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Abstract Resurrection plants are a small but diverse
group of land plants characterized by their tolerance to
extreme drought or desiccation. They have the unique
ability to survive months to years without water, lose most
of the free water in their vegetative tissues, fall into ana-
biosis, and, upon rewatering, quickly regain normal
activity. Thus, they are fundamentally different from other
drought-surviving plants such as succulents or ephemerals,
which cope with drought by maintaining higher steady
state water potential or via a short life cycle, respectively.
This review describes the unique physiological and
molecular adaptations of resurrection plants enabling them
to withstand long periods of desiccation. The recent tran-
scriptome analysis of Craterostigma plantagineum and
Haberlea rhodopensis under drought, desiccation, and
subsequent rehydration revealed common genetic pathways
with other desiccation-tolerant species as well as unique
genes that might contribute to the outstanding desiccation
tolerance of the two resurrection species. While some of
the molecular responses appear to be common for both
drought stress and desiccation, resurrection plants also
possess genes that are highly induced or repressed during
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desiccation with no apparent sequence homologies to genes
of other species. Thus, resurrection plants are potential
sources for gene discovery. Further proteome and metab-
olome analyses of the resurrection plants contributed to a
better understanding of molecular mechanisms that are
involved in surviving severe water loss. Understanding the
cellular mechanisms of desiccation tolerance in this unique
group of plants may enable future molecular improvement
of drought tolerance in crop plants.
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Abbreviations

ABA Abscisic acid

ELIP Early light-inducible proteins

GABA y-Aminobutyric acid

LEA Late embryogenesis abundant genes/proteins
RFOs  Raffinose family oligosaccharides

ROS Reactive oxygen species

RWC  Relative water content

Introduction

Water deficiency is the most common abiotic stress factor
for land plants. Prolonged drought can lead to cell and
tissue damage, impaired development, and in the case of
crop plants, reduced productivity and crop yield [1]. Ulti-
mately, severe drought leads to plant death.

Vegetative tissues of land plants have different levels of
tolerance to water deficiency. While some plants are
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extremely sensitive to water deprivation and already show
signs of damage after 10 % water loss, others are more
tolerant to drought, and this tolerance may vary even
within a species between different cultivars [1-3]. Extreme
loss of water or desiccation (10 % RWC and below) is
tolerated only by seeds, some pollen grains, and by a small
group of so-called resurrection plants.

Plants adapt to drought by a number of physiological
and morphological mechanisms. Immediate responses and
slower adaptation responses can be distinguished. One of
the first responses is stomatal closure, governed mainly by
the plant hormone abscisic acid (ABA) [4]. Stomatal
closure is modulated by a number of factors, including
ion channels, protein kinases and phosphatases, lipid
messengers, reactive oxygen species (ROS), and positive
and negative transcriptional regulators [5-9]. This is fol-
lowed by downregulation of photosynthesis, which also
serves to minimize ROS production [2]. Osmoprotectants
such as late embryogenesis abundant (LEA) proteins,
polyols, proline, sucrose, and other sugars rapidly accu-
mulate in many tissues [10-12]. Aquaporins play an
important role for water redistribution among different
tissues and cellular compartments [13, 14]. Functional
antioxidant systems are also essential for protection
against excessive ROS production under drought [15].
Much slower responses include biochemical alterations in
the cell wall and changes in root architecture [16—18].
However, proliferation of the root system in response to
water deficit is often coupled with reduced above-ground
plant growth [4].

Signaling events that lead to these responses involve
activation of ion channels, Na™/H" antiporters, Ca®'-
binding proteins such as calmodulin and calcium-dependent
protein kinases, receptor-like kinases, and mitogen-
activated protein kinases [1, 4]. These early signaling events
eventually regulate transcriptional factors and coregulators
that govern the global transcriptional re-programming nec-
essary for the execution of the above-mentioned physiological
and morphological changes, resulting in adjustment to
drought stress [3].

Accumulating data in recent years indicate that the
perception of drought in resurrection plants is probably
similar to the non-resurrecting plants. However, the final
output is different: tolerance to desiccation of vegetative
tissues. This suggests that resurrection plants possess
unique protective mechanisms. Furthermore, there is
increasing evidence that some of the drought-protective
mechanisms inducible in most plants by mild drought are
constantly active in resurrection plants (T. Gechev and co-
workers, unpublished results); [19, 20]. Here, we summa-
rize the current knowledge of the molecular mechanisms
that contribute to desiccation tolerance in resurrection
plants.
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Resurrection plants: overview

Characteristics and geographic diversity of flowering
resurrection plants

Resurrection plants are unique in that they are able to lose
more than 95 % of the water in vegetative tissues, fall into
anabiosis for long periods, and regain full functions after
rehydration. Vegetative desiccation tolerance is more
common in lower plants such as bryophytes, rare in pteri-
dophytes and angiosperms, and absent in gymnosperms
[2, 21]. It has been estimated that the total number of
desiccation-tolerant plants is at least c. 1,300 (1,000 pter-
idophytes and 300 angiosperm plants) [21]. While the
mechanisms of desiccation tolerance in bryophytes are
mainly related to cellular repair, the more complex tissues
in angiosperms require mechanisms that prevent desicca-
tion-induced cell- and tissue damage in the first place [22].

