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15.1 Introduction

Desiccation tolerance (DT), the ability of cells to survive the air-dried state

(equilibration to the water potential of the air which is generally low), is not

uncommon in the plant kingdom. The vast majority of plants develop tissues that

can withstand desiccation and for the most part these tissues are propagules: spores,

pollen, and seeds. Vegetative DT is relatively common in the less complex plants

that make up the algae, lichens, bryophytes, and perhaps the hornworts (Alpert

2006; Wood 2007), but is rare in the more complex vascular plants (Porembski and

Barthlott 2000; Oliver et al. 2000; Proctor and Pence 2002). Vegetative DT was

likely lost during the first steps in the evolution of tracheophytes (Oliver et al. 2000)

around 415 million years ago (Soltis et al. 2002). Early mechanisms of vegetative

desiccation tolerance have been postulated to be energetically expensive and

perhaps structurally demanding (requiring simplicity) and thus were discarded in

lieu of increased growth rates, structural and morphological complexity, and

mechanisms for increased water conservation and efficient carbon fixation. The

distribution of desiccation-tolerant plants is described in detail in Chap. 8.

Mechanistically, one can see trends within the evolutionary pathway for vegeta-

tive DT. DT has been postulated to have first evolved in spores of the land plants,

and probably their charophyte alga relatives, prior to expression in vegetative

tissues. The mechanism for tolerance in the early land plants resembles that seen

in the modern day desiccation-tolerant bryophytes: a mechanism based upon

constitutive cellular protection coupled with a rehydration-induced recovery pro-

cess that involves cellular repair (Oliver et al. 2005). The available data suggest that

the early reappearance of vegetative DT in vascular plants, using modern day ferns

as a model, involved an environmentally inducible cellular protection mechanism

as well as a rehydration-induced recovery process, indicating, at least conceptually,

a simple progression from the mechanisms employed by bryophytes (Bewley et al.

1993). Seed plants evolved around 340 million years ago (Soltis et al. 2002), and

it is at this time that DT appeared as a developmentally controlled program of

what appears to be almost exclusively a cellular protection process (Oliver et al.

2000; Berjak et al. 2007; LePrince and Buitink 2007). In the angiosperms, the
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predominant mechanism for vegetative DT is the environmental induction of a

cellular protection process with apparently little need for a rehydration-induced

recovery or repair mechanisms (Ingram and Bartels 1996; Oliver et al. 2000;

Hoekstra et al. 2001; Moore et al. 2009).

Although we have DT has played in the evolution of the land plants, much is yet

to be uncovered. Our understanding of the underlying mechanisms, their compo-

nents, the genes, gene networks, and the regulatory processes that control them is

still in its infancy. The attainment of an understanding of vegetative DT mechan-

isms has profound importance, for elucidating not only the intricacies of plant

evolution, but also the more practical aspects of the plant sciences that lie within the

agricultural arena. Unraveling the genetic components that control and establish

tolerance to severe dehydration will generate novel strategies for the improvement

of drought tolerance in crops for which the toleration of dehydration is a major

component. This is proving to be the case as discussed in a recent review by Moore

et al. (2009) and as we allude to in this chapter.

The recent advances in systems biology and the tools that have been developed

to look at biological processes on a large scale, the “omics” technologies, have not

yet been fully employed in the study of DT. These technologies offer the most

exciting possibilities for expanding our knowledge of DT in plants. Here, we review

the gene discovery and transcriptomic studies that have been performed in resurrec-

tion species and discuss how future studies and improvements in these are expected to

revolutionize our understanding of DT. Although less commonly performed, we also

summarize recent proteomic and metabolite profiling studies using various resurrec-

tion plant species.

15.2 Targeted Gene Discovery

Early targeted gene isolation and expression studies in resurrection plants have

been limited to a relatively few species including the moss Tortula ruralis (Scott
and Oliver 1994; O’Mahony and Oliver 1999a, b; Wood et al. 2000; Zeng and

Wood 2000; Chen et al. 2002; Zeng et al. 2002), the clubmosses Selaginella
lepidophylla (Zentella et al. 1999) and Selaginella tamariscina (Liu et al. 2008),

the dicotyledonous species Craterostigma plantagineum, which has received the

most attention (Bartels et al. 1990, 1992; Iturriaga et al. 1992, 1996; Michel et al.

1994; Velasco et al. 1994, 1998; Bernacchia et al. 1995, 1996; Chandler and Bartels

1997; Furini et al. 1997; Ingram et al. 1997; Frank et al. 1998; Mariaux et al. 1998;

Kleines et al. 1999; Kirch et al. 2001; Deng et al. 2002, 2006; Hilbricht et al. 2002;

Phillips et al. 2002a, b; Rodrigo et al. 2004; Ditzer and Bartels 2006), and the

monocotyledonous species Sporobulus stapfianus (Gaff et al. 1997; Clugston et al.

1998; Blomstedt et al. 1998a, b; O’Mahony and Oliver 1999a, b; Neale et al. 2000;

Le et al. 2007), Xerophyta viscosa (Mundree et al. 2000; Mowla et al. 2002; Garwe

et al. 2003, 2006; Lehner et al. 2008), Xerophyta humilis (Collett et al. 2003; Illing
et al. 2005; Mulako et al. 2008), and Xerophyta villosa (Collett et al. 2004).
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Other resurrection plant species have been characterized, but no gene sequence

information has yet been reported for them including the moss Polytrichum for-
mosum (Proctor et al. 2007a, b), the lichen Cladonia convoluta (Tuba et al. 1998),

the clubmoss Selaginella bryopteris (Deeba et al. 2009), the fern Polypodium
virginianum (Reynolds and Bewley 1993), the homoiochlorophyllous angiosperms

Haberlea rhodopensis (Georgieva et al. 2007, 2009), Boea hygrometrica (Jiang et al.
2007), and Boea hygroscopica (Bochicchio et al. 1998), the angiosperms Ramonda
serbica (Živković et al. 2005; Degl’Innocenti et al. 2008; Veljovic-Jovanovic et al.

2008), Craterostigma wilmsii (Cooper and Farrant 2002; Vicré et al. 2004), and

Lindernia brevidens, a close relative of C. plantagineum (Smith-Espinoza et al.

2007; Phillips et al. 2008), the resurrection grass Eragrostis nindensis (Vander

Willigen et al. 2003; Illing et al. 2005), and the dicotyledonous, woody, medicinal

shrub, Myrothamnus flabellifolia (Moore et al. 2006, 2007).

15.3 Gene Discovery Using Expressed Sequence Tags

The most basic approach toward transcriptome analysis has been to collect

expressed sequence tags (ESTs) using traditional Sanger sequencing. ESTs are

typically automatically curated, single-read sequences of cDNA (complementary

DNA molecules derived from reverse-transcribed cellular mRNA populations)

(Rudd 2003). The relatively inexpensive nature of random sampling of cDNA

libraries has made EST sequencing a very attractive and popular route for sampling

transcriptomes (Rudd 2003) and also provides the raw material for the fabrication

of cDNA or oligonucleotide microarrays (Alba et al. 2004). In the absence of

complete genome sequence data, EST data can provide a low-cost, accessible

way to efficiently sample the actively transcribed portions of a genome (Rudd

2003). Comparison of available EST data among diverse taxa of resurrection

species or closely related “sister groups” also provides a means to provide novel

insights into shared or unique molecular processes required for DT. Once whole-

genome sequence information becomes available for a resurrection species, EST

data will provide an invaluable resource for genome annotation.

