although broad 
differences in gene expression (e.g., constitutive vs. inducible) and 
photosynthetic processes (e.g., chlorophyll degrading vs. retaining) 
have been noted across lineages, few studies have explicitly charac-
terized the additional scales of variability in desiccation tolerance, 
and a lack of consistent methodology across existing studies makes 
identifying such differences retrospectively challenging.

Characterizing the many dimensions of variability in desicca-
tion tolerance is critical for accurate mechanistic understanding of 
this complex trait. Desiccation tolerance is not a binary trait and ex-
ists along a gradient spanning divergent lineages, diverse genotypes, 
and complex tissues. Here, we review current understanding of vari-
ability in desiccation tolerance on three levels: across lineages, pop-
ulations of a single species, and tissues of an individual plant. We 
argue that each of these scales of variation can be leveraged to pro-
vide unique insight into desiccation tolerance. Specifically, detailed 
comparison of divergent lineages will aid in untangling the central 
or “core” components of desiccation tolerance from those that are 
species-specific. Characterizing differences within a single species 
will provide insight into the roles of plasticity and local adaptation 
in desiccation tolerance. Finally, understanding differences among 
tissues and life stages of a single plant can provide insight into the 
regulatory mechanisms underlying desiccation tolerance. We sum-
marize information collected from resurrection plants described in 
the literature and suggest that the variability contained within these 
diverse lineages can be leveraged for deeper understanding of this 
complex and elegant trait.

Variation in how desiccation tolerance is assessed

Many factors can impact the outcome of a desiccation event 
including the minimum water content of dried tissues (i.e., the 
intensity of drying) (Gaff, 1989; Watkins et al., 2007; Marks et al., 
2016), the rate of drying (Oliver et al., 1998; Farrant et al., 1999; Cruz 
de Carvalho et al., 2011, 2019; Stark et al., 2013; Greenwood and 
Stark, 2014; Greenwood et al., 2019; McLetchie and Stark, 2019), 
the light and temperature conditions during drying and rehydra-
tion (Hearnshaw and Proctor, 1982; Seel et al., 1992; Guo and Zhao, 
2018), the duration that tissues are maintained in a dry state (Benkő, 
2002), and the condition of tissues before drying (Schonbeck and 
Bewley, 1981; Beckett et al., 2005a, b; Brinda et al., 2016) (Fig. 2). 
Subtle modifications to these variables are common across studies 
and can impact the ultimate survival of tissues, complicating com-
parisons and highlighting the intricacy of desiccation tolerance. 
In a natural context, many of these variables are impacted by local 
environmental conditions as well as anatomical and physiological 
constraints at a species level. Depending on the species and the con-
ditions under which the tissues were dried and stored, resurrection 
plants can remain viable for months, years, or even decades in a des-
iccated state (Hosokawa and Kubota, 1957; Gaff, 1989; Alpert, 2000; 
Farrant and Kruger, 2001; Benkő, 2002; Proctor, 2003). Artificial ma-
nipulation of these variables can lead to contrasting recovery out-
comes within a single species (Farrant et al., 1999; Cruz de Carvalho 
et al., 2011, 2019; Stark et al., 2013; Greenwood and Stark, 2014).
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Normal metabolic and physiological functions typically resume 
within minutes of a rehydration event in bryophytes (Proctor et al.,  
2007a, b) and within several hours to days in vascular plants. 
Methods of assessing recovery from desiccation events also vary 
greatly, with some studies monitoring photosynthetic performance 
(by various methods) (Dilks and Proctor, 1974; Leon-Vargas et al., 
2006; Pressel et al., 2009; Proctor, 2010), some tracking the resump-
tion of protein synthesis (Oliver et al., 1993; Farrant and Kruger, 
2001) or cell survival (Clausen, 1964) and others monitoring down-
stream establishment, growth, and reproduction of treated tissues 
(Stieha et al., 2014; Greenwood et al., 2019). Furthermore, some 
studies assess the intensity of drying treatments by reporting the 
relative humidity to which tissues equilibrated, while others report 
the minimum water content of tissues either as relative water con-
tent (RWC) or on a dry mass basis. The diverse life forms of resur-
rection plants coupled with a lack of consistent methodology across 
studies make it difficult to directly compare desiccation responses 
across lineages and studies.