The small group of angiosperm resurrection plants dis-
plays remarkable habitat and geographic diversity
throughout both the northern and the southern hemispheres.
Resurrection plants can be found among both monocots
and dicots. Most occur in dry and desert areas or in more
temperate areas with sufficient rain precipitation but peri-
ods of drought or/and cold winters (like the European
resurrection plants Haberlea rhodopensis and Ramonda
serbica) [2, 21, 23]. A resurrection plant, Lindernia brev-
idens, was even discovered in the tropical rainforests of
Africa, where humidity is always high [24]. Most of the
resurrection species are herbaceous plants [21, 25]. A list
with the most well-studied resurrection plants and their
origin was recently published by Dinakar et al. [23].

The resurrection plants are interesting not only because
of the desiccation tolerance and as a source for gene dis-
covery but also because they have unique metabolites,
some of which have potential uses in biotechnology and
medicine. For example, the South African woody resur-
rection species Myrothamnus flabellifolia has long been
known for its medicinal properties [26]. Its extracts, rich in
polyphenols and essential oils, are used to treat various
disorders, including influenza, kidney diseases, and gingi-
vitis [26, 27]. The predominant polyphenol 3,4,5-tri-O-
galloylquinic acid has been shown to inhibit M-MLV and
HIV-1 reverse transcriptases [28]. Myconoside, a glycoside
abundantly present in extracts of H. rhodopensis, can
strongly stimulate antioxidant skin defenses and extracel-
lular matrix protein synthesis [29]. Extracts from
H. rhodopensis, which are also rich in polyphenols, can
stimulate the synthesis of elastin in a dose-dependent
manner and also possess radioprotective, anticlastogenic,
and antioxidant effects on rabbit blood samples exposed to
gamma radiation in vitro [29, 30]. These results suggest
that the strong medicinal properties of some resurrection
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Fig. 1 Unstressed fully
hydrated (a, d), desiccated
(b, e), and rehydrated

(¢, f) Haberlea rhodopensis
(a, b, ¢) and Craterostigma
plantagineum (d, e, f) plants

Unstressed, fully hydrated

plants should be the aim of further extensive experiments
which could provide strategies and solutions in combating
various human diseases.

Desiccation-imposed types of stress and protection
mechanisms in resurrection species

Physiological and metabolic processes associated with
desiccation tolerance resemble those observed during
drought stress and some processes associated with seed
maturation [12]. Severe drought and desiccation impose
metabolic, mechanical, and oxidative stresses, which are
addressed by complex protective mechanisms.

Initial physiological responses driven by mild water
deficiency include rapid increases in ABA concentrations,
which lead to ABA-directed transcription of stress-associ-
ated genes encoding protective proteins such as aldehyde
dehydrogenases, heat shock factors, and LEA proteins
[31-33]. ABA-mediated gene expression is highly complex
and involves both positive and negative transcriptional
regulators [32, 34]. Eventually, as the water deficiency
progresses, photosynthesis is completely inhibited [21, 35].
Shutting down photosynthesis is not just a consequence of
severe drought stress but also serves a protective role,
minimizing excessive ROS production always observed
during water deficiency [12]. Some resurrection plants lose
their chlorophyll and degrade their thylakoid membranes
during dehydration (poikilochlorophyllous plants), which
prevents photosynthetic-related ROS production [36].
Other resurrection plants such as Craterostigma plantagi-
neum and H. rhodopensis retain their chlorophyll and
thylakoid structure (homoiochlorophyllous plants) [25, 37].

Desiccated

Rehydrated

The photosynthetic systems in homoiochlorophyllous
plants are therefore just reversibly inactivated, not
destroyed, which enables them to recover fast after rehy-
dration [36, 37]. The downside of this strategy, a possible
ROS production, is minimized by additional morphological
and biochemical mechanisms such as leaf folding to reduce
absorbed radiation or/and accumulation of anthocyanins
and other phenolic compounds to protect against solar
radiation [12]. Homoiochlorophyllous plants therefore
accumulate higher concentrations of anthocyanins than
poikilochlorophyllous plants [2]. Further protection against
photo-oxidative damage may be provided by accumulation
of ELIPs (early light-inducible proteins), which inactivates
chlorophyll by binding to it, as is proposed for the 22-kDa
ELIP dsp22 in C. plantagineum [38, 39].

