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Chapter 1: Vegetative Desiccation Tolerance in Plants 

1.1 Introduction 

Plants encounter numerous stresses, both biotic (e.g. parasites, pathogens, herbivory) and 

abiotic (e.g. climate, light, temperature), during their lifetimes. As sessile organisms, plants 

are generally unable to escape from unfavourable conditions, and instead have evolved an 

array of molecular mechanisms to tolerate stress. A stress factor common to nearly all land 

plants is dehydration due to the lack of available water. This could be through the 

prolonged absence of water completely during drought conditions, or environmental factors 

that restrict water potential, such as highly saline soils or low/freezing temperatures 

(Hasegawa et al., 2000). Drought is one of the leading causes of reduced agricultural crop 

production and yield, a situation that is likely to worsen as global temperatures rise while 

the demand for plant crops increases (Bruinsma, 2009). The most commonly cultivated 

crops, such as wheat, rice, corn and barley, are generally not tolerant to water stress brought 

on by drought, although there is modest natural intra-species variation between ecotypes. 

Nonetheless, many other plant species display varying levels of tolerance to drought or 

desiccation. It is hoped that gaining insight into the strategies tolerant plants use to protect 

themselves against water stress conditions could lead to improvements in agricultural crop 

resistance to this stressor. 

1.1.1 Plant adaptations to water stress 

Plant adaptations to drought can be loosely classified into three types: drought escape, 

drought avoidance/tolerance or desiccation tolerance (Alpert, 2006; Verslues and Juenger, 
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2011). Plants that use the drought escape strategy attempt to time their life cycle such that it 

can be completed during time when drought will not be encountered. Timing germination 

and/or flowering to coincide with the most amenable seasons for growth, and increasing 

growth rate during these periods by limiting the expression of stress response pathways are 

examples of drought escape adaptations. Importantly, plants that utilise this strategy are 

generally not able to withstand even mild loss of water from their tissues. In contrast, 

drought avoidance (or drought tolerance) is a strategy whereby a plant limits the loss of its 

own cellular water during periods of low exogenous water availability, thus maintaining 

metabolic activity under water stress conditions. Usually, this is achieved by regulating 

stomatal closure to reduce transpiration, lengthening root systems, storage of water or 

altering leaf area or external features. While drought tolerant plants are also able to 

withstand a moderate loss of cellular water compared to sensitive plants, extended or 

extreme water loss is still lethal (Alpert, 2005). Mechanisms of drought avoidance are 

widespread in plants, and different species and cultivars can show a range of phenotypic 

variation (Juenger, 2013). At the extreme end of the scale of land plant adaptations to water 

stress is vegetative desiccation tolerance (VDT). VDT is defined as the ability of an organism 

to lose nearly all cellular water (>95%) and recover unharmed upon rehydration (Alpert, 

2005). This feat is usually achieved by entering a quiescent state with cessation of all 

metabolic activity. Instead, the cellular components and cells of the desiccating tissues 

accumulate a large amount of osmoprotectant agents, chiefly sugars, dehydrin proteins and 

antioxidants, as well as stored mRNA and/or proteins that are vital for successful recovery 

(Alpert, 2006). This form of desiccation tolerance has a high metabolic cost and is usually 

associated with slow-growing organisms in harsh environments where the trade-off 
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provides an adaptive advantage (Alpert, 2006; Oliver et al., 2000). Consequently, although 

VDT has evolved multiple times in higher plant species, it is still rare. 

1.1.2 Phylogeny of VDT in plants 

It is believed that the acquisition of VDT was a vital step in the colonisation of the land by 

aquatic ancestral plants. The occurrence of VDT in the plant kingdom appears to be 

consistent with this origin (Figure 1.1; Oliver et al. 2000; Fisher 2008). VDT is very common 

in basal plants, such as mosses, liverworts and hornworts, indicating that this may be the 

ancestral state. VDT in non-vascular plants is generally constitutive and focused on recovery 

from desiccation-induced damage during rehydration as opposed to induced protection of 

tissues prior to desiccation. Consequently, plants with this form of VDT (constitutive DT, or 

CDT) can usually survive very rapid desiccation (Oliver et al., 1998). With the evolution of 

vascular plants, however, VDT became increasingly rarer. The vascular system allowed 

plants to more easily control their internal water contents and thus be less influenced by 

external conditions; this had implications for growth rate and plant size, but also eventually 

gave rise to the more energy-efficient drought escapism and drought avoidance adaptations 

and the loss of energetically costly constitutive VDT from the majority of the lineage. 