Despite its vast utility, EST sequencing has a number of weaknesses. First, the

sampling depth of most traditional EST projects is often limited to only a few

hundred or thousand sequenced cDNAs. Although the cDNA library might accu-

rately reflect the relative abundance of a particular transcript, some transcripts,

such as low abundance, will be represented poorly in the cDNA library and

genes, which are not expressed in the particular organ or tissue from which the

library was prepared, will be absent (Rudd 2003). Enrichment strategies, such as

normalization and subtraction, can partially overcome inadequate sampling

(Bonaldo et al. 1996) and can dramatically improve the sequence diversity within

a particular cDNA library by equalizing the relative occurrence of abundant versus

rare transcripts. However, such strategies can never fully compensate for inade-

quate sampling leading to unreliable estimates of relative transcript abundance,
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particularly of low to moderately expressed mRNAs. Fortunately, more high-

throughput sampling technologies have been developed that allow for more cost-

effective, in-depth quantitative mRNA expression profiling (see Sect. 15.9).

Second, the sequence quality of cDNA-derived ESTs derived from Sanger

sequencing is typically about 97% accurate when compared with genomic reference

sequences considering all types of errors including insertions, deletions, and sub-

stitutions (Hillier et al. 1996). These errors can be the result of the poor fidelity of

the reverse transcriptase and sequencing polymerase (Arezi and Hogrefe 2007)

and base-calling accuracy (Li et al. 2004; Prosdocimi et al. 2007). Furthermore,

if EST sequences are not carefully cleansed, they can contain xenocontaminants

(e.g., vector, polylinker, and primer-adaptor sequences) or sequences from foreign

organisms (e.g., E. coli and fungi) and abundant structural or regulatory RNAs (e.g.,
rRNAs and organellar transcripts). Typically, such contaminants can represent

1–3% of all ESTs (Lee and Shin 2009). In general, high-throughput sequencing

strategies that provide highly redundant sampling technologies will result in far

more accurate transcriptome sequencing data (Sect. 15.9).

Third, EST sequencing will often not provide a complete representation of gene

models or full-length cDNAs from which they were derived. To overcome this

limitation, full-length cDNA collections have been developed for many important

model desiccation-sensitive species including Arabidopsis (Seki et al. 2002, 2004),
soybean (Umezawa et al. 2008), and the model halophyte, Thellungiella halophila
(Taji et al. 2008). Such full-length cDNA collections should also be developed as a

key component for whole-genome annotation for selected resurrection species. In

addition, full-length cDNA collections provide for the efficient exploration of plant

gene function in heterologous hosts and plant improvement by using heterologous

gene resources (Ichikawa et al. 2006; Kondou et al. 2009).

15.4 Transcriptome Analysis of Nonvascular

Resurrection Plants

Targeted gene characterization studies have expanded to become large-scale EST

sequencing efforts within a handful of resurrection model species (Table 15.1).

Early small-scale EST sequencing (152 ESTs), from a cDNA library from poly-

somal mRNP fractions of desiccated leaves of the desiccation-tolerant bryophyte,

T. ruralis, showed that 71% of the ESTs in the library represented novel sequences

(Wood et al. 1999). More extensive EST sequencing of cDNA library from rehy-

drated, rapid-dried T. ruralis resulted in the characterization of ~10,368 ESTs

representing 5,563 genes of which 2,242 (40.3%) were classified as unknowns,

indicating the possibility that this species serves as a genetic reservoir for novel

genes involved in stress tolerance (Oliver et al. 2004). Some of the most abundant

transcripts in this cDNA library encode late embryogenesis abundant (LEA) proteins,

suggesting that these proteins might play a role in the recovery from desiccation upon
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rehydration (Oliver et al. 2004). Comparison of these T. ruralis ESTs to available

ESTs from the desiccation-sensitive moss, Physcomitrella patens, revealed that

while T. ruralis is closely related, as both species are bryophytes, there is substantial
phylogenetic distance between these two species (Oliver et al. 2004). These studies

also led to the identification of desiccation- and rehydration-specific ubiquitin genes

(O’Mahony and Oliver 1999a, b).

15.5 Transcriptome Analysis in Vascular Resurrection Plants

Large-scale gene discovery efforts in vascular resurrection plants have been limited

to all but a few model species. One of the earliest reports of cloning and sequencing

large numbers of cDNA clones from a resurrection species used differential,

subtractive, or cold-plaque screening to isolate and characterize 200 cDNA clones

from C. plantagineum leaves dried for 1 h or to complete dryness (Bockel et al.

1998). Recently, a very comprehensive transcriptome analysis has become avail-

able for cDNAs generated from different physiological stages of C. plantagineum
(Rodriguez et al. 2010). Genes encoding abundant drought-induced genes corre-

lated with DT or low abundance transcripts encoding gene products not previously

Table 15.1 Current status of large-scale expressed sequence tag sequencing projects in resurrec-

tion species

Species cDNA library Sanger

ESTsa
SSH

ESTsa
Roche/454

life sciences

ESTsa

References

Tortula ruralis Polysomal mRNA

desiccated

gametophytes

152 – – Wood et al. (1999)

Tortula ruralis Rehydrated rapid-dried

gametophytes

9,074 – – Oliver et al. (2004)

Tortula ruralis Total and polysomal

RNA from rapid-

and slow-dried and

rehydrated

gametophytes

– 768 – Oliver et al. (2009)

Selaginella
lepidophylla

Dehydrating fronds 8,355 – 612,206 Iturriaga et al.

(2006),

Cushman,

unpublished

Xerophyta
humilis

Dehydrating/

rehydrating roots

and leaves

403 – – Collett et al. (2004)

Sporobolus
stapfianus

Dehydrating leaves 14,515 – 490,144 Oliver,

unpublished

Craterostigma
plantagineum

Dehydrated, desiccated,

rehydrated, and

untreated leaves

182 Mb

transcript

Rodriguez et al.

(2010)

aAll ESTs reported were cleansed. Additional cDNA sequences may also be present in GenBank

database
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associated with drought stress in S. stapfianus were isolated by differential screen-

ing (Blomstedt et al. 1998a) or by “cold-plaque” hybridization procedures (Neale

et al. 2000a, b), respectively, suggesting that resurrection plants may possess unique

genes and/or regulatory processes that confer DT.

In the new world lycophyte, S. lepidophylla, native to Mexico and the south-

western United States, 1,046 ESTs were obtained from a cDNA library constructed

from plants undergoing desiccation representing 873 unique transcripts (Iturriaga

et al. 2006). Comparison of the S. lepidophylla ESTs with 1,301 unigenes from

Selaginella moellendorffii revealed that 63% of genes were unique to S. lepidophylla.
In contrast to the 2,181 ESTs from S. moellendorffii, the desiccation-tolerant

S. lepidophylla EST collection (Weng et al. 2005) contained a much greater relative

percentage of stress response (i.e., LEA proteins), chaperones, and heat shock

protein (HSP) ESTs. More importantly, analysis of the most abundant transcripts

sampled by EST sequencing revealed that S. lepidophylla preferentially expressed

genes whose primary assignable function is in stress response pathways (Iturriaga

et al. 2006). Currently, a total of 8,355 ESTs have been sequenced using traditional

Sanger sequencing from a cDNA library constructed from plants undergoing

dehydration or rehydration at intervals of approximately 10% relative water content

(RWC) loss or gain (Table 15.1).

Large-scale EST collections have also been generated from the poikilochloro-

phyllous, monocotyledonous, Xerophyta humilis, a resurrection species native of

southern Africa (Collett et al. 2004). Four individually normalized cDNA libraries

were generated from dehydrating leaf, dehydrating root, rehydrating leaf, and

rehydrating root, respectively, at a range of seven different RWCs. Approximately

100 cDNA clones from each library were sequenced, resulting in an annotated set of

424 cDNAs of which 94% of clones were unique. On the basis of this limited

evaluation, the cDNA libraries were judged to be normalized successfully. The

libraries obtained from dehydrating root and leaf tissues were also found to be

enriched for genes known to be associated with water-deficit, osmotic, cold, and

pathogen stress responses, relative to the rehydration libraries (Collett et al. 2004).