The progressive decrease in water content imposes
considerable mechanical stress on plant cell architecture
and exposes the macromolecules to a risk of dehydration
and inactivation. The mechanical stress is counteracted by
reversible changes in cell wall architecture [2]. Changes in
the plant cell wall polysaccharides and proteins take place,
making the cell wall more flexible [40—42]. These changes
also enable rolling and reversible folding of the leaves
(Fig. 1; [42, 43]). Such changes could be species-specific
and could involve incorporation of specific proteins in the
cell wall as observed for the glycine-rich protein BhGRP1
in Boea hygrometrica [18], substitution of glucose residues
with galactose residues in the xyloglucan molecules in
Craterostigma wilmsii [41], activation of expansins
resulting in a more extendable cell wall in C. plantagineum
[40], or arabinose-rich pectin polymers in Myrothamnus
flabellifolia [42]. In addition to the leaf folding, mechanical
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stress is also alleviated by increased vacuolation, a process
of water replacement in vacuoles by non-aqueous sub-
stances. Depending on the species, some resurrection plants
utilize either of the two strategies or both, while neither
mechanism has been described for desiccation-sensitive
species [2].

As water content further decreases, both the mechanical
and the metabolic stresses become more prominent, with
subcellular perturbations and cellular content becoming
more concentrated, which in turn increases the chances of
unwanted molecular interactions, altered biochemical
activities, and macromolecular denaturation. Sugars, LEA
proteins, and heat shock proteins are responsible for water
replacement and stabilization of proteins and other mac-
romolecular structures [12]. Sucrose is the principal sugar
that accumulates in most resurrection plants during desic-
cation [11, 44-47]. Sucrose and trehalose can serve as
osmoprotectants of biological membranes and can stabilize
micromolecular structures [11, 48]. In addition to their
protective roles, these sugars may have signaling functions,
regulating important metabolic pathways. Trehalose and
trehalose-6-phosphate in particular are central metabolite
regulators, influencing carbohydrate status, growth, and
energy metabolism [49]. Trehalose-6-phosphate stimulates
ADP-glucose pyrophosphorylase, promoting starch syn-
thesis, whereas trehalose has the opposite effect,
stimulating starch breakdown [49, 50]. Raffinose family
oligosaccharides, such as raffinose and stachyose, also
accumulate during desiccation in many angiosperm resur-
rection plants and may have prominent roles protecting the
cells by water replacement and vitrification [2, 45]. Raffi-
nose is synthesized by raffinose synthase from galactinol
and sucrose [51]. It has recently been shown that both
galactinol and raffinose can protect from paraquat-induced
oxidative damage [51].

Resurrection plants retain photosynthetic activity during
mild drought but photosynthesis is compromised during
severe desiccation. Sucrose, the principal osmoprotectant
in many species, is then synthesized from carbon origi-
nating from reserve sugars such as starch in most
resurrection plants or from octulose in C. plantagineum
[44]. Stachyose may also provide a source of carbon for
sucrose synthesis [45].

Hydrophilins and LEA proteins in particular are ubiq-
uitous proteins rapidly synthesized during desiccation in
vegetative tissues and seeds of both desiccation-sensitive
and resurrection plants [35, 52, 53]. One of their possible
roles is to provide a water hydration “shell” to certain
proteins and macromolecules, thus preventing damage due
to dehydration [10]. In contrast to desiccation-sensitive
plants, expression of certain desiccation-responsive LEA
genes is constitutive in H. rhodopensis under normal
(water-sufficient) growth conditions (T. Gechev and co-
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workers, unpublished results). Likewise, small heat shock
proteins (sHSPs) are expressed in unstressed tissues of
desiccation-tolerant C. plantagineum and further induced
upon drought stress [20]. The sHSPs have similar proper-
ties to hydrophilins but some of them also act as molecular
chaperones for other proteins, thus preventing proteins
from both aggregation and denaturation [2]. Other heat
shock genes are rapidly induced upon dehydration in var-
ious resurrection plants ([54]; T. Gechev and co-workers,
unpublished results). The importance of dehydrins for
desiccation tolerance has been demonstrated in the moss
Physcomitrella patens, where a knockout of the dehydrin
gene PpDHNA by homologous recombination impairs
growth after salt and osmotic stress [55]. In addition, novel
types of hydrophilic proteins are expressed during desic-
cation in resurrection plants, such as CpEdi-9 from the
resurrection plant C. plantagineum [56]. Cellular com-
partmentalization of LEA proteins is also an important
determinant of stress tolerance [53]. Taken together, these
cases substantiate the role of LEA proteins and hydrophi-
lins in desiccation tolerance of resurrection plants.