Variation among species

There are approximately 600 desiccation-tolerant land plants cur-
rently described in the literature (Appendix S1), but taxonomic 
characterization is likely incomplete. Desiccation tolerance is most 
common among bryophytes, with representatives in a least 68 fam-
ilies (e.g., Frullaniaceae, Grimmiaceae, Mniaceae, Orthotrichaceae, 

Pottiaceae, Ricciaceae, Thuidiaceae), fol-
lowed by ferns and fern allies with desic-
cation-tolerant species distributed across 
10 families (e.g., Hymenophyllaceae, 
Polypodiaceae, Pteridaceae, Selaginel-
laceae). Comparatively few angiosperm 
lineages are reported to be desiccation 
tolerant, but four monocot (Boryaceae, 
Cyperaceae, Poaceae, Velloziaceae) and 
six eudicot families (Cactaceae, Gesner-
iaceae, Lamiaceae, Linderniaceae, Myro
thamnaceae, Scrophulariaceae) contain 
resurrection plants (Fig. 1). The phyloge-
netic distribution of desiccation tolerance 
suggests that ancestral desiccation toler-
ance was retained in many early-diverg-
ing lineages (indicated by the widespread 
occurrence of this trait across bryophyte 
families) and supports the hypothesis 
that desiccation tolerance was lost (or 
suppressed) in the common ancestor of 
vascular plants and only re-evolved in a 
unique subset of lineages (indicated by 
the multiple independent origins of des-
iccation tolerance across vascular plant 
lineages) (Fig. 1).

Among the resurrection plants that 
have emerged as models for desiccation 

tolerance, the bryophytes Syntrichia ruralis and Bryum argenteum; 
the pteridophyte Selaginella lepidophylla; the eudicots Craterostigma 
plantagineum, Boea hgroscopica, Haberlea rhodopensis, and 
Myrothamnus flabellifolia; and the monocots Xerophyta humils, 
Xerophyta schlechteri (syn. Xerophyta viscosa), Eragrostis ninden-
sis, Sporobolus staphianus, and Tripogon lolioformis have been best 
studied. Of the ~600 known resurrection plants, these represent a 
very small subset, and yet substantial variation in the mechanism 
of desiccation tolerance is evident even among these selected spe-
cies. In fact, unique patterns of gene expression, metabolism, stress 
physiology, and genome structure have been observed within this 
subset (Dinakar and Bartels, 2013; Lyall and Gechev, 2018; Oliver 
et al., 2020). The variation contained within these species is a valu-
able source of information that can be leveraged to distinguish 
among the core vs. species-specific mechanisms of tolerance. Still, 
these species capture only a small portion of the existing diversity 
contained in all desiccation-tolerant lineages, hindering our ability 
to identify broadly conserved mechanisms.

On a broad scale, there are substantial differences in desiccation 
responses between vascular plants and bryophytes (Oliver et al., 
2005), but more nuanced differences also exist within these groups 
(Tuba et al., 1998; Tuba and Lichtenthaler, 2011). Most bryophytes 
dry extremely rapidly (in minutes to hours), whereas vascular 
plants tend to dry slowly over several days or weeks. Similarly, 
rates at which metabolism and physiological competence resume upon 
rehydration vary from minutes in bryophytes (Proctor et al., 2007a, b)  

FIGURE 2.  Schematic diagram of the desiccation–rehydration processes in resurrection plants. The 
y-axis represents water status of the plant tissue; the x-axis represents time. For simplicity, the mois-
ture of the environment is categorized as either wet or dry, although in reality the status is rarely so 
simple. Drying begins when the environment becomes dry, and rehydration occurs when the envi-
ronment becomes wet. The initial water content of the plant tissue can vary within a normal physio-
logical range, indicated by the three parallel lines before drying commences. Factors that can impact 
recovery from desiccation are indicated, including the rate of drying (RoD), the intensity of the drying 
event (IoD), and the duration of desiccation (DoD). Rehydration (R) is rarely manipulated in studies, 
but among bryophytes pre-hydration in high relative humidity can increase recovery.

FIGURE 3.  Reconstructed phylogenies of desiccation-tolerant lineages. Genera with poorly resolved phylogenies are collapsed, and the total number 
of known desiccation-tolerant species is indicated. The complete list of species reported to have desiccation tolerance is in Appendix S1 (with citations 
in Appendix S2). Other traits of interest are mapped onto the phylogeny where data are available. Plant genera were retrieved from The Plant List 
(2013); the tree was generated with phyloT (2019) and visualized using iTOL (Letunic and Bork, 2019).
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to hours and days in vascular plants. These differences in dry-
ing kinetics, seem to be driven by variation in tissue complexity, 
plant architecture, and morphology and are associated with con-
trasting dynamics in gene expression during desiccation and re-
hydration (Oliver et al., 2020). Most vascular plants slow the rate 
of drying through morphological and physiological mechanisms. 
During this time, the expression of genes involved in subcellular 
protection is initiated and cellular metabolism is shifted (Costa 
et al., 2017; Yobi et al., 2017; Liu et al., 2019). In contrast, bryo-
phytes tend to dry rapidly, and they express desiccation-related 
transcripts constitutively (Oliver et al., 2000, 2005, 2020) and 

require considerable repair on rehydration (Alpert and Oliver, 
2002).