These same 424 cDNAs were then used to fabricate a printed, cDNA microarray,

the results of which were also validated using reverse northern slot blot analysis.

Between the two hybridization approaches, a total of 55 cDNA clones (13%)

exhibited increased relative transcript abundance upon dehydration at either 26 or

9% RWC. Notably, cDNAs encoding LEA proteins, metallothioneins, an oleosin,

and biosynthetic enzymes for the biosynthesis of polyols and raffinose family

oligosaccharides were included in this group. A total of 79 cDNA clones (18.6%)

showed decreased relative transcript abundance upon dehydration. Of these, 25%

encoded cDNAs with functions related to photosynthesis and metabolism consis-

tent with the notion that this poikilochlorophyllous species deactivates photosyn-

thetic functions during dehydration. A follow-on study focused on the analysis of

16 cDNAs representing seven different LEA protein groups derived from this X.
humilis EST collection (Illing et al. 2005). The relative mRNA expression of 13 of

these cDNAs was validated by northern blot analysis and all exhibited similar

expression profiles with peak expression occurring during desiccation (<65%
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RWC) and stably stored in dry (<6% RWC) leaves. In this same study, a compari-

son of LEA protein mRNA expression, antioxidant enzyme mRNA expression and

activity patterns, and sucrose accumulation patterns among desiccation-sensitive

and desiccation-tolerant species revealed discrete commonalities with desiccation-

tolerant plants and the acquisition of DT in orthodox seeds. Namely, both DT

vegetative tissues and seeds shared sucrose accumulation and the expression of a

LEA-6 gene and a 1-cys-peroxiredoxin gene as common DT mechanisms (Illing

et al. 2005).

15.6 Subtractive Suppression Hybridization

Most EST sequencing projects are conducted from randomly selected clones from

cDNA libraries from a specific tissue or developmental stage. Such a random

sampling approach is relatively inefficient because it does not selectively target a

subpopulation of transcripts within a particular cDNA library. In contrast, the

Subtractive Suppression Hybridization (SSH) approach allows cDNA libraries to

be constructed so that they are specifically enriched for a subpopulation of tran-

scripts (Diatchenko et al. 1996). SSH combines normalization and subtraction into

a single process that involves the use of two hybridizations that normalize and

enrich, respectively, for differentially expressed target genes in “tester” versus

“driver” cDNA populations. Differentially expressed target cDNAs become prefer-

entially amplified, whereas amplification of nontarget cDNA is suppressed during

the PCR stages of the process. The SSH procedure reportedly achieves a greater

than 1,000-fold enrichment of differentially expressed cDNAs (Diatchenko et al.

1996). This enrichment reduces the cloning of abundantly expressed genes common

to control (driver) and treatment (tester) samples, a process that increases the

probability of cloning differentially expressed genes of interest. Many genes of

interest are expressed at relatively low abundance or in specific cell or tissue types

or under a particular environmental condition, making selective enrichment by SSH

an important and useful strategy.

The SSH approach was first used in the DT lycopod S. tamariscina to enrich for

and identify genes whose mRNA expression is increased following 2–4 h dehydra-

tion of fronds (Liu et al. 2008). Out of more than 300 cDNA clones obtained,

reverse northern blot analysis revealed that 96 were differentially expressed with 4

and 92 clones had reduced or increased relative mRNA abundance, respectively,

following dehydration stress. The most abundantly expressed cDNA encoded an

early light-inducible protein B (ELIPB) closely related to the homologous gene

from T. ruralis (Zeng et al. 2002). A subset (11) of the increased abundance clones

were also verified to be abscisic acid (ABA)-responsive genes adding evidence

to the notion that ABA mediates dehydration stress responses in S. tamariscina
(Liu et al. 2008).

The SSH approach was also used in the DT moss T. ruralis to enrich for and

identify genes with low relative mRNA abundance that might be involved in slow
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drying or rehydration (Oliver et al. 2009). A total of 768 cDNAs were sequenced.

Of these, 614 (80%) were unique demonstrating the effectiveness of the normaliza-

tion strategy. Half of these cDNAs (298) were not previously obtained from an

earlier EST sequencing effort that generated over 10,000 ESTs (Oliver et al. 2004).

Furthermore, 59% of the SSH-derived EST contigs could not be annotated by

similarity matches to public sequence databases, which might be expected of

less well-expressed transcripts. Interestingly, the dehydration SSH EST collection

only contained a single gene encoding a protein with a photosynthetic function.

In contrast, functional categorization of EST collections from S. lepidophylla and

X. humilis revealed that up to 17% of ESTs had functions related to photosynthesis.

This bias against photosynthetic genes in the T. ruralis SSH EST collection

might be an indication that the photosynthetic apparatus of this DT moss is

relatively undamaged by desiccation and rehydration (Oliver et al. 2009) and that

its protection constitutes a major component of DT in bryophytes (Oliver et al.

2005; Proctor et al. 2007a, b) (see Chap. 7). In contrast, the rehydration SSH EST

collection was enriched for cDNAs that encode components of the protein synthetic

apparatus and the translation process, consistent with the important role played by

protein synthesis in the recovery of T. ruralis from desiccation following rehydra-

tion (Oliver et al. 2005, 2009).

A major motivation for the generation of EST collections is also to provide

physical probe collections for cDNAmicroarrays. cDNA collections derived from

two different SSH libraries enriched for sequestered transcripts within slow-dried

T. ruralis gametophytes or transcripts translated after rehydration were used to

develop a printed cDNA microarray containing 768 cDNAs (Oliver et al. 2009).

Expression profiles within total RNA derived from hydrated gametophytes

compared with rapid-dried rehydrated (RDR) and slow-dried (SD), respectively,

or within polyA RNA from the polysomal fraction of hydrated gametophytes

compared with the polysomal fractions of SD or RDR gametophytes revealed

existence of several novel components of the DT mechanism including jasmonic

acid signaling, proteosomal activation, and alternative splicing (Oliver et al.

2009).

15.7 cDNA-Amplified Fragment Length Polymorphism

Quantitative cDNA-Amplified Fragment Length Polymorphism (AFLP) is a power-

ful gene discovery technique for the identification of differentially expressed genes

(Bachem et al. 1996; Breyne et al. 2003). The basic approach involves combinatorial

restriction enzyme digestion of cDNA followed by selective amplifications of the

resulting fragments to produce less complex subsets of transcript tags, which are

then separated by electrophoresis on high-resolution polyacrylamide gels and

visualized by autoradiography or an automated LI-COR system (Vuylsteke et al.

2007). The original cDNA-AFLP method has undergone several refinements to
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screen and visualize a majority of both abundant and weak differentially expressed

genes on a genome-wide basis (Breyne et al. 2003). Despite the accessibility of

cDNA-AFLP analysis for the typical laboratory, to our knowledge there have been

no reports of its use on any resurrection species. However, the related technique of

mRNA differential display visualized by silver staining was reported to examine

mRNA expression patterns in the dicotyledonous, homoiochlorophyllous resurrec-

tion plant B. hygrometrica (Deng et al. 1999) or by radioactive labeling to isolate a

desiccation-rehydration-responsive small GTP-binding protein gene (O’Mahony

and Oliver 1999b).