Progressive water loss leads to excessive production of
ROS, alcohols, and carbonyls. This is alleviated by
induction of ROS scavenging enzymes like 1-cys perox-
iredoxin or aldehyde dehydrogenases [31, 57]. Other
antioxidant enzymes, maintaining a tight balance of reac-
tive oxygen species, are equally important for acquisition
of drought stress tolerance. Indeed, the ability of Myro-
thamnus flabellifolia to survive desiccation has been
correlated with its antioxidant status [15].

Signaling mechanisms, transcription factors
and downstream reactions

Many of the changes in response to water deficit result
from massive transcriptional reprogramming. Signaling
molecules could be ABA, lipid messengers, or/and the
alterations in the redox components [32, 58]. ABA-
dependent gene expression is modulated by both positive
and negative factors [32, 34]. However, ABA-independent
mechanisms of gene regulation also exist [3] (Fig. 2).
Transcription factors from different families have been
implicated in governing the desiccation-induced gene re-
programming leading to induction of protective mecha-
nisms, inhibition of photosynthesis, and, in many cases,
growth retardation [32, 34, 58-61]. For example, a WRKY
transcription factor binds to a W-box promoter element of
the galactinol synthase gene to induce synthesis of raffi-
nose and raffinose family oligosaccharides (RFOs) in Boea
hygrometrica, possibly in an ABA-dependent manner [60].
Another transcription factor from the Myb family,
CpMYBIO0, binds to and regulates its own promoter as
well as the promoter of the LEA gene Cpll-24 in
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Constitutive Inductive mechanisms:
mechanisms drought perception and initial signalling events:
osmotic sensors, ion channels, Ca”, kinases
1 and phosphatases (PP2C), lipid messengers

High antioxidant
capacity (catalases etc.)

! !

ABA-dependent or/and ABA-independent pathways

High levels of sugars (RFO,
sucrose, trehalose,
octulose etc.)

Constitutive expression
of LEA and small HSPs

Gene regulation by TFs
(BhHsf1, CpHB-7, BAWRKY1)
and by miRNA (cdt1)

T

Physiological responses
(stomatal closure,
inhibition of photosynthesis)

}

scavenging genes

metabolism

Upregulation of ROS | Protective proteins (LEA, | Carbohydrate
CpEdi-9, small HSPs, ELIP)

Downregulation of
photosynthetic genes

Phenolic protectants
(galloylquininic acid)

Cell wall
remodelling

Fig. 2 Diagrammatic representation of signaling events leading to
acquisition of desiccation tolerance in resurrection plants. Both
constitutive and inducible mechanisms are employed by the resur-
rection plants to maintain cellular homeostasis and protect from
desiccation-induced damage. The constitutive mechanisms include
high activity of antioxidant enzymes (such as catalases, superoxide
dismutases, etc.), high levels of particular non-reducing sugars
(sucrose, raffinose family oligosaccharides), and constitutive expres-
sion of late embryogenesis abundant and heat shock proteins. The

C. plantagineum [62]. Interestingly, it may function as a
repressor in non-stressed tissues and as an activator in
tissues experiencing water deficit. Transgenic A. thaliana
overexpressing CpMYBI10 are less sensitive to drought,
which correlates with elevated levels of the alcohol dehy-
drogenase ADHI1 and two hydrophilic proteins, RD29A
and COR15A [62]. The drought-responsive transcriptional
regulator CpHB-7, a leucine zipper protein, is a negative
modulator of ABA and targets the desiccation-inducible
dehydrin CDeT6-19 [32].

In addition to transcription factors, RNA silencing adds
to the complexity of expression control. The unique CDT/
gene confers desiccation tolerance in C. plantagineum [63].
It by-passes any ABA requirement for desiccation toler-
ance, as its overexpression in C. plantagineum callus
cultures is sufficient to induce desiccation tolerance without
ABA treatment [63, 64]. CDTI is a member of a retro-
transposon-like gene family encoding a small regulatory
RNA that is responsible for the transcriptional reprogram-
ming during drought stress in C. plantagineum [34].
However, the molecular mechanism is still not known.

Some of the downstream targets in the signaling cascade
are genes that bring new insights into the mechanisms of
desiccation tolerance, such as the member of the vicinal

!

3 DESICCATION TOLERANCE

inducible mechanisms, relayed by osmotic sensors, Ca”" fluxes,
kinases, phosphatases, and lipid messengers, activate rapid physio-
logical responses (stomatal closure, inhibition of photosynthesis) and
regulate gene expression via abscisic acid (ABA)-dependent and
-independent pathways, resulting in upregulation of antioxidant
genes, further accumulation of protective sugars and proteins, cell
remodeling, synthesis of secondary metabolites related to defence,
and eventually conferring desiccation tolerance

oxygen chelate (VOC) metalloenzyme superfamily upreg-
ulated in leaves and roots during desiccation in Xerophyta
humilis [65] or the plastid-targeted protein with DNA-
binding activity in C. plantagineum [58]. One such novel
gene isolated from Xerophyta viscosa encodes a hydro-
phobic protein named XvSAP1 [66]. XvSAP1 is induced
by a variety of stresses, including drought, salinity, and
extreme temperatures [67]. When overexpressed in A. tha-
liana, it conferred tolerance against drought, salt, and high
temperature stress [66] (Table 1).