Some bryophytes can survive desiccation to a lower water con-
tent than others (Fig. 3A) (Clausen, 1964; Streusand et al., 1986; 
Proctor and Tuba, 2002), and differences in the rate of drying (Dilks 
and Proctor, 1974), the duration of dry periods tolerated (Proctor, 
2003), and tolerance of added stresses including high tempera-
ture (Hearnshaw and Proctor, 1982) have been noted. Additional 
differences in the speed and completeness of recovery, the extent 
of membrane damage, electrolyte leakage, and net photosynthetic 
rates have also been observed across diverse bryophyte lineages 

Angiosperms Pteridophytes

Lycopodiopsida

Polypodiopsida

Eudicotyledons

Lamiales

Caryophyllales

Gunnerales

Magnoliopsida

Poales

Pandanales

Asparagales

Isoetales

Selaginellales

Polypodiales

Hymenophyllales

Schizaeales

B

FIGURE 3  (Continued)



� 2021, Volume 108  •  Marks et al.—Unexplored dimensions of desiccation tolerance  •  7

(Dilks and Proctor, 1974; Alpert and Oechel, 1987; Harten and 
Eickmeier, 1987; Oliver et al., 1993; Proctor, 2002; Leon-Vargas 
et al., 2006). Although desiccation-tolerant bryophytes clearly have 
contrasting phenotypes, the physiological mechanisms behind this 
variation have rarely been studied, and the confounding effects 
of field-hardening and environmental plasticity have been largely 
overlooked. Recent work suggests that constitutive expression of 
desiccation-related transcripts in bryophytes may actually depend 
on priming or field-hardening of tissues (Fig. 3A) (Stark et al., 
2014). In a natural context, bryophytes undergo rapid and frequent 
cycles of dehydration and rehydration because of the high surface 
to volume ratio of their tissues. Because bryophytes rapidly equili-
brate to the ambient relative humidity, the constitutive expression 
of desiccation-related genes is favored. However, when cultured 
under mesic conditions, bryophytes may minimize the costly ex-
pression of desiccation-related transcripts in order to allocate those 
resources to other functions.

Vascular resurrection plants are expected to exhibit contrast-
ing mechanisms of desiccation tolerance due to the putative inde-
pendent origins of the trait across these lineages. The most visually 
obvious and well-studied example of this variation is the manner in 
which photosynthesis is regulated during desiccation and recovery, 
where two contrasting strategies, termed homoiochlorophylly and 
poikilochlorophylly are evident. Homoiochlorophylly is typified by 
the retention of chlorophyll and the maintenance,and protection 
of the photosynthetic apparatus during desiccation, with minimal 
repair required on rehydration. In poikilochlorophyllous plants, 
chlorophyll is degraded, thylakoids are dismantled during desic-
cation, and subsequently regenerated during early rehydration. 
Homoiochlorophylly is an evolutionary ancient strategy present 
in all nonseed plants, all eudicots, and most C4 monocots reported 
on to date. Poikilochlorophylly, on the other hand, is restricted 
to monocots (Fig. 3B) (Tuba, 2008), and its occurrence could be 
related to ecological patterns of drying. Poikilochlorophyllous 
plants may be better adapted to survive extended periods of dehy-
dration and are expected to dominate in sites with fewer cycles of 
dehydration and rehydration. In contrast, homoiochlorophyllous 
plants are likely better adapted to capitalize on short periods of hy-
dration (because their photosynthetic apparatus does not need to be 
reassembled during rehydration) and may outcompete poikilochlo-
rophyllous plants in habitats with frequent cycles of dehydration 
and rehydration. Xerophyta elegans is the only Xerophyta species 
with homoiochlorophylly, and unlike its sister species, occurs in 
shaded niches, suggesting that light intensities may also play a role 
(J. M. Farrant, personal observation). However, this hypothesis has 
not been tested, and both poikilochlorophyllous and homoiochlo-
rophyllous resurrection plants are often found side by side in the 
field (Rabarimanarivo and Ramandimbisoa, 2019).