15.8 Comparative Transcriptome Analysis

in Resurrection Plants

The identification of differentially expressed genes is only the beginning of the gene

discovery process, especially in relation to understanding the underlying genetic

components of DT. Desiccation and subsequent rehydration are extreme environ-

mental insults to plant cells whether or not they are tolerant to them. A large

proportion of the differential gene expression responses are likely to result from

cellular injury. Injury might trigger the up- or downregulation of specific genes that

are not involved in promoting adaptation to dehydration per se and are thus

misleading when it comes to unraveling mechanisms of tolerance and perhaps of

less use in drought improvement strategies. The only means by which the adaptive

nature of a gene (and its expression) can be inferred is from a phylogenetic

perspective, which entails species-to-species comparisons. There are two basic

types of comparisons that one can employ to analyze changes in gene expression

across species (Fig. 15.1): (1) ancestor–descendant comparisons where one attempts

to reconstruct the evolutionary history of a gene and its association with a trait such

as DT, and (2) sister-group contrasts where one compares the transcriptomes and

gene expression profiles for two closely related species that differ in a critical

phenotype, in this case DT. Direct comparisons between species-specific altera-

tions in gene expression associated with DT have not been made using either

strategy. The necessary transcriptomic resources for an ancestor–descendant

Fig. 15.1 Phylogenetic

comparison (contrast)

strategies for the assessment

of the adaptive importance of

genes
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comparison for desiccation-tolerant plants are not yet available, but their develop-

ment is in progress in several labs. There have been some limited efforts to

compare tolerant and nontolerant species, but generally they are of limited value

because of the evolutionary distance between the two species within the contrast.

Illing et al. (2005) compared expression profiles for a number of X. humilis
genes with published profiles for Arabidopsis homologues and was able to infer

that there are similarities between the response to desiccation in the resurrection

plant to the acquisition of DT in Arabidopsis seeds (see below). This is an

important observation and adds credence to some of the earlier hypotheses regard-

ing the evolution of DT, but says little about the adaptive nature of the genes

investigated. Oliver et al. (2004) compared the transcriptomes of rehydrating

T. ruralis, a desiccation-tolerant bryophyte, to a publicly available transcriptome

for P. patens, a desiccation-tolerant bryophyte, and could identify general cate-

gories of transcripts that might have indicated adaptive responses to desiccation, in

particular those related to maintaining plastid integrity. However, this was a very

limited comparison and the two mosses are not particularly closely related. A

much closer species-specific transcriptome comparison was reported by Iturriaga

et al. (2006), for S. lepidophylla and S. moellendorffii (see earlier discussion). This
comparison requires more direct expression profiling data before any substantial

hypotheses can be drawn.

15.9 High-Throughput Sequencing Approaches

Although EST sequencing and its variations described above have been used widely

for gene discovery, the depth of coverage is typically limited for digital measure-

ments of gene expression in which the relative abundance of each sequence tag is

used to infer the relative abundance of its corresponding transcript present within

a particular tissue or condition (Audic and Claverie 1997). Therefore, a number of

methods have been developed to provide greater depth of sequencing of short

tags, and thereby provide a more accurate, quantitative measure of the relative

abundance of a transcript. High-throughput, sequence-based gene expression meth-

ods such as Serial Analysis of Gene Expression (SAGE) or Massively Parallel

Signature Sequencing (MPSS) can be regarded as complementary to hybridization-

based or “closed” transcriptome approaches provided that a sufficient number of

biological replicates are performed with each platform (Liu et al. 2007;

Vega-Sanchez et al. 2007) and generally provide similar results at high transcript

abundance ranges (Nygaard et al. 2008). However, high-throughput sequencing-

based methods exhibit increased sensitivity to the detection of low abundance

transcripts, increased dynamic range, and have the inherent advantage of measuring

new transcripts (Liu et al. 2007). Here, we provide a brief overview of the major

transcriptome technologies available currently for genomic and transcriptomic

analysis of resurrection plants.
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15.9.1 Serial Analysis of Gene Expression

The SAGE method relies on Sanger sequencing of short (10–14 bp), concatenated

cDNA tags derived from a cDNA region immediately 30 to the 30-most restriction

site present in a double-stranded cDNA synthesized on magnetic beads (Velculescu

et al. 1995). Although this original method represented an up to 30-fold improve-

ment in tag coverage for the same number of Sanger sequencing reads, such short

tags did not always permit unambiguous assignment of tags to corresponding

transcripts. Therefore, improved versions of the original method called LongSAGE,

which generates 17–19-mer tags (Saha et al. 2002), and SuperSAGE, which gen-

erates 26-mer tags (Matsumura et al. 2003, 2008), were developed subsequently.

Despite the improved throughput and reduced cost compared to EST sequencing

and its widespread use in diverse species (Anisimov 2008), no SAGE-related

profiling studies using a resurrection or related species have been reported to

date. Furthermore, newer, massively parallel, high-throughput sequencing technol-

ogies have recently eclipsed traditional SAGE approaches in both tag size and

sampling depth.

15.9.2 Next-Generation Sequencing Technologies

Recent advances in high-throughput sequencing made possible by the commercial

introduction of so-called second-generation sequencing instrumentation, which is

capable of producing millions of DNA sequence reads in a single run, promise to

rapidly transform the pace and scope of functional genomic analyses (Mardis

2008a, b; Simon et al. 2009). Such high-throughput sequencing systems promise

to not only drive down the cost of gene discovery by transcriptome or genome

sequencing, but also provide genome-wide sequence readouts as endpoints for a

wide variety of applications including mutation or polymorphism discovery, com-

parative genomics, chromatin structural analysis, epigenetic regulation, and discovery

of noncoding RNAs (Mardis 2008a, b). Application of these new “open” transcrip-

tome technologies will have a profound influence on our future understanding of

resurrection plant gene expression dynamics.

The first so-called next-generation Roche (454) Genome Sequencer (GS) FLX

sequencer was commercialized in 2004 by 454 Life Sciences/Roche Applied

Science (http://www/454/com) and is based on pyrosequencing (Ronaghi et al.

1998). This system is capable of producing 100–200 Mb during a typical run

with an average read length of up to ~500 bp, making this platform well suited

for de novo sequencing. (Margulies et al. 2005; Droege and Hill 2008). Given

its attractiveness, Roche/454 Life Sciences pyrosequencing has recently been used

to characterize a major fraction of the transcriptomes of S. lepidophylla and

S. stapfianus using mixed cDNA libraries prepared from dehydrating and
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rehydrating tissues in an effort to capture the full repertoire of expressed genes in

these species (Table 15.1).

Illumina’s SBS Genome Analyzer II system introduced in 2006 uses sequenc-

ing-by-synthesis (http://www.illumina.com) technology, which results in shorter

(currently ~60 bases) but more abundant ESTs than the Roche/454 Life Sciences

platform; however, longer read lengths (>100 bases) are expected to be possible in

the near future (Mardis 2008a, b). A typical run will yield 30–50 million sequence

tags, making this platform highly desirable for transcriptome profiling, SNP detec-

tion (genome resequencing), and genome-wide detection of protein–DNA interac-

tions using ChIP sequencing in organisms with fully sequenced genomes (Bentley

2006; Smith et al. 2008; Simon et al. 2009).

The Applied Biosystems, Inc. Sequencing by Oligo Ligation and Detection

(SOLiD) System (http://www.appliedbiosystems.com) generates an adapter-

ligated fragment library using emulsion PCR to amplify the fragments on the

surface of small magnetic beads similar to the Roche/454 Life Sciences system.

However, after amplification, the beads are covalently attached to the surface of

a specially treated glass slide, which is placed inside a fluidics cassette inside

the sequencer (Mardis 2008a, b). A unique attribute of the SOLiD system is that

it contains an inherent quality check feature, called “2 base encoding,” to

identify miscalled bases from correct base calls during the data analysis step

(Mardis 2008a, b; Simon et al. 2009). Each SOLiD run produces 2–3 Gb of

sequence data. The major applications for SOLiD include very deep transcriptome

profiling, SNP characterization, dissection of chromatin architecture (nucleosome

positioning) using ChIP sequencing, and resequencing of bacterial genomes

(Simon et al. 2009).