New insights on the molecular mechanisms
of desiccation tolerance from recent transcriptome
profiling of resurrection plants

Recent advances in next generation sequencing has enabled
a comprehensive analysis of the genes and biochemical
pathways regulated during dehydration and subsequent
recovery of two dicot resurrection plants. C. plantagineum
and H. rhodopensis grown with sufficient water to maintain
a fully hydrated state were subjected to mild drought stress,
severe desiccation (less than 5 % relative water content),
and then rehydration (T. Gechev and co-workers,
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Table 1 Genes from
resurrection species that alter

. . species source
stress tolerance in transgenic

Gene, gene product, and resurrection Transgenic plant and observed phenotype

Reference

plants BhGolS1

Galactinol synthase from
B. hygrometrica

BcBCPI

Phytocyanin-related early nodulin-
like gene from Boea crassifolia

BhHsfl

Heat shock transcription factor from

B. hygrometrica

XVSAPI

Hydrophobic membrane protein
from X. viscosa

CDT-1

Regulatory RNA from
C. plantagineum

CpHB-7

Homeodomain leucine zipper
transcription factor from
C. plantagineum

CpMYB10

Transcription factor from
C. plantagineum

BhLEAI and BhLEA2

Late embryogenesis abundant
proteins from B. hygrometrica

PpDHNA

Dehydrin gene from
Physcomitrella patens

Transgenic tobacco is more tolerant to drought stress; Wang et al.
no phenotype under normal conditions [60]

Tobacco expressing BcBCP1 is more tolerant to Wu et al.
osmotic stress [33]
Over-expression of BhHsf1 in Arabidopsis and Zhu et al.

tobacco results in increased thermo-tolerance but [59]
decreased cell proliferation and reduced size of
aerial organs

Garwe et al.
[66, 67]

Expression of XVSAPI in E. coli results in osmotic
stress tolerance; expression in Arabidopsis
improves performance against osmotic, heat, and
salt stress

Constitutive expression in C. plantagineum results in Smith-

desiccation tolerance of callus tissues without ABA  Espinoza
treatment et al. [64]
Transgenic tobacco germinate early and grow faster Deng et al.

under normal conditions. Reduced sensitivity to [32]
ABA during seed germination and stomatal

closure. Plants are not more tolerant to dehydration

and chilling but seeds are more tolerant to salinity

Transgenic Arabidopsis is more tolerant to drought  Villalobos
and salt stress. Plants are insensitive to glucose and et al. [62]
hypersensitive to ABA

Transgenic tobacco have higher relative water Liu et al.

content, increased PSII activity, decreased [88]
electrolyte leakage, increased peroxidase and

superoxide dismutase activities during drought

stress

A knockout of the dehydrin gene PpDHNA in
Physcomitrella patens results in impaired growth
after salt and osmotic stress treatments.

Saavedra
et al. [55]

unpublished results; [54]). Transcripts were sequenced
from the different physiological stages. This allows full
genome coverage of transcripts in species with unse-
quenced genomes, which is particularly useful, not only for
following dynamics in gene expression but also for dis-
covering unknown genes, which have not been reported
before.

Blast analysis of transcripts obtained from Haberlea and
C. plantagineum revealed that most of the transcript
sequences are similar to genes from grapevine (Vitis
vinifera), castor bean (Ricinus communis) and poplar
(Populus trichocarpa). Gene ontology analysis identified
categories prominently represented in particular conditions.
Genes highly abundant in unstressed samples of both
species were related to photosynthesis, growth, and cell
wall organization. Many of these genes are also abundantly
represented in the rehydrated samples, confirming the
functional recovery of the plants. Genes encoding a sucrose
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synthase, chromosome scaffold proteins, and many stress-
related proteins, including several LEA proteins, a GABA
transaminase, lipocalin, and pathogenesis-related proteins,
were induced at the early stages of dehydration in
C. plantagineum [54]. Signaling-related genes encoding a
calcium channel protein and proteins involved in ABA
signaling were also induced, confirming the role of ABA in
early events required for acquisition of desiccation toler-
ance in C. plantagineum [25]. Genes related to thiamine
metabolism and stress, such as LEA proteins, cysteine
proteases and desaturases, were abundantly present in
desiccated tissues [54]. Genes involved in metabolism of
vitamin K-related compounds and reactive oxygen species
were overrepresented in the rehydrated plants.