Consequently, VDT is found in comparatively few angiosperm species and is completely 

absent in the gymnosperms. 

Within the angiosperms, VDT is found in only 135 taxonomically diverse species across 44 

genera - commonly known as “resurrection plants” - where it has evolved independently at 

least thirteen times (Gaff and Oliver, 2013). Resurrection plant species appear in both 

monocot and eudicot plant families, and are widespread geographically across central and 
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southern Africa, Europe, Asia, South America and Australia (Behnke et al., 2013; Qureshi et 

al., 2013; Rakić et al., 2014; Xiao et al., 2015). Generally, they grow in areas with rocky 

outcrops and shallow soils, where water retention is poor and periods of prolonged drought 

are common. Some are found in regions that are not commonly associated with drought 

stress, however, including tropical rainforest (Phillips et al., 2008). Resurrection plants tend 

to be small and slow growing, most likely due to the high energetic costs of inducing VDT 

(Oliver et al., 2000). The process of desiccation itself also imposes significant constraints on 

plant structure that makes the trait more efficient in smaller plants. For example, xylem 

refilling during rehydration is more easily achieved at small sizes and is likely impossible in 

plants greater than 3m in height (Alpert, 2005). This could explain the lack of VDT in large 

plants, and particularly its complete absence in mature gymnosperms. 

In contrast to non-vascular plants, resurrection plants can control the rate at which water is 

lost from their tissues and VDT in these species involves the induction of cellular protection 

mechanisms prior to the onset of desiccation, rather than repairing damage after 

rehydration. As a consequence, however, resurrection plants are generally less able to 

withstand rapid dehydration (Oliver et al., 2000, 1998; Toldi et al., 2009). The major 

difference in VDT strategies between these two classes of plants has been highlighted as 

evidence that VDT in resurrection plants is not directly derived from the more primitive 

mechanisms seen in lower plants (Oliver and Bewley, 1997). 
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Figure 1.1: Occurrence of VDT in land plants. A simplified phylogeny of the land plants, 

showing the absence (white lines) or presence (black lines) of vegetative desiccation tolerance 

(VDT) in various land plant lineages. Ancestral states which cannot equivocally be 

reconstructed as either desiccation sensitive (DS) or desiccation tolerance (DT) are 

represented by cross-hatching. The arrow denotes where the ancestor of the vascular plants 

can be unequivocally reconstructed to be DS. Modified from Oliver et al. (2005). 

 

1.1.3 Seeds: a toolbox of desiccation tolerance spare parts? 

Although DT was progressively lost from the vegetative tissues of vascular plants with 

increasing complexity, the processes and networks involved in primitive VDT were not 

abandoned completely. Instead, evidence suggests that these ancestral VDT mechanisms 

were co-opted by early tracheophytes for abiotic stress response and the protection of their 

reproductive propagules, such as seeds and pollen (Fisher, 2008). Over 95% of angiosperm 
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and gymnosperm seeds contain DT embryos (“orthodox” seeds), whereas only a small 

percentage are desiccation sensitive (DS; “recalcitrant” seeds) (Gaff and Oliver, 2013). In 

orthodox seeds, the onset of embryo desiccation tolerance occurs during the late maturation 

stage of embryogenesis as a pre-programmed developmental transition (Angelovici et al., 

2010). It has been proposed that resurrection plants have co-opted this developmental 

process to achieve a similar effect in their vegetative tissues, albeit in response to stress 

(Illing et al., 2005; Oliver et al., 2000). Thus, although both processes (embryo DT and VDT) 

could share much in common with primitive VDT mechanisms, resurrection plant VDT 

should be more similar to the developmentally regulated accumulation of DT protection 

seen in developing seeds (Illing et al., 2005; Shen, 2014). 

