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What is remarkable about resurrection plants is the ability of vegetative tissues (root, shoot, stem, leaves) 
to tolerate dehydration of the tissues and then return as functional units on rehydration. This phenomenon 
made resurrection plants exciting targets for molecular analysis of the poikilohydric ability and drought 
tolerance. The protective mechanisms of vegetative desiccation tolerance appear to involve three major 
components, sugars, proteins and antioxidants. According to the recent scientific consensus all three are 
postulated to be involved in maintaining cellular integrity during the drying phases. The aim of this 
review is to establish a provisional hierarchy among these stress avoiding mechanisms that are associated 
with desiccation tolerance. The main reason for ranking these signal metabolites and protective agents is 
their potential importance in practical applications. Although vegetative desiccation tolerance is a 
complex trait both genetically and physiologically, there are already examples where outcomes of 
targeted studies in resurrection plants are going to be directly utilized to engineer crop plants genetically. 
Here we also show that conventional genetic transformation techniques, via in vitro plant regeneration 
systems, still represent an unavoidable part of the high-throughput technology chain of molecular 
breeding.

Keywords: ABA – glutathione (GSH) – LEA proteins – raffinose family oligosaccharides (RFOs) – resur-
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INTRODUCTION

Most plants possess at least one stage of their life cycle where at least some tissues 
or cells can survive severe dehydration. For many plant species this is limited to 
seeds, pollen or in dormant buds. During maturation, these tissues lose a large per-
centage of their water to enter a dormant state. These tissues can then remain appar-
ently inactive for long periods. However, most plants lack this ability in other tissues 
such as leaves. Vegetative desiccation-tolerant plants are able to do this. Within this 
small group of plants the mature plant is poikilohydric, and leaves, roots and shoots 
can lose up to 95% of their water. This results in a shrivelled dried plant, which is 
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actually still alive. Losing beyond 50% of their water content is enough to kill the 
tissue of most plants, but desiccation-tolerant, or in other words poikilohydric plants 
possess mechanisms to protect them in the dried state. These plants are also referred 
to as resurrection plants, because they can be resurrected by rehydration (Fig. 1).

It has been postulated that although the initial evolution of vegetative desiccation 
tolerance was a crucial step required for the colonization of the land by primitive 
plants, it came at a cost [35]. Metabolic rates, biomass production and competitive 

Fig. 1. Resurrection of Craterostigma plantagineum plants upon rehydration. Panel A upper left pot: 
Totally dried vegetative organs (leaf, stem, roots) after a year withdrawal of irrigation; Panel A lower left 
pot: Greening and photosynthetizing leaves after 48–72 h of rehydration; Panel A upper right pot: 
Expanding green leaves with de novo synthetized mesophyll tissue after a week of rehydration; Panel A 
lower right pot: Flowering C. plantagineum plants after two weeks of rehydration. Panel B shows an 
alternative resurrection when dried leaves can not recover. Panel B lower left pot: Since roots have a 
capacity to store carbohydrates as energy source and proteins as building blocks, new leaves can emerge 
directly from the rootneck using these resources; Panel B upper right and lower right pots: these new 
leaves also form morphologically normal plants; Not only leaves, but roots also possess the resurrection 
ability. Panel C: dried root system of C. plantagineum plants; Panel D: resurrecting roots with de novo 

differentiated (white) branches
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abilities, as interrelated features, are usually lower in such plants as compared to 
plants that do not possess extra energy-requiring protection and repair mechanisms 
[36]. The most serious consequence of this conclusion is that a fully desiccation 
tolerant crop plant would have little agricultural value. However, this should not 
deflect us from asking two important questions: what can we learn from desiccation 
tolerant plants, and to what extent we will be able to utilize this knowledge for 
bioengineering increased transient drought tolerance in crop plants? For that we need 
to select essential components of desiccation tolerance that are readily transferable to 
non-tolerant systems and reliable methodology to transfer those traits to crop plants. 

Mechanisms proposed to explain the ability of vegetative desiccation tolerant 
plants to survive desiccation include sucrose and trehalose accumulation [28], 
accumulation of stress proteins [6] and raffinose family oligosaccharides [34, 38], 
increased folding ability of cell wall structures [27] and accumulation of membrane 
stabilizing specific polyphenols, in particular galloylquinic acids, which have been 
shown to act as antioxidants and membrane protectants [29]. However, any of the 
above mechanisms may not have the same effect in not-desiccation-tolerant plants, 
like crops. The utility of using genes from the desiccation tolerant plants lies in the 
prospect of finding novel ways to maintain productivity of crop plants during drought 
by either broadening the limits of cell maintenance to encompass lower water 
potentials and/or repairing damage as it occurs allowing for broadening of the 
sensitivity range.