In H. rhodopensis, strong constitutive expression of
LEA and catalase genes in unstressed plants supports the
notion that the transcriptome of H. rhodopensis is primed
for drought stress events (T. Gechev and co-workers,
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unpublished results). Two catalase genes maintain sub-
stantial levels of expression during all conditions, and
several other catalase genes are upregulated by drought
stress. One LEA gene is further upregulated during drought
and desiccation. Genes exclusively expressed in water-
deficient samples include a stachyose synthase, two genes
encoding early light-inducible proteins (ELIP), heat shock
factors, more LEA genes, signaling components such as
protein phosphatases, and a number of transcription factors
and transcriptional regulators (T. Gechev and co-workers,
unpublished results). These events coincided with induc-
tion of beta-amylase, presumably activated to utilize starch
reserves. Induction of ELIPs has been demonstrated in
Tortula ruralis and C. plantagineum [38, 39, 68]. The ELIP
proteins are believed to protect chloroplasts from photo-
oxidative damage [69]. The most abundantly induced gene
in H. rhodopensis was a protein phosphatase with high
similarity to protein phosphatase type 2C (PP2C) from
Ricinus communis (T. Gechev and co-workers, unpublished
results). This gene was virtually not expressed in unstres-
sed plants, but transcript levels were high under mild
drought and even more in desiccated samples, and then
disappeared in rehydrated samples. Protein phosphoryla-
tion and de-phosphorylation is believed to be an essential
part of signaling events leading to acquisition of drought/
desiccation tolerance, and changes in the phosphorylated
status of a number of proteins have been shown for
C. plantagineum [70]. Photosynthesis-related genes are
downregulated in both species, underlining a common
response to stress. This, together with induction of ELIPs
and catalases, may serve to control ROS levels during
drought and desiccation. The large number of genes with
no sequence similarities to other species are potential tar-
gets for drought/desiccation tolerance studies.

In addition to the transcriptome analysis by next
generation sequencing, a recent AFLP analysis of H. rho-
dopensis transcriptome identified cDNAs of genes
encoding early- and late-desiccation regulated proteins,
including a protein kinase and a bZIP transcription factor
[71].

Proteome and metabolome analysis
in desiccation-tolerant species

Studies of the proteome in resurrection plants

Comprehensive proteome studies are more difficult to
conduct relative to the transcriptome studies as only a
limited number of proteins (primarily the most abundant)
can be identified. Nevertheless, several groups have
quantified proteome changes during desiccation in resur-
rection plants [72-74]. Recent analysis of Sporobolus

stapfianus proteins revealed a decrease in Rubisco large
subunit and associated proteins, indicating a decrease in
photosynthesis during dehydration [74]. At the same time,
protein kinases, enzymes of glycolysis, and enzymes of the
Calvin cycle increased. This study also identified upregu-
lation of proteins involved in maintaining the chromatin
structure, indicating that chromatin structures may undergo
substantial changes as a result of desiccation [74].

Dehydration-responsive proteins were also identified in
Xerophyta viscosa [73]. Analysis of the whole proteome at
35 % RWC (when induction of late protective mechanisms
are initiated) revealed dehydration-induced antioxidants,
glycolytic enzymes, a chloroplast FtsH protease, and an
RNA-binding protein, while photosynthetic proteins
decreased in accordance with the targeted catabolism of the
photosynthetic machinery in this poikilochlorophyllous
species [73].

In B. hygrometrica leaves, dehydration and subsequent
rehydration induced alterations in a number of proteins
related to photosynthesis (Rubisco large subunit, oxygen-
evolving complex of PSII), transporters (vacuolar
H + ATPase A subunit, ABC transporter), and antioxidant
metabolism (glutathione peroxidase, glutathione-S-trans-
ferase) [72]. However, in this case, some photosynthetic-
related proteins increased in contrast to the other
observations.

A proteome study of the resurrection fern ally Selagi-
nella tamariscina revealed regulation of proteins related to
photosynthesis, energy and sugar metabolism, protein
synthesis and folding, and stress response proteins [75]. As
in most other cases, photosynthesis-related proteins,
including the Rubisco large subunit, chl a/b binding pro-
tein, and oxygen-evolving complex, were downregulated.
Seven members of the ATP synthase family were highly
expressed during desiccation, possibly reflecting the
requirement of increased energy supply during dehydra-
tion. Not surprisingly, the abundance of a number of
proteins related to sugar metabolism, including transketo-
lases, sucrose synthase, ADP-glucose pyrophosphorylase,
and GDP-mannose 3,5-epimerase, were altered during the
different stages of desiccation and rehydration. Most of the
proteins involved in protein synthesis, folding, and degra-
dation were downregulated at the early stages of
desiccation but upregulated at later stages [75]. Fourteen of
the 103 differentially expressed proteins had two or more
spots on 2D gels, which suggests that posttranslational
modifications may take place during desiccation and sub-
sequent rehydration. This notion was further supported
by the reversible phosphorylation of a number of pro-
teins during dehydration and subsequent rehydration of
C. plantagineum [70].