Substantial differences in drying rate and relative resistance to 
water loss are easily observed among co-occurring resurrection 
plants (i.e., some plants dry in hours and others take several days to 
fully desiccate) (Gaff, 1977; Alpert, 1979; Sherwin and Farrant, 1996; 
Farrant et al., 1999; Proctor and Tuba, 2002; R. A. Marks, personal 
observation). Differences in drying rate may be related to ecolog-
ical, phylogenetic, and anatomical variation among species. These 
differences are associated with variation in the nature and chem-
ical composition of osmotic protection during the early stages of 
drying. During drying, most resurrection plants accumulate high 
levels of sucrose, but the nature of secondary sugars accumulated 
varies across species. For example, Myrothamnus flabellifolia 

contains substantial amounts of trehalose, arbutin, and glucopyra-
nosyl-β-glycerol (Bianchi et al., 1993), whereas Craterostigma plan-
tagineum, Ramonda, and Haberlea sp. accumulate an abundance of 
raffinose family oligosaccharides (Müller et al., 1997; Egert et al., 
2015). Such metabolites are thought to not only slow the rate of wa-
ter loss, but also to protect cells from the initial generation of reac-
tive oxygen species as carbon fixation is hindered during the decline 
in water potential. Many resurrection plants exhibit elevated levels 
of sugars and amino acids in the hydrated state (Farrant et al., 2009; 
Oliver et al., 2011; Yobi et al., 2012, 2017; Suguiyama et al., 2014; 
Radermacher et al., 2019), implying a metabolic priming or state of 
readiness for incipient droughts.

There is additional variability among vascular resurrection 
plants in the means by which mechanical stabilization is progres-
sively achieved. Some species minimize changes to cell volume 
during dehydration via increased vacuolation, whereas others 
depend on folding of the cell wall, usually in inverse proportions 
(Farrant et al., 2007; Oliver et al., 2020). Extreme folding of cell walls 
is typically accompanied by little or no increased vacuolation, as 
observed for Craterostigma sp. (Vicré et al., 2004), whereas many 
Xerophyta sp. have relatively inflexible walls and much of the cy-
toplasm is occupied by vacuoles during desiccation (Farrant et al., 
2007). These enlarged vacuoles contain compatible solutes, the na-
ture of which varies among species (Bianchi et al., 1993; Müller 
et al., 1997; Egert et al., 2015). The extent of cell wall flexibility can 
be related to the nature, relative quantities of, and modifications in 
pectin (particularly homogalacturonans), hemicelluloses, extensins, 
glycine-rich proteins, and arabinoglactan proteins present in each 
species (Moore and Farrant, 2012; Neeragunda Shivaraj et al., 2018), 
which results in considerable variation among species as to how cell 
wall flexibility is achieved.

Studies that seek to define detailed differences in the mechanisms 
of cellular protection and repair across diverse resurrection plants 
are needed. Applying standardized methods to additional species 
spanning the multiple independent origins of desiccation tolerance 
will shed light on the phenotypic and mechanistic variability of this 
trait. When combined with sister species comparisons of tolerant 
and sensitive taxa, these data could be leveraged to identify core 
components of desiccation tolerance. Differences in relative desic-
cation tolerance across lineages may also impact community dy-
namics and can be used to better understand ecological patterns, 
species distributions, and shifts under climate change.

Variation within species and across geography

The extent of intraspecific trait variability in desiccation tolerance 
is largely uncharacterized, but is likely significant, similar to other 
highly convergent adaptations to water deficit such as CAM and 
C4 photosynthesis (Silvera et al., 2010; Schlüter and Weber, 2020). 
Many of the physiological and molecular studies on desiccation 
tolerance have used a single or limited number of accessions, inad-
vertently ignoring any variability found within individual species. 
Although this work has been fundamentally insightful, focusing on 
select accessions has hindered our understanding of the genetic and 
phenotypic variation in desiccation tolerance within species and 
across populations.

Screening natural populations to identify exceptionally toler-
ant ecotypes and mining the genetic variability contained within 
is a promising approach for identifying key genes for desicca-
tion tolerance (Kovach and McCouch, 2008; Zamir, 2008). Many 
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desiccation-tolerant angiosperms are widely distributed across 
central and southern Africa, Asia, Australia, or South America 
with stark differences in elevation, precipitation, and tempera-
ture across their native range (Bentley et al., 2019; Porembski and 
Barthlott, 2000). For example, annual precipitation across the dis-
tribution of Myrothamnus flabellifolia ranges from <250 mm in 
Namibia to >1000 mm in Malawi (Bentley et al., 2019). Other 
resurrection plants occur across similar geographical ranges, 
and it is possible that levels of desiccation tolerance vary in con-
cordance.  Surveying this variation would be a powerful way to 
leverage quantitative genetics to discover genes and regulatory 
elements underlying desiccation tolerance. Population-scale 
studies are advantageous over cross-species comparisons as they 
allow for the identification of discrete genetic variation underly-
ing desiccation tolerance rather than conserved changes at the 
biochemical, physiological, or network levels that are correlated 
with this trait. In addition to facilitating fundamental research, 
this natural diversity can be leveraged more easily than sys-
tems-level approaches to identify bioengineering targets for im-
provement of drought-tolerance traits. Finally, while comparative 
studies across species can point to potential life history trade-
offs, demonstrating the existence of trade-offs can best be done 
within a species or individual because confounding anatomical 
and physiological variation is limited.