1.2 The molecular basis of desiccation tolerance 

1.2.1 Stresses invoked during desiccation 

Cellular desiccation induces massive mechanical and chemical stresses within an organism. 

Water is essential for maintaining cellular shape and turgor, as well as the structure of 

macromolecules and membranes. Water is also vital for its function as a solvent and 

transport medium for metabolism, and is required for photosynthesis (Morgan, 1984). The 

loss of water thus impairs all of these functions in living cells, with potentially lethal 

consequences. 

Plant cells undergo many structural changes during desiccation. Cells contract as water is 

lost, which can lead to mechanical stress and damage. Differing rates of contraction between 

plant cell walls and the protoplasm can exacerbate this effect, particularly at plasmalemma-

cell wall junctions where the strain is the highest (Bewley and Krochko, 1982; Murai and 
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Yoshida, 1998). Resurrection plants often induce cell wall folding to reduce the mechanical 

stresses associated with cell contraction, and prevent disassociation of the cell wall and 

membrane (Vicré et al., 2004; Webb and Arnott, 1982). Mechanical stress and damage 

through the effects of cell shrinkage are reduced in cells that are not highly vacuolated and 

contain a high proportion of dry matter, which often accumulate in the cells of resurrection 

plants and plant embryos. However, the decrease of protoplasm volume also causes an 

increased concentration of intracellular macromolecules; coupled with a reduced masking of 

chemical moieties by water molecules, this can result in potentially harmful intermolecular 

interactions that would not normally occur in a hydrated cell. Not only cell walls, but also 

the maintenance of both cell membrane structure and surface area are essential for surviving 

dehydration and rehydration. The lipid bilayers that form the cellular membrane require 

water molecules to maintain their structured organization, and reduced cellular water 

content can lead to a loss of membrane integrity. This can have dire consequences for the 

cell, as leakage of hydrolases or harmful metabolic by-products into the cytoplasm could 

cause irreparable damage (Walters et al., 2002).  

Desiccation has profound effects on nuclei and genome structure during desiccation. 

Maintenance of genomic integrity is obviously of vital importance for successfully surviving 

desiccation, but transcriptional activity must remain functional at potentially harmful water 

contents to coordinate a suitable cellular response. Indirectly, protection of the genome is 

achieved by limiting cell division and arresting the cell cycle at the G1 phase, before 

chromosomes have duplicated (Dekkers et al., 2015). During early seed maturation in A. 

thaliana, the nuclei shrink and chromatin becomes highly condensed. A similar response is 

seen in the desiccating leaves of the resurrection plant C. plantagineum, suggesting that this 



  

8 
 

may be a general adaptation to desiccation (van Zanten et al., 2011). Interestingly, the 

chromatin compaction does not appear to affect global transcription levels, as total transcript 

abundance and the proportion of all expressed genes in mature seeds, leaves and seedlings 

are similar (van Zanten et al., 2012). In mature seeds, nuclei shrinkage and chromatin 

compaction are both developmentally controlled by maturation genes, and can be 

uncoupled. Similarly, chromatin expansion during imbibition (initial intake of water by a 

seed, prior to germination) is developmentally regulated (van Zanten et al., 2012). 

Protein misfolding induced by a lack of hydrophilic interactions, increased macromolecule 

density within the cell and potential membrane leakage can all severely disrupt metabolic 

pathways, leading to an accumulation of potentially harmful intermediate products 

(Farrant, 2000; Leprince et al., 2000). In particular, production of reactive oxygen species 

(ROS) by uncontrolled photosynthetic and respiratory machinery can lead to irreparable 

damage to DNA, proteins and structural macromolecules (Kranner and Birtic, 2005; Kranner 

et al., 2002). Down-regulation of both of these processes – respiration and photosynthesis – 

during early dehydration increases the chance of survival after desiccation. Loss of 

mitochondrial cristae is associated with mature orthodox embryos and pollen, and has also 

been observed in the cells of resurrection plants (Bewley and Krochko, 1982; Farrant et al., 