In comparison to the transcriptomic analyses only a
small number of proteins have been studied in proteomic
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approaches in resurrection plants. However, there are
several examples of posttranslational modifications of
dehydration-induced proteins. In particular, there is evi-
dence for phosphorylation of LEA proteins, and it remains
a challenge for future studies to understand the role of
phosphorylation in the context of desiccation. Other post-
translational modifications such as sumoylation or
nitrosylation have not yet been addressed in resurrection
plants, although these modifications are important regula-
tory mechanisms in cellular metabolism.

Metabolite changes during desiccation in resurrection
species

Most of the data on metabolite changes observed under
different water regimes are related to sugar metabolism.
Accumulation of many types of sugars, as noted above, is
observed in resurrection species [2, 76-78]. The most
abundantly accumulating sugars are sucrose and RFOs.
Both are believed to act as osmoprotectants, but they could
also protect against oxidative damage [51]. In addition,
some RFOs are storage carbohydrates and are mobilized
during drought as sources of energy and for sucrose syn-
thesis [45]. Octulose, a rare C8 sugar [79], accumulates as a
storage carbohydrate in C. plantagineum and is believed to
serve as carbon source for sucrose formation during des-
iccation, as octulose concentrations decrease with
progression of drought in parallel with increases in sucrose
concentrations [25].

A few studies using comprehensive metabolomic
approaches were recently conducted in resurrection plants.
The desiccation-tolerant Sporobolus stapfianus has higher
concentrations of osmolytes and nitrogen metabolites but
lower concentrations of metabolites associated with energy
metabolism than the desiccation-sensitive Sporobolus
pyramidalis under normal, well-watered conditions [19].
Desiccation of the two species resulted in production of
protective compounds in S. stapfianus related to ROS and
ammonia detoxification, nitrogen remobilization, and sol-
uble sugar production, but such responses were not
observed in the sensitive S. pyramidalis. This suggests that
the metabolome of S. stapfianus is already primed for
drought stress and responds adequately to desiccation.

Metabolome analysis of H. rhodopensis revealed dra-
matic changes in specific metabolites during dehydration,
desiccation, and subsequent rehydration (T. Gechev and
co-workers, unpublished results). Principal component
analysis of the four conditions forms two separate clusters:
one with the drought-stressed and desiccated plants and
another with control and rehydrated plants, confirming that
metabolic activities return to normal after rehydration. This
notion is supported by the physiological data and tran-
scriptome analysis of H. rhodopensis (T. Gechev and co-
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workers, unpublished results). Increases in maltose, ver-
bascose, and massive accumulation of sucrose were
observed during drought and desiccation. The levels of
these sugars in rehydrated samples returned to levels sim-
ilar to unstressed controls. In contrast, glucose, fructose,
myo-inositol, and galactinol decreased in water-deficient
samples. This could partly be explained by their use for
synthesis of sucrose and complex RFOs such as verbas-
cose. Interestingly, high concentrations of galactinol, myo-
inositol, and pyruvate were accumulated after rehydration,
probably due to activation of sugar catabolic pathways to
enhance energy production by respiration supporting the
recovery from desiccation. Furthermore, drought and par-
ticularly desiccation resulted in increased accumulation of
two stress-related metabolites, spermidine and GABA.
Spermidine, a polyamine implicated in osmotic stress
defense, also increases in C. plantagineum during desic-
cation [80], while GABA is a well-known signaling
molecule with a role in controlling stress responses and
growth [81, 82]. Proline is another compound implicated in
osmotic stress tolerance. Accumulation of amino acids
including proline during dehydration is observed in many
resurrection plants [83, 84]. Proline, however, does not
seem to be involved in the mechanism of desiccation tol-
erance in H. rhodopensis, as it does not accumulate under
stress and only low concentrations are found in unstressed
plants (T. Gechev and co-workers, unpublished results).

Much higher concentrations of sucrose, trehalose, and
GABA were found in the desiccation-tolerant H. rhodop-
ensis compared to the desiccation-sensitive A. thaliana
(T. Gechev and co-workers, unpublished results). These
findings further support a role of these metabolites in
desiccation tolerance and corroborate the notion that both
the transcriptome and the metabolome of H. rhodopensis
are ready to cope with desiccation.

General conclusions

Why are resurrection plants different from other plants?
What makes them tolerant to desiccation in contrast to
plants that are sensitive to drought or drought tolerant but
desiccation sensitive? At least three reasons emerge from
the cumulative physiological, transcriptional, proteomic,
and metabolomic data on desiccation-tolerant resurrection
plants.