Desiccation tolerance has a tremendous metabolic and physio-
logical cost, and its induction requires limited resources to be al-
located from one process to another in a complex growth defense 
trade-off. Based on the observation that desiccation tolerance is 
found primarily in small organisms, Alpert (2006) argued that des-
iccation tolerance trades off with growth and reproduction. Because 
the cost of tolerance must be balanced with the frequency of ex-
treme drought events, resurrection plants are generally less com-
petitive in regions with fewer prolonged drought events (Alpert, 
2006). In these regions, desiccation-sensitive plants can outcom-
pete the smaller, slow-growing resurrection plants using typical 
drought-avoidance strategies. Variation in climatic variables could 
drive diversification in desiccation tolerance, such that populations 
in wetter climates may sacrifice tolerance for faster growth rates or 
larger plant size. There are exceptions to this pattern, and desicca-
tion tolerance has been maintained in some lineages that no longer 
encounter extreme drying such as the eudicots Lindernia brevidens 
and Boea hygroscopica. These species are endemic to montane rain-
forests in Tanzania and forest understories in North Queensland, 
respectively, that never experience seasonal drying (Gaff, 1981; 
Phillips et al., 2008). The retention of desiccation tolerance in these 
lineages suggests a productivity trade-off is not universal. However, 
any natural variation in desiccation tolerance can be used to test 
for trade-offs between desiccation tolerance and other life-history 
traits, which will provide insight into the potential consequences 
and pitfalls of engineering desiccation tolerance.

Very few studies have explicitly tested for differences in rel-
ative desiccation tolerance among individuals of the same spe-
cies, but those that have, identified measurable intraspecific 
variation (Newton, 1972; Stieha et al., 2014; Marks et al., 2016, 2019; 
Greenwood et al., 2019). This variation may derive from acclimation 
to specific sites (plasticity), local adaptation, or a combination of 
the two (Knight et al., 2006; Cavender-Bares and Ramírez-Valiente, 
2017). As mentioned above, many resurrection plants are widely 
distributed across climates with vast differences in annual precip-
itation where they are subjected to unique local selective pressures 

that could drive contemporary evolution of desiccation tolerance 
in particular sites. Understanding the extent of plasticity vs. local 
adaptation to any observed phenotypic variation in desiccation tol-
erance will improve predictions about species persistence and range 
shifts under climate change. More broadly, these interactions can 
also inform farming practices by distinguishing among traits that 
can be modified through specific management practices vs. those 
that are genetically determined.

Evidence that priming (exposure to a mild stress before com-
plete desiccation) (Lyall et al., 2014; Zhu et al., 2015) and field-hard-
ening (Schonbeck and Bewley, 1981; Beckett, 1999; Beckett et al., 
2005a) can increase desiccation tolerance, highlights the impor-
tance of plasticity in desiccation tolerance. Although the effects of 
priming and field-hardening have been investigated in very few 
species, Fig. 3 shows that in all but one case, these factors modu-
lated relative desiccation tolerance. Studies of field hardening in 
bryophytes find that some highly desiccation-tolerant bryophytes 
lose tolerance when reared in mesic conditions (Stark, 2017), and 
that some desiccation-sensitive species can be made tolerant when 
dried under specific conditions (Khandelwal et al., 2010). Within 
vascular plants, there is substantial, although largely anecdotal, 
evidence that resurrection plants lose some degree of tolerance 
when reared under the relatively mesic conditions of a labora-
tory or greenhouse (Hellwege et al., 1994). Primed and unprimed 
plants are expected to have different physiological, metabolic, and 
gene expression dynamics under desiccation, but studies directly 
addressing these aspects are limited (Zhu et al., 2015). Similarly, 
few studies have attempted to screen for intraspecific genetic dif-
ferences in resurrection plants, but those that have suggest that it 
exists (Newton, 1972; Stieha et al., 2014; Marks et al., 2016, 2019; 
Greenwood et al., 2019).