1997; Hoekstra and van Roekel, 1983). Most resurrection plants are homochlorophyllous: 

their photosynthetic activity is limited during desiccation by down-regulation of 

photosynthetic processes or via light avoidance, such as leaf folding or accumulation of 

pigment molecules (Koonjul et al., 2000; Sherwin and Farrant, 1998). Poikilochlorophyllous 

resurrection plants, on the other hand, prevent photosynthesis by directly degrading 

chlorophyll and dismantling the thylakoid membranes of their chloroplasts (Tuba et al., 
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1996). Poikilochlorophylly is a comparatively recent evolutionary DT adaptation, known 

only in some monocot resurrection plant families. Usually it is observed in species that 

remain desiccated for prolonged periods (6 months or longer; Oliver et al. 2000; Tuba et al. 

1998). 

1.2.2 Protective molecules invoked during desiccation 

Desiccation tolerant plants and orthodox seed embryos induce several common response 

factors that aid in reducing the damage from the stresses discussed above. 

1.2.2.1 Sugars 

Sugars, particularly sucrose and the raffinose family oligosaccharides, have been implicated 

in desiccation tolerance in plants and other organisms (Berjak, 2006; Ingram and Bartels, 

1996). Sugars have been predicted to play multiple roles during desiccation. Most 

commonly, sucrose and other sugars are believed to hydrogen bond with and stabilise 

membranes and macromolecules when cellular water levels drop too low to maintain a 

hydration shell, effectively replacing the lost water molecules (Hoekstra et al., 2001). This 

prevents binding to other intracellular solutes that could cause irreversible protein 

denaturalisation or plasma membrane phase transition. Additionally, at very low water 

contents (below 0.1 g H2O/g tissue), sugars are hypothesised to facilitate the transition of the 

cellular cytoplasm into a vitrified state, or “glass” (Hoekstra et al., 2001). Cellular glasses are 

a highly viscous super-saturated liquid state that resembles a brittle, solid material. The 

viscous vitreous phase reduces molecular mobility, “locking” membranes, proteins and 

cellular structures in place and preventing their denaturisation, destabilisation or 

crystallisation. Experimental evidence suggests that the cytoplasmic glasses found in 
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desiccation tolerant tissues do not act similarly to glasses formed of the same sugars in an 

experimental setting, suggesting that cellular glass found in biological tissue consists of a 

mixture of sugars (predominantly sucrose), proteins and other solutes (Farrant and Walters, 

1998; Hoekstra et al., 2001). Small amounts of oligosaccharides, particularly stachyose and 

raffinose, have also been shown to prevent sucrose crystallisation during glass formation, so 

the presence of these sugars in many DT organisms may play a similar role (Smythe, 1967). 

Interestingly, it has been shown that recalcitrant seeds from multiple species accumulate 

sugars to levels comparable to those in orthodox seeds, implying that sugars alone are not 

capable of imparting complete osmoprotection (Berjak and Pammenter, 2008; Farrant et al., 

1993; Steadman et al., 1996). It has been argued that recalcitrant seeds fail to induce the 

necessary protection mechanisms during the earlier stages of dehydration, so that the 

protection afforded by sugars at lower water contents is insufficient to maintain cell viability 

(Berjak and Pammenter, 2008). 

Lastly, sugars and carbohydrate signalling play important roles during seed development in 

angiosperms (Rolland et al., 2002). For example, sucrose is believed to regulate 

differentiation and storage processes associated with seed maturation, whereas glucose 

promotes growth and cell division in the surrounding seed coat (Weber et al., 1997; Wobus 

and Weber, 1999a). Exogenous sucrose can delay germination of the seeds of a number of 

species, including A. thaliana and Brassica napus, although the exact mechanism by which it 

achieves this is unclear (Gibson, 2005; Xu et al., 2010). Delay of germination by sucrose may 

involve accumulation of abscisic acid (ABA), as is seen in seedlings treated with exogenous 

glucose (Dekkers et al., 2004). It has been hypothesised that there may also be a role for 
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sugar signalling during desiccation in resurrection plants, possibly as a negative regulator of 

energy metabolism and photosynthesis (Griffiths et al., 2014). 