15.10 Protein Expression and Proteomics

Despite the enormous utility of transcriptome analyses, mRNA abundance does not

always correlate well with the relative expression of the corresponding protein in

eukaryotes (Gygi et al. 1999; Ideker et al. 2001). Posttranslational modifications

such as phosphorylation, glycosylation, or N- or C-terminal processing events

cannot be assessed using nucleic acid approaches, and small open reading frames

are often difficult to confirm without direct sequence information from expressed

proteins (Wasinger and Humphery-Smith 1998). Furthermore, proteomic methods

are necessary to define the quantity, structure, and function of proteins within the

systems biology framework (Phizicky et al. 2003).

The analysis of protein expression changes in resurrection plants has gained

increasing attention recently, but also has a long history dating back to the 1980s.

One of the earliest studies targeting S. lepidophylla investigated changes in the

pattern of protein synthesis that occurred during rehydration (Eickmeier 1982).

Cytosol-directed protein synthesis occurred within the first 12 h following hydration,

whereas organelle-directed protein synthesis remained low until after 12 h of
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hydration and increased rapidly thereafter coincident with extensive thylakoid

membrane proliferation and chloroplast polysome formation within this same

time frame (Eickmeier 1982). Alterations in the pattern of protein synthesis were

also characterized by comparisons between hydrated and rehydrated gametophytes

(2 h of rehydration following rapid desiccation) in T. ruralis (Oliver 1991). This
study was able to detect the termination or decrease in synthesis of 25 proteins

(termed hydrins) and the initiation or substantial increase in the synthesis of

74 others (termed rehydrins). Using a timed labeling strategy, this study was also

able to demonstrate that the controls over the reduction or increase in the synthesis

of these two groups of proteins are not linked mechanistically. A certain amount of

prior water loss was needed to fully activate the synthesis of rehydrins upon

rehydration. Discrete protein expression changes have also been documented

in the resurrection fern P. virginianum undergoing dehydration and rehydration

(Reynolds and Bewley 1993). A 22 kDa early-light-induced protein (ELIP) was

found to increase in abundance during desiccation and ABA treatment in the

thylakoid membranes of C. plantegineum chloroplasts and was found to colocalize

with the carotenoid zeaxanthin (Alamillo and Bartels 2001). This protein is thought

to contribute to protection against photoinhibition caused by dehydration. Analysis

of plastidic antenna protein complexes in the resurrection plant H. rhodopensis
revealed movement of a portion of this complex from PSII to PSI during plant

desiccation (Georgieva et al. 2009). This movement was also accompanied by a

large increase in zeaxanthin accumulation. The expression of two small heat shock

proteins was induced by dehydration and heat stress and exogenous ABA treatment

and surprisingly in unstressed vegetative tissues (roots and lower parts of shoots) of

C. plantegineum, which resembles the expression patterns typically found in desic-

cation-tolerant zygotic embryos and germinating seeds (Alamillo et al. 1995).

Protein expression changes have also been compared in the desiccation-tolerant,

resurrection grass S. stapfianus and the desiccation-sensitive grass S. pyramidalis
(Kuang et al. 1995) and the desiccation-tolerant S. elongatus versus the desiccation-
sensitive S. pyramidalis (Ghasempour and Kianian 2007). In vivo isotopic labeling

of newly synthesized proteins was monitored following 6, 12, and 24 h rehydration

in C. plantagineum by two-dimensional polyacrylamide gel electrophoresis (2D-

PAGE) analysis (Bernacchia et al. 1996). The expression pattern did not change

appreciably after 12 h rehydration and none of the proteins were identified.

More recent and more comprehensive proteomic analyses have been performed

in several resurrection species. 2D-PAGE analysis of the leaves of the small,

dicotyledonous, homoiochlorophyllous resurrection plant B. hygrometrica repro-

ducibly identified 223 proteins of which most (60%) were unchanged in abundance

in dehydrated versus rehydrated leaves (Jiang et al. 2007). This species differs from

many other resurrection species in that detached leaves retain the same ability of

DT as that found in intact plants. Analysis of detached leaves avoids potential

interference from developmental regulation and long-distance signaling events

from other organs. In detached leaves, 35% of the proteins surveyed showed

increased abundance upon dehydration, whereas only 5% showed increased abun-

dance following rehydration (Jiang et al. 2007). Of the 14 dehydration-responsive
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proteins that were analyzed by mass spectrometry (MS), eight were identified as

having functional roles in reactive oxygen scavenging, photosynthesis, and metab-

olism with the remainder being unknown or unidentified.

A more comprehensive proteomic analysis in the monocotyledonous, poikilo-

chlorophyllous, resurrection plant X. viscosa surveyed approximately 430 protein

spots (Ingle et al. 2007). During dehydration to 65 and 35% RWC, 20 proteins

increased in abundance, 13 decreased in abundance, and 21 were specific to

dehydration. Of these 54 proteins, 17 were identified by matrix-assisted laser

desorption ionization (MALDI)–time of flight (TOF) MS. Proteins with increased

abundance during leaf drying included an RNA-binding protein, chloroplast FtsH

protease, desiccation-related proteins, and glycolytic and antioxidant enzymes. In

contrast, proteins that declined in abundance included four components of PSII,

indicating that desiccation involves the dismantling of the thylakoid membranes.

In contrast, the abundance of these PSII proteins was largely maintained in the

homoiochlorophyllous species C. plantagineum, which does not dismantle its

thylakoid membranes upon drying (Ingle et al. 2007).

A recent study compared the protein expression profiles in dehydrated and

rehydrated S. bryopteris fronds, a species in which its detached fronds have the

ability to survive desiccation in the same way as the intact plant (Deeba et al. 2009).

Analysis of detached fronds avoids potential interference from developmental

regulation and long-distance signaling (Jiang et al. 2007). A total of about 250

spots were reproducibly detected by 2D-PAGE with 21 and 27 spots exhibiting

increases or decreases in abundance, respectively. Among the 30 most differentially

expressed proteins, 9 were identified by LC-MS/MS. Two of the proteins with

increased relative abundance included a putative F-box/LRR repeat protein identi-

fied as an E3 ubiquitin ligase involved in proteasomal protein degradation and

a putative DEAD-box ATP-dependent RNA helicase 5 protein whose expression is

known to be increased by salt, dehydration, wounding, and low temperature stresses

in Arabidopsis (Deeba et al. 2009).
In addition to protein analysis, changes in reversible protein phosphorylation

patterns have also been studied in C. plantagineum undergoing dehydration

stress (R€ohrig et al. 2006). Desiccation-induced phosphoproteins were shown to

accumulate in desiccated roots and leaves with two phosphoproteins, CDet11-24,

a dehydration and ABA-responsive protein and CDeT6-19, a group 2 LEA protein,

being especially abundant. Phosphorylation sites were mapped within predicted

coiled-coil regions of CDet11-24, indicating that these phosphorylations might

influence the stability of coiled-coil interactions with itself or other proteins

(R€ohrig et al. 2006). In a follow-up study, more than 20 desiccation-induced

putative phosphoproteins were enriched using a modified metal oxide affinity

chromatography approach, separated by 2D-PAGE, detected by Pro-Q Diamond

staining, and identified by MALDI–TOF MS and MS/MS (R€ohrig et al. 2008).