In vascular plants, much of the molecular work on desicca-
tion tolerance has been carried out under controlled laboratory 
conditions. In contrast, many studies of bryophytes have relied 
on field-collected material. Few studies include both field-col-
lected and cultivated material, but such studies are needed to bet-
ter understand the magnitude of field-hardening, priming, and 
plasticity in desiccation tolerance. Additional insight into trait 
variability, local adaptation, and plasticity can be gained through 
the characterization of diversity panels, the use of common gar-
den studies, and reciprocal transplants. This work, although labor 
intensive, time consuming, and limited by the slow growth rates 
of most resurrection plants, will shed light on the contribution 
of plasticity and local adaptation to any observed variability in 
desiccation tolerance.

Variation across development and time

Desiccation tolerance exists in specific spatial and temporal con-
texts, and not all tissues survive extreme dying. Most studies have 
surveyed desiccation tolerance at a whole plant level and inadver-
tently failed to measure or account for tissue-dependent tolerance 
(e.g., Farrant et al., 1999; Pardow et al., 2012; Marks et al. 2016, 
Zhang and Bartels, 2018). Direct comparisons among tolerant and 
intolerant tissues of the same plant could be a powerful approach 
for untangling the regulatory mechanisms of desiccation toler-
ance, identifying tolerance-enhancing traits, and ultimately im-
proving our understanding of developmental plasticity and gene 
regulation in desiccation tolerance. In contrast, bulk collection 
of tolerant and sensitive leaf material may dilute any metabolic 
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or gene expression signatures that distinguish death from sur-
vival. Few studies have attempted to isolate and compare specific 
tissues (but see Stark et al., 2004, 2016; Blomstedt et al., 2018; 
Greenwood et al., 2019; Radermacher et al., 2019; Marks et al., 
2020); yet, careful separation of tolerant and sensitive tissue can 
be used in a comparative approach to identify critical cellular 
changes essential for survival.

The induction of desiccation tolerance requires the careful or-
chestration of numerous complex mechanisms that must be de-
ployed at the correct times and in the right tissues throughout 
drying and recovery processes. These temporal and spatial prepa-
rations are not always successful, and some tissue-specific senes-
cence is a common feature of resurrection plants. Interestingly, 
the degree of desiccation-induced senescence varies by tissue age, 
with younger tissues generally being more resilient. Older tissues 
are generally more prone to senescence, likely due to insufficient 
preparation during drying or failure to repair damage during recov-
ery (Blomstedt et al., 2018). Some species lose tolerance completely 
at various points throughout their life cycle (e.g., immediately after 
germination and during reproductive development). Importantly, 
these developmental differences in desiccation tolerance can be plas-
tic. Seedling desiccation tolerance is rescued in Xerophyta schlech-
teri through the application of abscisic acid (Costa et al., 2017), and 
exogenous abscisic acid can also induce desiccation tolerance in 
the otherwise sensitive moss Physcomitrium patens (Khandelwal 
et al., 2010). Together, these studies highlight, not only the plas-
ticity, but also the conserved genetic architecture of desiccation tol-
erance. Tissue-specific also senescence varies across lineages, and 
eudicot leaves generally recover more completely than monocots. 
Only young leaf tissue is tolerant in the grasses Eragrostis ninden-
sis, Tripogon loliiformis, and Sporobolus stapfianus, and older leaves 
and leaf tips senesce during desiccation (Gaff, 1977, 1989; Vander 
Willigen et al., 2001; Blomstedt et al., 2018). Senescence can also be 
avoided in a more controlled manner through leveraging autoph-
agy to remove toxins and recycle nutrients as observed in Tripogon 
loliiformis and Boea hygrometrica (Williams et al., 2015; Zhu et al., 
2015). Although differences in tissue survival have been described, 
the true extent of this variation is unknown. Untangling the con-
trasting mechanisms at play in senescent vs. nonsenescent tissues 
offers a promising approach for increasing tolerance in sensitive tis-
sues through the manipulation of regulatory pathways.

Tolerance can also be seasonally regulated (Farrant et al., 2009) 
or modified by environmental cues. Seasonal variation in desicca-
tion tolerance has been reported in multiple bryophytes (Hosokawa 
and Kubota, 1957; Dilks and Proctor, 1976; Beckett and Hoddinott, 
1997; Stark, 2017) and the pteridophyte Anemia caffrorum (syn. 
Mohria caffrorum; Farrant et al., 2009), further reinforcing the im-
portance of plasticity in desiccation tolerance. Other environmental 
perturbations affect tolerance and unusually fast drying or co-oc-
curring stresses can increase senescence during desiccation (Farrant 
et al., 1999). The dynamic variability of desiccation tolerance within 
a single plant is an important consideration for experimental design 
and can serve as an additional comparative system to identify regu-
latory elements involved in desiccation tolerance.