1.2.2.2 LEA proteins 

Late embryogenesis abundant (LEA) proteins are a class of proteins that, as the name 

suggests, were first discovered at very high levels in desiccating and dry angiosperm seeds 

(Dure et al., 1981), where they were predicted to be involved in the acquisition of desiccation 

tolerance. LEAs belong to a class of proteins known as hydrophylins, which are defined by 

their highly hydrophyllic nature (hydrophilicity > 1) and large proportion of glycine 

residues (>6%) (Battaglia et al., 2008). Hydrophylins, including LEAs and LEA-like proteins, 

have been found to be present in many forms of life, and play a role in desiccation tolerance 

(as well as other abiotic stresses) in at least plants, animals (Hand et al., 2011; Kikawada et 

al., 2006), fungi (Garay-Arroyo, 2000) and bacteria (Stacy and Aalen, 1998). In plants, LEA 

proteins are induced during seed maturation, as well as during desiccation stress in 

resurrection plants (Collett et al., 2004a; Illing et al., 2005; Piatkowski et al., 1990), and 

various abiotic stresses in desiccation sensitive plants (Shinozaki and Yamaguchi-Shinozaki, 

2006). Manipulation of LEA-producing pathways has been proposed as a mechanism to 

improve drought and abiotic stress tolerance in crop plants (Bhatnagar-Mathur et al., 2008). 

Like sugars, LEA proteins are hypothesised to function as water replacement molecules 

(Hoekstra et al., 2001). Some have also been shown to act via ion sequestration, and protein 

chaperone/transport (Grelet et al., 2005; Kovacs et al., 2014; Wise and Tunnacliffe, 2004). 

There is increasing evidence that LEA proteins act synergistically with sugars during 

cellular glass formation (reviewed by Berjak 2006). Incubation of a LEA protein isolated 
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from the DT pollen of Typha latifolia with sucrose altered its conformation during desiccation 

compared to drying in the absence of sucrose. Additionally, the strength of hydrogen 

bonding and stability of a glass state consisting of a combination of the LEA protein and 

sucrose exceeded that of a glass containing only sucrose (Goyal et al., 2003; Wolkers et al., 

2001). Further argument has been made that LEA proteins could make up the dominant 

portion of the intracellular glass; sucrose and other sugars serve to increase the density of 

the resultant glassy state, and can be deposited in extracellular or intermembrane spaces too 

small for LEA proteins (Buitink and Leprince, 2004). 

There are a multitude of different LEAs proteins expressed during stress in plants, and they 

can be divided into separate classes based on physical properties. LEA proteins have also 

been observed to display spatial and organ specificity (Martinelli, 2008). Of the 51 LEA 

proteins identified in A. thaliana, 36 are localised to the cytosol, most of which can also enter 

the nucleus; three are exclusively located in either plastids or mitochondria, and a further 

two are targeted to both structures; three are found specifically in the endoplasmic 

reticulum (ER), two in the vacuoles and one in pexophagosomes (organelles involved in 

selective peroxisome degradation); the remaining two LEAs are secreted (Candat et al., 

2014). Non-uniform targeting of LEA proteins throughout the cellular protoplasm is 

consistent with local differences in cellular glass properties during desiccation, as has been 

suggested to occur for specialised regions and organelles (Berjak, 2006). Low levels of 

transcription, translation and enzyme activity have been shown to occur in the living cells of 

otherwise dry seeds, indicative of a non-homogenous cellular glass matrix and the presence 

of concentrated pockets of water within desiccated cells (Elder et al., 1987; Leubner-Metzger, 

2005; Rinne et al., 1999). LEAs and LEA-like proteins known as rehydrins are also induced 
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during rehydration in desiccated mosses. Although it is not clear what role they play during 

rehydration, it has been suggested that they may stabilise membranes at low water contents 

as the cell rehydrates, or help control water intake (Oliver et al., 2005). 