Of the 20 putative phosphoproteins, 16 were suggested to be bona fide phos-

phoproteins from published evidence. More recently, protocols for the extrac-

tion and analysis of nuclear proteins from X. viscosa have also been optimized

(Abdalla et al. 2009).
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15.11 Metabolomics and Fluxomics

In addition to transcriptomic and proteomic analyses, the study of metabolite concen-

trations and how their abundance changes during the dehydration–rehydration process

of resurrection plants is an absolutely essential part of understanding the biochemical

and regulator aspects ofDT. Quantitative knowledge of the complete set ofmetabolites

and knowledge of which distinct metabolic processes are involved in the production

and degradation or flux of discrete sets of metabolites can provide a better representa-

tion of the phenotype of an organism than other methods (Wiechert et al. 2007;

Cascante and Marin 2008). Although large-scale metabolomics studies have been

reported for Arabidopsis undergoing dehydration (Urano et al. 2009), similar studies

have not yet been performed for any resurrection species; however, such studies are

currently in progress for S. lepidophylla and S. stapfianus.

15.11.1 Sugar Metabolism

Despite the lack of large-scale metabolite studies, many targeted or small-scale

investigations into the composition and abundance of key metabolites or changes in

the activities of key enzymes have been reported. For example, desiccation-tolerant

mosses such as T. ruralis maintain a high sucrose content (>100 mg g�1 DW)

(Smirnoff 1992). Similarly, Selaginella species maintain high concentrations of

both sucrose and the nonreducing, disaccharide, trehalose (White and Towers 1967;

Adams et al. 1990; Iturriaga et al. 2000; Liu et al. 2008), whereas trehalose is only a

minor component of accumulated sugars in many other DT species (Ghasempour

et al. 1998). Either hydrated or desiccated fronds of S. lepidophylla or S. tamar-
iscina maintain a high sugar content (>130 mg g�1 DW) (Adams et al. 1990;

Iturriaga et al. 2000; Liu et al. 2008). In hydrated, growing fronds, trehalose content

is high, but then declines 0.8-fold compared with desiccated fronds, whereas

sucrose concentrations increase three-fold upon desiccation (Adams et al. 1990).

The angiosperm, C. plantagineum, maintains a substantial sugar content

(>400 mg g�1 DW) in both hydrated and desiccated leaves (Bianchi et al. 1991).

The monosaccharide 2-octulose is the major soluble sugar in hydrated leaves

(430 mg g�1 DW), whereas sucrose becomes the dominant sugar upon desiccation

(374 mg g�1 DW) in C. plantagineum and C. wilmsii (Cooper and Farrant 2002). A
similar, but less dynamic, interconversion of 2-octulose and sucrose has also been

observed in L. brevidens (Phillips et al. 2008). In comparison, most orthodox seeds

accumulate sucrose and large quantities of raffinose series oligosaccharides (RFOs)

during the late maturation stages of seed development (Amuti and Pollard 1977). In

the intermediate homoiochlorophyllous resurrection grass S. stapfianus, hexose
sugars (glucose and fructose) increase along with sucrose during dehydration

above 50% RWC. However, as RWC declines below 50% during the later stages

of dehydration, both hexose sugars decline in abundance, whereas sucrose accumu-

lation continues to increase (Ghasempour et al. 1998; Whittaker et al. 2001). The
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transient accumulation of hexose sugars might play an osmoregulatory role during

the intermediate stages of dehydration (Ghasempour et al. 1998). A similar tempo-

ral accumulation pattern is observed in the monocotyledonous, poikilochlorophyl-

lous X. viscosa, except that hexose sugars do not accumulate to large concentrations

during the dehydration process (Whittaker et al. 2001). In addition to sucrose,

RFOs, particularly raffinose, are prominent soluble carbohydrates that accumulate

in dehydrated leaves of X. viscosa (Peters et al. 2007) as well as other resurrection

species including C. plantagineum (Norwood et al. 2000), R. serbica (Živković

et al. 2005), and various resurrection species where they accumulate to about 10%

of sucrose content (Ghasempour et al. 1998). The sucrose-to-raffinose mass ratio

was very low (1.3:1) in X. viscosa compared with other resurrection species where

this ratio was much higher (5:1 to 10:1), suggesting that raffinose might also serve

a dual role in stress protection and carbon storage (Peters et al. 2007). The

myo-inositol 1-phosphate synthase (MIPS) gene encoding the enzyme catalyzing

the committed step in the formation of myo-inositol, which is required for RFOs

biosynthesis, has been cloned from X. viscosa (Lehner et al. 2008). The MIPS gene

and protein increase in abundance following salinity stress and the loss of water

to >65% RWC (Lehner et al. 2008). Sucrose accumulates in the drying leaves of

the desiccation-tolerant E. nindensis, but not in those of the desiccation-sensitive

Eragrostis species, providing compelling evidence for the importance of sucrose

in conferring desiccation tolerance (Illing et al. 2005).

Soluble sugars, such as trehalose, sucrose, and other oligosaccharides, function

as compatible solutes in water replacement, preferential exclusion of destabilizing

molecules, and vitrification, an immobilized glassy state formed within the cytosol

to prevent the occurrence of deleterious reactions in desiccated cells (Buitink et al.

1998; Hoekstra et al. 2001). Sucrose accumulates in all leaf cell types during

dehydration (<56% RWC) in S. stapfianus as shown by in situ staining (Martinelli

2008). Sucrose has also been shown to lower membrane phase transition tempera-

tures of dried membranes in vitro, which is beneficial during desiccation (Hoekstra

and Golovina 1999). The membranes of desiccation-tolerant species also tend to

contain higher unsaturated phospholipid concentrations, which help prevent phase

transition of membranes (Hoekstra and Golovina 1999).

15.11.2 Enzyme Activities

Early studies examining the conservation of enzyme activities in dried tissues revealed

a mean conservation of 94% in the bryophyte Acrocladium cuspidatum (Stewart and

Lee 1972), with T. ruralis showing 70% conservation for Rubisco along with substan-

tial conservation of several other enzymes (Sen Gupta 1977). Dried S. lepidophylla
fronds retained an average of 75% activity of ten enzymes (Harten and Eickmeier

1986), whereas desiccation-tolerant angiosperm species, such as X. viscosa and

M. flabellifolia, generally showed lower amounts of enzyme content. The conserva-

tion of these enzyme activities is thought to aid in the rapid resumption of metabolic

activity in resurrection plants following rehydration.
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During dehydration, hexokinase activities increase concomitantly with increased

sucrose accumulation and decreased hexose sugar accumulation in both S. stapfianus
and X. viscosa (Whittaker et al. 2001). Hexokinases catalyze the conversion of

glucose, and with fructose at a lesser efficiency, to hexose monophosphates with

the conversion of ATP to ADP for sucrose production. Leaf Glc-6-P, Fru-6-P, and

ATP concentrations also increased in support of the observed increases in hexoki-

nase activity. In contrast, fructokinase activity was unchanged during dehydration.

The expression of genes encoding both sucrose-phosphate synthase (SPS) (Ingram

et al. 1997) and sucrose synthase (SuSy) (Kleines et al. 1999) have been shown

to increase during dehydration in C. plantagineum. SPS is considered the major

enzyme of sucrose biosynthesis. The increase in SuSy has been proposed to be

important for supplying carbon via sucrose catabolism to fuel glycolysis during

dehydration and/or following rehydration (Kleines et al. 1999). SPS activity has also

shown to increase during dehydration of S. stapfianus leaves coincident with sucrose
accumulation (Whittaker et al. 2007). In addition to sugar metabolism, nitrogen and

amino acid accumulation and metabolism might also play important roles in DT. In

S. stapfianus, total amino acid content increased during the latter stages of water loss

(>80% RWC) likely derived from insoluble protein breakdown (Whittaker et al.

2007). Specifically, the accumulation of large amounts of arginine and asparagine as

nitrogen reserves might serve as essential nitrogen and carbon resources useful for

successful rehydration (Martinelli et al. 2007).