Despite of the genetic and physiological complexity of desiccation tolerance, there 
are already examples where outcomes of targeted studies in resurrection plants are 
going to be directly utilized to engineer crop plants genetically [38]. For example, as 
a part of an ongoing project, some desiccation tolerance-related genes of Xerophyta 
viscosa are to be expressed in maize and grapevine [30]. However, it is not known 
today whether the transfer of protective proteins, osmolyte sugars, signal metabolites 
or antioxidants from desiccation-tolerant species will result in crop plants with 
increased abiotic stress tolerance?

HIERARCHY OF STRESS AVOIDING AND REPAIRE 
MECHANISMS: AN OPINION DRIVEN VIEW

To explore novel insights into gene function and the regulatory control of biological 
processes that are associated with responses to abiotic stress, cDNA microarrays offer 
a high-throughput approach to obtaining comprehensive gene expression pro-
files [21]. Large-scale parallel gene expression monitoring, using cDNA microarray-
based methods, have been used to examine gene expression patterns in tissues includ-
ing root, leaf and flowers at two different stages of development, and under dark and 
light conditions in genetic model systems (Arabidopsis, rice). cDNA microarray 
analyses of the expression profiles of genes that respond to abiotic stresses are also 
underway in tolerant systems like the CAM plant Mesembryanthemum crystalli-
num [9] and in desiccation tolerant plants [22]. However, mRNA abundances may 
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only represent putative function since there is still a questionable correlation between 
mRNA and protein levels [19]. This is further highlighted by a survey of the pro-
teomes of the model legume Medicago truncatula [52]. In this study, it was revealed 
that approximately only 50% of the proteins appear to be correlated with their cor-
responding mRNA levels. In contrast, proteomics provides a more physiologically 
accurate snapshot of biochemical processes by revealing the actual protein constitu-
ents performing the enzymatic, regulatory, and structural functions encoded by the 
genome and transcriptome at a given point in time [23]. To further increase the clear-
ness of the physiological snapshot, the transcriptome and proteome level monitoring 
could be complemented by large-scale analysis of the metabolome based on GC/MS 
(gas chromatography/mass spectrometry) technology. Using GC/MS approach, 326 
distinct compounds were quantified from Arabidopsis leaf extracts. Given metabolite 
levels can be regarded as the ultimate response of biological systems to genetic and 
environmental changes. It has the potential not only to provide deeper insight into 
complex regulatory processes but also to determine phenotype directly [14]. As such, 
metabolomics means a link between genotype and phenotype and the interplay 
between high-throughput analysis of the transcriptome and metabolome would result 
in candidate genes with more realistic potential being used in molecular breeding 
program. In addition, because of their unique metabolism, resurrection plants also 
have a potential to serve as renewable sources of novel bioactive compounds [12]. On 
this basis, it is not an exaggeration to predict the above combination of state-of-art 
technologies would generate enormous progress also in exploring the physiology of 
resurrection plants.

Genes with potential role in triggering desiccation tolerance can be identified by 
transcriptome and proteome analysis and metabolic processes that are involved in the 
functioning stress responses can be encompassed by metabolome analysis in an ideal 
world. We propose that performing such complete analyses in resurrection plants both 
technically and intellectually is still a complicated task. However, partial profiling of 
the transcriptome and proteome has already resulted in a provisional hierarchy among 
stress avoiding mechanisms and thus candidate genes for molecular breeding pro-
grammes (for review see [47]). Although there are other protective processes as we 
discussed above, three major interacting biochemical mechanisms for recovery from 
desiccation-induced injury are emphasized in this review. First, it was proposed that 
non-reducing sugars facilitate tolerance to desiccation by protecting membranes and 
proteins [42] and by inducing vitrification [26]. Secondly, another mechanism is 
based on the capability to scavenge desiccation-induced free radicals. Desiccation-
tolerance has been correlated with an increased alarm status of both the non-enzymic 
(reduced glutathione, ascorbic acid, tocopherols) and enzymic components of the 
antioxidant defense system [24]. The third mechanism includes proteins such as the 
late embryogenesis abundant (LEA) proteins [3] and LEA-related proteins like dehy-
drins and rehydrins [35].