First, some resurrection plants are already primed for
desiccation as deduced from molecular mechanisms. Their
transcriptomes, proteomes, and metabolomes in normal,
non-stress conditions are characterized by much higher
transcript levels of particular antioxidant genes, genes
encoding cell remodeling proteins, hydrophilins, heat shock
proteins and chaperones, dehydrogenases, and other
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protectants, compared with desiccation-sensitive plants
(T. Gechev and co-workers, unpublished results; [20, 74]).
This makes them better prepared to meet the adverse con-
sequences of drought, extreme dehydration, oxidative
stress, mechanical stress, protein denaturation, and forma-
tion of toxic products. Particular cyclophilins, dehydrins,
and other LEA proteins are already present during normal
growth conditions in resurrection plants. In contrast, such
proteins are expressed only in desiccating seeds and during
drought in other, desiccation-sensitive species. Likewise,
many resurrection plants contain high amounts of antho-
cyanins and other polyphenols in optimal growth conditions
whereas other plants accumulate these compounds only
upon stress exposure. Resurrection plants maintain their
antioxidant system, including antioxidant metabolites and
enzymes at high capacity throughout all kinds of environ-
mental conditions, protecting themselves against adverse
fluctuations in water content. This is a unique feature of the
resurrection plant antioxidant machinery, as desiccation-
sensitive species do not appear to maintain functional
antioxidant systems during extreme drought.

Secondly, most of the resurrection plants possess similar
mechanisms and utilize similar strategies to counteract
water deficiency as do other plants, but many of these
protective mechanisms are more substantially activated in
the resurrection plants upon sensing water deficiency. Upon
water stress, cyclophilins, dehydrins, and other LEA pro-
teins can reach as much as 40 % of the dry weight in some
resurrection plants, and the powerful phenolic antioxidant
3,4,5-tri-O-galloylquinic acid can accumulate to more than
70 % of dry weight [85]. Furthermore, concentrations of
stress signals such as GABA and protective molecules such
as particular heat shock proteins, polyphenols, and sugars
such as sucrose, stachyose, raffinose, and trehalose can
reach levels several times higher in magnitude than levels
observed in sensitive plants (T. Gechev and co-workers,
unpublished results; [86]).

Thirdly, resurrection plants contain so far unknown
genes, proteins, and metabolites with putative protective
properties. Examples of such novel proteins and metabolites
are the hydrophilic protein CpEdi-9 from C. plantagineum
and 3,4,5-tri-O-galloylquinic acid, isolated from the resur-
rection plant M. flabellifolia, respectively [56, 85]. The
large number of unidentified genes in C. plantagineum and
H. rhodopensis suggest that some of these could be unique,
such as the CDT-1 gene important in acquisition of desic-
cation tolerance in callus of C. plantagineum [87].
Supporting this notion, 41 % of all H. rhodopensis tran-
scripts have no sequence homology to genes from other
species (T. Gechev and co-workers, unpublished results).

Due to these three distinctive features, physiological
adaptations characteristic for the resurrection species
evolved to protect against severe drought. For example,

poikilochlorophyllous resurrection plants disassemble their
photosynthetic machinery and degrade their chlorophyll
during desiccation, downregulating photosynthesis and
eliminating photosynthesis-related production of ROS [2].
Even more surprisingly, homoiochlorophyllous resurrec-
tion plants switch off photosynthesis without breaking
down their photosynthetic machinery [37]. They are
capable of resuming photosynthesis rapidly upon re-
watering, thanks to their preserved photosynthetic appara-
tus. High concentrations of anthocyanins and other
polyphenol antioxidants together with ELIPs and with
mechanical adaptations such as rolling of leaves protect
from excessive radiation [2].

Many resurrection plants grow slowly. Perhaps this is
the price they have to pay in exchange of their extreme
stress tolerance; some of the energy resources are directed
towards synthesis of stress-protective compounds at the
expense of energy needed for faster growth [4]. Consistent
with this, Arabidopsis and tobacco plants overexpressing
the dehydration-inducible transcription factor BhHsf1 from
the resurrection plant B. hygrometrica displayed enhanced
stress tolerance but retarded growth [59].

Genetic adaptations such as the novel genes mentioned
above or the RNAIi control of gene expression via expan-
sion of retroelement-amplified regulatory RNA (CDT-I
gene in C. plantagineum) further illustrates the complex
control of desiccation tolerance.

Drought stress is nowadays the most common threat to
agriculture. The potential for molecular improvement has
already been shown by expressing genes from resurrection
species origin in model and crop species [32, 62, 66].
However, a complex approach is probably needed in order
to engineer desiccation tolerance in other species. Future
research on resurrection plants such as detailed kinetics
studies on the molecular events during desiccation and
rehydration, comparative analysis with non-resurrection
plants, and functional analysis of genes with presumed
roles in dehydration/rehydration responses can help us to
understanding the cellular mechanisms of desiccation tol-
erance in the unique group of resurrection plants, and serve
as a basis for future molecular improvement of drought
tolerance in crop species.
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