15.11.3 Reactive Oxygen Scavenging

In addition to sugar metabolism, a critical stress adaptive mechanism for DT involves

the detoxification of reactive oxygen intermediates (ROIs), whose production and

accumulation increase as a result of environmental stresses including dehydration

stress (Mittler 2002). Detoxification can be brought about by free-radical scavenging

enzyme systems, which are active only under partially hydrated conditions, and by

molecular antioxidants (e.g., ascorbate, glutathione, polyols, carbohydrates, proteins

such as peroxiredoxin, and amphiphilic compounds, such as tocopherols, quinones,

flavonoids, and phenolics), which can operate under dry conditions to alleviate

oxidative stress damage (Vertucci and Farrant 1995). ROI scavenging enzymes such

as ascorbate peroxidase (AP), glutathione reductase (GR), and superoxide dismutase

(SOD) increased during early or late stages of drying in bothC. wilmsii and X. viscosa
(Sherwin and Farrant 1998). GR and SOD activities also increased during the early

stages of rehydration, indicating that these enzymes likely afford critical free-radical

protection until full rehydration and metabolic recovery has been achieved (Sherwin

and Farrant 1998). However, antioxidant enzyme responses can vary depending on

the species. GR activity increased upon drying in S. stapfianus (Sgherri et al. 1994a, b)
and B. hygroscopica (Sgherri et al. 1994a, b), whereas AP activity declined

or remained constant during dehydration. In T. ruralis, AP and catalase activity

decreased during drying, whereas SOD activity remained constant (Seel et al. 1992).

15 Understanding Vegetative Desiccation Tolerance 323



In C. plantagineum, only AP increased, whereas AP, GR, and SOD activity

increased to varying extents following dehydration ofM. flabellifolia and X. humilis
(Farrant 2000). Comparison of ROI scavenging enzyme activities (e.g., AP, GR, and

SOD) among three Eragrostis grass species showed that while these activities were
elevated in all species during the early stages of dehydration, they remained elevated

only in the DT species (E. nindensis) and declined in the closely related desiccation-
sensitive species at RWC <70% (Illing et al. 2005). While these ROI scavenging

enzymes are not considered unique to DT, their retention in this DT species is likely

a consequence of the general enzyme protectionmechanisms of resurrection species.

However, some enzymes, such as 1-Cys peroxiredoxin, whose expression is induced

upon drying in the resurrection plant X. viscosa (Mowla et al. 2002) and expressed

during rehydration in the DT moss T. ruralis (Oliver 1996), might be considered an

evolutionary prerequisite for DT (Illing et al. 2005). Polyphenol oxidase (PPO),

which catalyzes the oxidation of mono- and o-diphenols to o-diquinones, showed
increased protein abundance and enzyme activity in dehydrating leaves of

B. hygroscopica (Jiang et al. 2007). PPO activity has also been shown to increase

several-fold in leaves of R. serbica during dehydration stress (Veljovic-Jovanovic

et al. 2008). Polyphenols are powerful detoxifiers of toxic reactive oxygen species

(Rice-Evans et al. 1997), and might function as antioxidants during the first few

hours of rehydration (Veljovic-Jovanovic et al. 2008).

In addition to enzymes, various metabolites afford protection to resurrection

plants in the dried state. Anthocyanidins protect against light stress during desicca-

tion by providing sunscreen to reduce damage to photosynthetic pigments chloro-

phyll and carotenoids and/or free-radical quenching. Anthocyanin content increased

six-fold in the homoiochlorophyllous species C. wilmsii, but then declined rapidly

following rehydration (Sherwin and Farrant 1998). Anthocyanin content also

increases in the related species C. pumilum (Hoekstra et al. 2001). The resurrection

fern Polypodium polypodioides (Muslin and Homann 1992) and the moss T. ruralis
(Seel et al. 1992) are able to prevent and/or repair photooxidative damage of the

photosynthetic apparatus despite the retention of chlorophyll in the dried state. In

contrast, the poikilochlorophyllous species X. viscosa also displayed a sixfold

increase in anthocyanin content upon drying, and this level was retained during

rehydration (Sherwin and Farrant 1998). Because poikilochlorophyllous species lose

their chlorophyll and dismantle their thylakoid membranes during dehydration, this

retention of anthocyanin during rehydration might protect against photooxidation

while the photosynthetic apparatus is being reassembled (Sherwin and Farrant

1998). Carotenoid content was retained during drying in C. wilmsii, but declined
in X. viscosa consistent with the dismantling of its photosynthetic apparatus. An

increase in reduced glutathione content, consistent with increased abundance of the

GR enzyme itself and presumably the result of increased GR activity, has been

reported in B. hygrometrica undergoing dehydration (Jiang et al. 2007). Increases

in reduced glutathione content have also been reported in other resurrection

species undergoing dehydration including B. hygrometrica (Navari-Izzo et al.

1997) and R. serbica (Augusti et al. 2001). A novel member of the vicinal oxyge-

nase chelate (VOC) superfamily of metalloenzymes was cloned and characterized

324 J.C. Cushman and M.J. Oliver



from X. humilis (Mulako et al. 2008). This gene is induced during dehydration in

both vegetative and seed tissues of X. humilis and in mature, dry seeds of

A. thaliana and is thought to play a role in the detoxification of methylglyoxal

during desiccation (Mulako et al. 2008). Methylglyoxal is a cytotoxic by-product of

glycolysis that accumulates following a variety of abiotic stresses.

Certain resurrection plants, such as the woody, medicinal plant, M. flabellifolia,
can serve as sources for unique polyphenols including procyanidins (Anke et al.

2008). The predominant polyphenol in the leaves of this species is 3,4,5 tri-O-
galloylquinic acid, a compound shown to stabilize artificial membranes (liposomes)

against desiccation damage presumably by preserving the liquid crystalline phase

of the membrane (Moore et al. 2005). This compound can also protect linoleic acid

against free-radical-induced oxidation in vitro by itself becoming oxidized (Moore

et al. 2005).

15.11.4 Membranes and Lipids

A common response to water deficit is a sharp reduction in lipid content, and similar

reductions in lipids have been observed to occur in many resurrection plant species

including R. serbica (Quartacci et al. 2002), S. stapfianus (Quartacci et al. 1997),
and B. hygroscopica (Navari-Izzo et al. 1995, 2000). Such a reduction might aid

membrane integrity. Another consequence of desiccation is a sharp increase in the

free-sterol content, particularly cholesterol and cerebrosides, of the membranes in

R. serbica (Quartacci et al. 2002). Sterol enrichment is thought to increase mem-

brane rigidity, thereby reducing water permeation rates, which might play an

important role in stress tolerance. Reductions in acyl chain unsaturation were also

observed in R. serbica (Quartacci et al. 2002). Decreased fatty acid unsaturation

results in decreased membrane fluidity, resulting in a more rigid, tighter lipid

bilayer that might reduce solute leakage. However, such reductions in acyl chain

unsaturation have not been observed after desiccation in other species including

B. hygroscopica (Navari-Izzo et al. 1995), S. stapfianus (Quartacci et al. 1997), and
S. tamariscina (Liu et al. 2008), indicating that species-specific adaptive mechan-

isms are likely to exist.

15.12 Signaling Pathways

The signaling mechanisms that coordinate the constitutive or inducible DT are not

well understood (see also Chap. 13). Several studies have investigated the presence

and alterations in endogenous concentrations of ABA in response to dehydration as

evidence for its involvement in the maintenance or acquisition of DT (see Chaps. 9,

12, and 16). In the moss T. ruralis, ABA is not detectable upon drying and

exogenous application of ABA does not appear to trigger the synthesis of mRNA

or proteins (Bewley et al. 1993). Instead, bryophytes appear to rely on alterations
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in translational controls to mount a response to desiccation in contrast to the

well-established signaling pathways associated with abiotic stress responses in

angiosperms. The recent characterization of significantly accumulating transcripts

in the polysomal mRNA pools of dehydrated T. ruralis invokes the likely partici-

pation of gamma-aminobutyric acid (GABA) and jasmonic acid signaling in

DT (Oliver et al. 2009).