A fundamental component of desiccation tolerance appears to be sugars [28]. In all 
of the modified desiccation–tolerant plants studied to date, drying induces a major 
change in carbohydrate metabolism, which may be directly related to desiccation-
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tolerance. In tandem with specific proteins, sucrose is among the sugars that probably 
stabilizes drying cells both by direct interactions with macromolecules and mem-
branes and by reversibly immobilizing the cytoplasm to become an extremely slow-
flowing glass-like liquid [5]. In experiments where isolated enzymes have been dried 
in the presence of sucrose there is good evidence that the enzymes remain stable in 
the dried state [42]. Parallel work on isolated membrane vesicles also supports the 
view that sucrose preserves the integrity of the lipid bilayer during dehydration [7]. 
Some have proposed that the sole role of the sucrose accumulation is to drive the 
formation of a biological glassy state that includes the presence of LEA proteins. We 
think it is a simplification, because sucrose is the only abundant sugar in plants that 
can be translocated and metabolised and thus functioning energy-requiring protection 
mechanisms are strong sucrose sinks. Although sucrose plays an indispensable role 
in establishing vegetative desiccation tolerance, manipulation of its metabolism in the 
view of engineering crops for drought tolerance does not seem to be a viable 
approach. Both up regulation and down regulation of its synthesis could mean a seri-
ous threat to the fine balance in osmotic adjustment, energy metabolism, growth and 
development as has been demonstrated. 

The non-reducing disaccharide trehalose also serves as a protectant against a vari-
ety of stresses in different organisms and significantly contributes to vegetative des-
iccation-tolerance in plants [16]. Trehalose is among the most chemically unreactive 
sugars and its strong stability is a result of very low energy (1 kcal mol–1) of the gly-
coside oxygen bond joining the two hexose rings [40]. Thus, trehalose certainly will 
not interfere with primary metabolism and the energy homeostasis. Nevertheless, 
introduction of genes encoding trehalose-synthesizing enzymes to certain crop plants 
has resulted in contradictory results. In some instances, transgenic plants showed an 
increased tolerance to abiotic stressors that were associated with sustained plant 
growth. It has been demonstrated that enhancing trehalose synthesis in transgenic 
plants seems to interfere with sensing of sugar status and jasmonic acid/ethylene-
signalling [1]. This can result in false signals that can perturb plant responses in 
general.

In contrast to sucrose and trehalose, there are other components of the photosyn-
thetic carbohydrate metabolism with a more realistic agronomic potential. Raffinose 
family oligosaccharides (RFOs) have long been suggested to act as antistress agents 
in both generative and vegetative tissues [38]. They are the most widely distributed 
non-structural carbohydrates in the plant kingdom, occurring in a wide variety of spe-
cies [37]. As non-reducing carbohydrates they are good storage compounds, being 
able to accumulate in large quantities without affecting primary metabolic processes 
[38]. Research in seeds [20] and root systems [34] has revealed strong correlations 
between accumulation of RFOs, primarily raffinose, stachyose, and verbascose, and 
desiccation tolerance. Raffinose family oligosaccharides (RFOs) are able to accumu-
late in large quantities without affecting primary metabolic processes and signalling 
cascades. Over-expression of genes in crop plants with determinative role in RFO 
metabolism seems a good choice for future practical applications. For example, a 
dehydration-specific aldose reductase implicated in sorbitol synthesis [31] and galac-
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tynol synthase (XvGolS), catalysing the first step in the biosynthesis of raffinose fam-
ily oligosaccharides [38] could be among the first desiccation associated genes with 
the potential of being applied in molecular breeding programmes.

LEA genes, which are believed to play a crucial role in providing tolerance to dif-
ferent abiotic stressors, have already been quite extensively utilized in molecular 
breeding programmes. Their expression is coincident with the acquisition of desicca-
tion tolerance in seeds, pollen and vegetative desiccation-tolerant plants, but many 
LEA proteins are also induced by cold, osmotic stress or exogenous abscisic acid 
(ABA), or can even be expressed constitutively [53]. They have been variously pro-
posed to protect cellular structures from the effects of water loss by acting as a hydra-
tion buffer, by sequestering ions, by direct protection of other proteins or membranes, 
or by renaturing unfolded proteins [8] and preventing protein aggregation [17]. These 
suggested functions have been made on a largely intuitive basis and are supported by 
relatively little evidence [53]. Therefore, their practical contribution has not been 
tested under real economic situations. Further studies are necessary to identify the 
most effective types of LEA genes. In the meantime, the utilization of their promoter 
regions to drive the expression of different antistress genes that respond to stress 
specifically opens the possibility for an alternative application. 