CONCLUSIONS AND FUTURE DIRECTIONS

It is more critical now than ever before that we advance our ag-
ricultural practices, improve our crops, and make informed 

environmental management decisions to minimize the negative 
impacts of climate change, increasing drought, and associated re-
ductions in agricultural productivity and environmental stability 
(Trenberth, 2011; Dai, 2013; Lesk et al., 2016). Unlocking the in-
tricate mechanisms of plant resiliency is a promising approach for 
addressing these challenges that can inform crop improvement 
and management efforts. In an agricultural context, mechanisms 
to survive drought (including desiccation tolerance) are linked to 
survival and productivity in arid climates, on marginal lands, and 
in systems without advanced irrigation. Provided any productiv-
ity trade-offs associated with desiccation tolerance can be mini-
mized, desiccation-tolerant crops are expected to survive better 
under drought, thereby reducing economic losses and improving 
food security. In a natural context, a better understanding of desic-
cation tolerance can inform predictions of species persistence and 
range shifts in increasingly arid and unpredictable environments. 
Despite major advances in our understanding of desiccation tol-
erance, many questions remain unanswered. Addressing the out-
standing questions on natural diversity and plasticity in desiccation 
tolerance will provide important insights into the mechanisms of 
desiccation tolerance and is necessary for progressing towards ap-
plied objectives. We have highlighted some of the most pressing and 
exciting areas of research moving forward.

Cataloging and comparing desiccation tolerance across and 
within species

More resurrection plants need to be identified and described. To 
this end, we have generated a list of known resurrection plants 
(Appendix S1). Although more than 240 bryophytes and 360 vas-
cular plants have been identified as desiccation tolerant, the actual 
prevalence of desiccation tolerance is likely significantly greater. 
Vascular resurrection plants have been more comprehensively 
surveyed than bryophytes (Gaff, 1977, 1989; Gaff and Bole, 1986; 
Porembski and Barthlott, 2000; Porembski, 2006, 2011), but it is 
likely that many remain undescribed. Phylogenies of most des-
iccation-tolerant plant lineages are poorly resolved with missing 
taxa and tolerance phenotypes, limiting insights into the recur-
rent origin of this trait. Studies of additional desiccation-toler-
ant species will enable large-scale comparative analyses aimed at 
distinguishing between core and species-specific mechanisms of 
desiccation tolerance. Comparisons of sequenced resurrection 
plant genomes have identified gene duplication patterns indica-
tive of convergent evolution (VanBuren et al., 2019), but extend-
ing these analyses to additional species will improve confidence 
in observed patterns.

We also need phylogenetically informed surveys targeting 
habitats and species complexes known to harbor desiccation-tol-
erant lineages. Field approaches, including portable protocols 
for assessing desiccation tolerance (López-Pozo et al., 2019), 
collections of live plant material, trait surveys, and physiologi-
cal experiments are needed to better understand the breadth and 
variability of desiccation-tolerant phenotypes. Although numer-
ous lineages with desiccation-tolerant taxa have been identified, 
only a few select species have been studied in detail. There is 
an opportunity to expand our knowledge base by targeting lo-
cally adapted relatives of known resurrection plants. Particular 
attention should be given to sampling underrepresented taxa 
including bryophytes (e.g., Dicranales, Grimmiales, Hypnales, 
Porellales, and Jungermanniopsida), ferns (e.g., Selaginella sp., 
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Palleae sp., and Cheilanthes sp.), and monocots (e.g., Vellozia sp., 
Borya sp., Microchloa sp., and Sporobolus sp.). Comparative stud-
ies targeting sister taxa would allow for deeper understanding of 
the evolution and diversity of desiccation tolerance within and 
across these lineages.

Forest canopies and inselbergs remain underexplored due to the 
logistical difficulty of accessing these habitats. Available data de-
scribe a highly diverse community of desiccation-tolerant epiphytic 
ferns and bryophytes in moist tropical and temperate forests, but 
detailed studies of the taxa are lacking. Inselbergs are known to be 
hotspots for resurrection plants, and although many have been sur-
veyed, remote destinations in western and northern Africa, South 
America, and Australia remain under sampled. The identification 
of new resurrection plants in remote areas could be expedited by 
leveraging local expertise and knowledge of floristic diversity to 
guide field and trait surveys. We suggest that curated collections 
of resurrection plants and live germplasm be maintained at local 
universities or community institutions in the country of origin to 
preserve natural-resource ownership, avoid the exploitation of in-
digenous knowledge, and promote international collaboration.