In vascular resurrection species, however, ABA appears to play a key role in

the acquisition of DT. ABA concentrations increase threefold in dehydrated

fronds of S. tamariscina relative to fully hydrated fronds, indicating that ABA

probably plays a role in the acquisition of DT (Liu et al. 2008). A subset (11) of

the increased abundance clones were also verified to be ABA-responsive genes

verifying that ABA mediates dehydration stress responses in S. tamariscina
(Liu et al. 2008). Further evidence for the production of ABA in a Sellaginella
species was provided by the discovery of cDNAs encoding 9-cis-epoxycarotenoid

dioxyenase, a key dehydration stress-inducible enzyme of the ABA biosynthetic

pathway from S. lepidophylla (Iturriaga et al. 2006). In C. plantagineum, treat-
ment of desiccation-sensitive callus with ABA renders it DT and induces a set of

mRNAs comparable with that activated by whole plant dehydration (Bartels et al.

1990). ABA content increased in S. stapfianus leaves in response to dehydration

and peaks between 40 and 15% RWC (Gaff and Loveys 1992). Exogenous

application of ABA to leaves of S. stapfianus also results in the elevated mRNA

accumulation of four dehydration-induced cDNA clones (Blomstedt et al. 1998b).

However, exogenous ABA application cannot rescue the survival of detached

leaves undergoing desiccation, so non-ABA-dependent processes are also likely

to be involved.

T-DNA-mediated activation tagging screens of transgenic C. plantagineum
callus leading to the creation of dominant mutants has led to the discovery of

calli, which are capable of surviving desiccation without prior ABA treatment

(Furini et al. 1997; Smith-Espinoza et al. 2005). The genes targeted by the

T-DNA include two Craterostigma desiccation-tolerant (CDT) gene family mem-

bers that encode naturally occurring siRNA molecules with features of a short

interspersed element retrotransposon (SINE) that likely plays important roles in

ABA signal transduction, because both activation mutant lines exhibit increased

expression of ABA-induced LEA proteins (Phillips et al. 2007; Hilbricht et al.

2008). However, their involvement in ABA-independent DT pathways cannot be

excluded (Furini et al. 1997; Smith-Espinoza et al. 2005).

In addition to ABA signaling, phospholipid-based signaling is also likely to play

an important role in the acquisition of DT. In C. plantagineum, activity of phos-

pholipase D (PLD), which catalyzes the hydrolysis of phosphatidylcholine and

other phospholipids to phosphatidic acid (PA), which in turn regulates protein

kinases or small GTP-binding proteins, is induced within minutes of dehydration

and is not induced by exogenous ABA treatment (Frank et al. 2000). One member

of the PLD family (CpPLD-1) in C. plantagineum is constitutively expressed,

whereas the other (CpPLD-2) is responsive to dehydration and ABA (Frank et al.
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2000). Furthermore, upon water-deficit stress in C. plantagineum, PLD and

diacylglycerol kinase (DAG kinase) activities can lead to the increased accumula-

tion of PA and diacylglycerol pyrophosphate (DGPP), which itself can serve as a

second messenger (Munnik et al. 2000). The recent identification of multiple,

rehydration-reversible phosphorylation events of a functionally diverse set of

C. plantagineum proteins triggered by dehydration reinforces the importance of

protein kinase and protein phosphatase activity in metabolic regulation during the

dehydration/rehydration cycle (R€ohrig et al. 2008). Furthermore, the identification

of EBP1, a key regulator of cell growth and differentiation in plants as a phospho-

protein (Horváth et al. 2006), or 14-3-3 GF14 omega protein, which undergoes

phosphorylation only during rehydration and might be involved in cell cycle

checkpoint regulation (Sorrell et al. 2003), implicates their involvement in critical

signaling and regulatory events required for DT.

15.13 Developmental Pathways of Seeds and DT Vegetative

Tissues

Given the similarities of DT in orthodox seeds and DT in the vegetative tissues of

resurrection plants (Illing et al. 2005), one might postulate that DT is simply a

reiteration of seed desiccation. The molecular networks that control seed maturation

in Arabidopsis during ripening, dormancy, and germination have been well char-

acterized (Holdsworth et al. 2007, 2008). Therefore, one might expect that a

comparison of the molecular networks in both seed dormancy and DT in a phyloge-

netic context would reveal evolutionarily conserved control pathways/networks that

are common to both networks. Ongoing integrated transcriptomic, proteomic, and

metabolomic studies are expected to result in characterizing these molecular net-

works in T. ruralis, S. lepidophylla, C. plantagineum, and S. stapfianus in the near

future (see also Chap. 16). However, given that very different developmental and

tissue-specific controls likely exist between the two systems, one might also expect

fundamental differences to exist. One striking example of these differences is

illustrated by a recent study in which a seed-specific transcription factor from

sunflower, HaHSFA9, was constitutively expressed in transgenic tobacco (Prieto-

Dapena et al. 2008). Overexpression of this transcription factor conferred improved

(~40%) survival to 3-week-old seedling to severe (�40 MPa) dehydration. The

overexpression of HaHSFA9 was correlated with the ectopic expression of small,

seed-specific heat shock proteins, but neither LEA protein expression, nor elevated

levels of glucose, sucrose, trehalose, RFOs, or proline. The HSPs are thought to

confer the observed severe dehydration tolerance by the expected chaperone func-

tions of preventing stress-induced denaturation of protein structure or aggregation of

proteins as well as protecting membrane integrity (Prieto-Dapena et al. 2008). While

the levels of dehydration tolerance are not like those exhibited by resurrection

plants (e.g., �50 to > �100 MPa), they are better than all previous reports of
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engineered dehydration tolerance in sensitive species in the literature. Therefore,

additional regulators of genes encoding different desiccation protectants, such as

LEA proteins, are likely to exist that further contribute to the severe DT of orthodox

seeds and resurrection plants. An example of other possible components that

contribute to DT in seeds, and possibly in resurrection plants, is group 1 LEA

proteins. Loss of these proteins in an Arabidopsis T-DNA knockout line caused

seeds to dry out more rapidly than wild-type seeds resulting in more rapid acquisi-

tion of DT (Manfre et al. 2008). In addition to transcriptional regulators, compo-

nents of signaling pathways can also be expected to play critical roles in seed

development as well as DT. For example, a triple T-DNA knockout of three SNF1

(sucrose nonfermenting 1)-related protein kinases (SnRKs), SnRK2.2, SnRK2.3,

and SnRK2.6, resulted in severe defects during seed development and seed dor-

mancy by disruption of ABA signaling pathways via control of gene expression

programs through the phosphorylation of ABI5 and other transcription factors

(Nakashima et al. 2009).

15.14 Conclusion

The last decade has resulted in a dramatic increase in the volume of gene discovery

efforts and large-scale transcriptomic and proteomic studies performed in a variety

of model resurrection species. To date, the vast majority of transcript data have

been obtained using traditional Sanger sequencing of ESTs from only a very limited

number of varieties and species. However, transcriptome analysis in resurrection

species is rapidly entering a new phase of discovery that will embrace the use of a

variety of next-generation sequencing platforms. In the near future, large amounts

of gene sequence information and transcriptome-scale mRNA expression data will

be available using one or more of these platforms, resulting in the rapid characteri-

zation of key signaling and regulatory components required for the control of the

dehydration/rehydration cycle of DT. Integration of this information with other

“omics” datasets including proteomics and metabolomics from closely related

species that are desiccation-sensitive versus desiccation-tolerant will help to eluci-

date the discrete differences in gene content, signaling, and regulatory mechanisms

that are responsible for the development of DT. Such information will also inform

the development of novel strategies to engineer improvements in dehydration

tolerance in crops.
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