ABA is thought to play a co-ordinating role in the activation of tolerance genes in 
response to desiccation [35]. ABA, as well as plant hormones generally, has a wide 
range of effects, therefore will elicit many processes not specific to desiccation toler-
ance (for review see [47]). ABA is a cell cycle inhibitor, regulates stomatal move-
ment, suppresses growth, accelerates accumulation of storage compounds, induces 
development of storage organs in vitro, initiates dormancy and water loss in most of 
the plant tissues where it was examined. It is used exogenously for maturation of 
somatic embryos, to induce differentiation of protocorms and embryogenic structures 
in dedifferentiated cell cultures, as well as to harden plant tissues prior to low tem-
perature storage. Looking at the problem just superficially, it seems that ABA does 
nothing else in vegetative desiccation tolerant plants as it does in non-tolerant plants. 
However, integrated redirection of complex molecular events and metabolic proc-
esses might require such a multitargeted signal like ABA. Cell cycling and growth 
must be slowed down to survive dehydration, while accumulation of energy storing 
compounds and building units of essential metabolites and macromolecules must be 
accelerated. It is hard to find a satisfactory consensus in relation to the complex role 
of ABA in the regulation of desiccation tolerance. These preliminary explanations are 
descriptive and based mostly on opinions and not hard evidence. Our belief is that 
ABA integrates the preparatory processes during dehydration phase that make the 
survival of vegetative desiccation possible both on cellular and whole plant levels. 
This would mean that the regulatory role of ABA both spatially and temporally is 
limited to certain steps where integrated actions are required during the dehydra-
tion.

To counteract the toxicity of reactive oxygen, a multicomponent antioxidative 
defense system, including both non-enzymic and enzymic constituents, present in 
plant cells. There is one abundant representative of this defense system, the tripeptide 
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thiol glutathione, which is involved in the oxidative stress responses in nearly all 
desiccation tolerant plants where it was examined. Transcriptome and proteome level 
examinations revealed that genes encoding enzymes involved in glutathione metabo-
lism are among the genes most sensitive to dehydration [23]. As a result, the dehydra-
tion process could be characterized by significantly increased glutathione (GSH) 
levels in the desiccation tolerant plants. However, we are certain that glutathione 
(GSH) is much more than a potent detoxifying agent. Besides being an indicator of 
oxidative stress [43], GSH is the exclusive storage and transport-form of the reduced 
sulphur regulating interorgan sulphur allocation [25]. GSH has also been shown to act 
as a regulator of gene expression [2], is the precursor of phytochelatins, which bind 
heavy metals [18], and is a substrate for the GSH S-transferases, which catalyses the 
conjugation of GSH with potentially dangerous xenobiotics such as herbicides. The 
third parameter which is mirrored in the actual level of GSH is the efficiency and 
functionality of photosynthesis, because GSH synthesis requires photorespiratory 
glycine. This means that GSH levels can be upregulated when the photorespiratory 
activity is high [33]. Taken together, GSH has all the potential to be involved in the 
synchronization of recovery processes allowing resurrection from the desiccation 
state in tolerant plants. Besides being a sensor and antioxidant, GSH pleiotropically 
influences signaling processes like ABA. Its different functions can act synergisti-
cally while the different functions of ABA have both negative and positive impact on 
the productivity. On this basis, our belief is that stress-specific engineering GSH 
metabolism could lead to the creation of crop plants that are more tolerant to dehy-
dration-rehydration cycles.

Now there are signalling and metabolic processes to modify and there will be 
genes by which these modifications can be achieved. The question is how, because 
the weakest point within the whole high-throughput technology is the limited capac-
ity of conventional genetic transformation techniques.

LOW-STRESS TISSUE CULTURING AND GENETIC 
TRANSFORMATION:  

THERE ARE STILL NO RELIABLE ALTERNATIVES

Although databanks have already provided information about putative function on the 
basis of sequence similarities, but in vivo-proofs can be obtained only after examining 
transgenic plants possessing up regulated or down regulated expression of the genes 
associated with desiccation tolerance [46, 47]. For this purpose, in vitro plant regen-
eration protocols had been established in resurrection plants such as Craterostigma 
plantagineum [15, 45], Ramonda myconi [49], R. serbica [13, 39], Haberlea rhodo-
pensis [10, 11] and Lindernia brevidens [41] of which C. plantagineum, R. myconi 
and L. brevidens have been successfully transformed [15, 41, 45, 50].