Standardize methods of characterizing desiccation tolerance

Standardized methods of imposing desiccation treatments are 
needed to facilitate cross-study comparisons. We suggest that the 
relative intensity of desiccation treatments is reported in terms of 
both the water content of desiccated tissues and the vapor pressure 
deficit (VPD) of the surrounding environment. Although many 
studies report the relative humidity of the surrounding air as a mea-
sure of desiccation intensity, evaporative demand of air is better 
represented by VPD, which takes into consideration the effect of 
temperature (Anderson, 1936; Ward and Trimble, 2004). Some 
studies solve this issue by using a single temperature within an 
experiment, but comparisons among studies are difficult because 
temperature conditions often vary. Thus, we suggest that VPD be 
provided to aid comparisons across studies. Relative water content 
is also frequently used as a measure of water loss. The original meth-
odology, as outlined by Barrs and Weatherley (1962), uses the fresh 
and dry mass of plant material, measured gravimetrically. Dry mass 
is determined after oven drying at 70°C for 48 h and turgid mass 
is obtained by immersing the tissue in water in the dark for 24 h at 
4°C. Although relative water content is informative and widely used, 
there are limitations. To begin with, it is not easily applied to bryo-
phytes, and most bryologists report water content on a dry mass ba-
sis. In addition, some vascular plants, such as Xerophyta schlechteri, 
do not absorb water during tissue immersion, precluding the ability 
to obtain full turgor by this means. The method has also been crit-
icized as a means for comparisons across species or tissues because 
values may be unrelated to their tissue water potential (Oliver et al., 
2020). Thus, there is no one gold standard to assessing absolute wa-
ter content, but reporting a combination of response measures can 
improve assessment.

Ideally, the performance of each desiccation-tolerant lineage or 
accession would be measured across a range of water contents and 
VPDs. While this work could be admittedly cumbersome, recent 
studies highlight the need for more comprehensive characterization 
of resurrection plants at additional water contents. It has been sug-
gested that important metabolic shifts occur under moderate water 
deficit and can be an indicator of downstream survival, but detailed 
physiological data from multiple species at various water contents 

is needed to test how generalizable this phenomenon is. In addition, 
careful consideration must be given to the prior treatment of tissues 
used in experiments (i.e., field-collected vs. greenhouse-collected). 
Where possible, tests of both field-collected and cultivated mate-
rial should be conducted. Recovery should be accessed by multi-
ple measures including the proportion of tissue recovered, changes 
in photosynthetic responses, and downstream growth and fecun-
dity. Where possible metabolomic, proteomic, and transcriptomic 
data should be generated to provide insight into the molecular un-
derpinnings of desiccation tolerance.

Distinguishing among plasticity and genetic diversity in 
desiccation tolerance

Emerging work on priming, stress memory, and field-hardening 
suggest that desiccation tolerance can be highly plastic (Stark et al., 
2014; Farrant et al., 2009). The multiple dimensions of plasticity in 
desiccation tolerance are exciting, underexplored research areas 
that should be investigated in more depth. Genetic variability in 
desiccation tolerance is also understudied, not surprisingly, given 
the broad variability in precipitation, temperature, and geography 
across the range of any given species. Surveying the genetic diver-
sity in natural populations to identify exceptionally tolerant eco-
types will reinforce the current approach to identify the genetic 
basis of desiccation tolerance via comparisons of tolerant and sen-
sitive species. Ultimately, these studies can be leveraged to identify 
causal genes and genetic elements underlying various tolerance 
phenotypes and may be used in breeding and bioengineering 
initiatives to quickly domesticate resurrection plants for food or 
fodder. For instance, the desiccation-tolerant grass Eragrostis nin-
densis is closely related to the orphan grain crop Eragrostis tef, and 
natural diversity of E. nindensis can be used to select for desirable 
agronomic traits such as plant size, yield, and nutrition to rapidly 
domesticate this wild species.

Our growing understanding of plant resiliency broadly, and 
desiccation tolerance specifically, has the potential to inform 
novel innovations in biotechnology, crop breeding, and environ-
mental management. Building on the strong foundational work 
in the field, it is now possible to address more nuanced questions 
targeting the subtle natural diversity and variability in this com-
plex phenotype. There are exciting opportunities to leverage new 
computational tools to interrogate data gathered from diverse 
resurrection plant lineages, accessions, and tissues over detailed 
timescales.
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