A common observation was in all published reports and personal communications 
independently on the species that vegetative desiccation-tolerant plants possessed an 
extreme sensitivity during the establishment of their plant regeneration and genetic 
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transformation systems in a similar manner. These tissues all displayed frequent evi-
dence of necrosis, development of hyperhydrated leaves and secretion of polyphenols 
into culture media under suboptimal conditions. Therefore, so-called ‘low stress’ 
transformation technologies were established in nearly all resurrection plants [46] 
involving the development of non-lethal selection strategies and the application of 
modified MS tissue culture media [32] supplemented with decreased amounts of 
macro- and microelements, and different antioxidant agents. The main distinctive 
features of transgenic plants were the green colour, morphologically normal pheno-
type and a more intense growth when the applied selective agent was administered at 
sublethal concentrations, while non-transgenic regenerants displayed bleaching, mor-
phological abnormalities and retarded growth (Fig. 2).

An additional increase in the transformation frequency was obtained when the 
colonialisation of the wounded surfaces by the transforming Agrobacterium cells was 

Fig. 2. Demonstration of the low-stress, non-lethal selection strategy as one of the key elements of the 
genetic transformation or resurrection plants. Panel A: Formation of totipotent cells as optimal targets of 
transformation is essential; Panel B: Gradual accumulation of transformed cell lines (dark blue) express-
ing the GUSINT reporter gene through the gentle selection procedure (the brownish cell cluster on the 
lower right corner is a non-transformed control); Panel C: The main distinctive features of transgenic 
Ramonda myconi plants were the green colour, morphologically normal phenotype and a more intense 
growth when the applied selective agent was administered at sublethal concentrations; Panel D: At the 
same time, the non-transgenic regenerants displayed bleaching, morphological abnormalities and retarded 

growth
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enhanced by biochemical pre-induction of vir genes. This included the application of 
low pH liquid medium consisting of acetosyringone, aldose-type sugar source and 
organic nitrogen during the infection phase [44, 45, 50]. These modifications together 
with the appropriate tissue culture system resulted in reliable methods for genetic 
transformation of the resurrection plants. This knowledge is now ready to be extended 
over other recalcitrant species.

CONCLUSION AND FUTURE ASPECTS

Genes with potential role in triggering desiccation tolerance can be identified by 
transcriptome and proteome analyses, metabolic processes that are involved in the 
functioning stress responses can be encompassed by metabolome analysis in an ideal 
world. We suppose that performing such complete analyses is still a complicated task 
both technically and intellectually. However, partial profiling of the transcriptome and 
proteome has already resulted in a provisional hierarchy among stress avoiding 
mechanisms and thus candidate genes for molecular breeding programs. Being real-
istic about our intellectual and technical capacities, only single traits can be trans-
ferred into a recipient genome by the conventional genetic transformation techniques 
today. Therefore, those resurrection plant-originated protection agents can provide 
practical value in molecular breeding of crop plants, which have simple metabolism, 
highly specific, and which is not interfering with other essential primary metabolic 
fluxes and signaling processes (for review see [47, 48]). 

However, the development of a high-throughput multigene transformation technol-
ogy for these model plants also can be realized in a longer run. One promising direc-
tion can be the adaptation and further improvement of the in planta transformation 
[4]. The advantage of this technique is that the time consuming and laborious in vitro 
tissue culture procedures can be totally replaced by immersing plants at a suitable 
developmental stage directly into Agrobacterium suspension cultures, which is fol-
lowed by screening F1 generation for transgenic individuals. The problem with this 
method is that it works only in a few species. Until in planta transformation tech-
niques are available, the conventional ways of genetic transformation through in vitro 
tissue culture systems are still vital in terms of functional genetics [46]. However, 
stable transformants are not always needed for analysing gene functions. Large-scale 
transient gene expression assays, based on inoculation of plants by viral vectors, can 
be also performed on both protoplast and whole plant levels [51]. This method could 
also mean a reasonable alternative to conventional transformation approaches and 
thus can accelerate cataloging genes associated with vegetative desiccation toler-
ance.
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