LEA proteins were originally classified based on their high abundance in embryos and seeds 

during embryogenesis and maturation. However, they are nonetheless a diverse set of 

proteins which have since been classified into multiple families that share some common 

features and motifs (Table 1.1; Dure et al. 1989; Bray 1993; Wise & Tunnacliffe 2004; Cuming 

1999; Illing et al. 2005; Battaglia et al. 2008). For the sake of this thesis, the nomenclature 

determined by Illing et al. (2005) will be used. The most formally described of the LEA 

protein classes are the first three (Battaglia et al., 2008). Group 1 LEAs contain one to four 

copies of a conserved 20 amino acid repeat sequence (GGQTRREQLGEEGYSQMGRK), and 

are often rich in Glu, Gly and Gln residues (Cuming, 1999). Group 2 LEAs, commonly 

known as dehydrins, contain a signature 15-amino acid lysine-rich repeat (K-segment), 

EKKGIMDKIKEKLPG, and often serial repeats of serine (S) residues (Bartels et al., 2007; 

Close, 1996). Group 3 LEAs contain a series of partially conserved, tandem 11-amino acid 

repeats, TAQAAKEKAGE, which may promote the formation of an amphipathic alpha-

helical protein conformation. The other LEA groups are less obviously conserved, though 

they can still be grouped on the basis of incompletely conserved motifs and chemical 

properties (Battaglia et al., 2008). Although many LEA proteins are induced during both 

seed development and vegetative stress in plants, the specific LEAs expressed during these 

two processes generally do not overlap (Hundertmark and Hincha, 2008). LEA-1 and LEA-6 

LEA proteins, for example, are only expressed during seed maturation in A. thaliana, and are 

not induced by stress in vegetative tissue (Hundertmark and Hincha, 2008; Illing et al., 
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2005). Bayesian reconstruction of the ancestral expression patterns of LEA genes induced in 

resurrection plants suggests that they are nearly all derived from propagule-specific 

developmental processes, that have since been co-opted into vegetative stress response 

pathways (Fisher, 2008). This is classed as further evidence that angiosperm VDT is likely 

derived from seed maturation processes, rather than gene networks related to stress in 

vegetative tissue. 

 

Table 1.1. Different nomenclatures used to describe LEA protein groups by various authors, together 

with the associated Interpro and Pfam description and identifiers. The nomenclature determined by 

Illing et al (2005) will be used within this thesis. Table modified from Tunnacliffe and Wise (2007) and 

Fisher (2008). 

 

1.2.2.3 Antioxidants 

Damage caused by reactive oxygen species (ROS) can be incredibly detrimental for 

dehydrating or desiccating cells, thus plants exhibit multiple adaptations that lead to ROS 

detoxification during these abiotic stresses. These ROS-detoxifying processes occur in two 

ways: via molecular antioxidants, such as ascorbate, glutathione or phenolics; or by ROS-

scavenging enzymes, such as peroxidases and catalases (Ahmad et al., 2010; Apel and Hirt, 
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2004; Bartels and Sunkar, 2005; Mittler, 2002). ROS detoxification is important during both 

dehydration (as discussed previously) and early rehydration (Kranner and Birtic, 2005). 

Interestingly, antioxidant activity may also be essential for the maintenance of plant viability 

in the desiccated state. The tissues of the resurrection plant Myrothamnus flabellifolia become 

less able to successfully rehydrate the longer the plant remains desiccated. The loss of 

viability correlates with the chemical reduction of free-radical scavenging molecular 

antioxidants, such as glutathione and ascorbate, which accumulated during dehydration 

(Kranner et al., 2002). The vitrified cellular matrix that forms in desiccated cells of DT 

organisms is permeable to ROS, thus the accumulation of sufficient molecular antioxidants 

to counteract their effects while the plant is desiccated is critical for DT (Berjak, 2006). This is 

also consistent with the observation that poikilochlorophylly is more common in 

resurrection plant species that remain desiccated for an extended period of time, as 

unprotected chlorophyll pigments will produce ROS when exposed to light that could 

accumulate in desiccated tissues over time (Oliver et al., 2000). 

1.2.2.4 Heat shock proteins (HSP) 

HSPs are induced during abiotic stress in many organisms, from bacteria to mammals 

(Gupta et al., 2010; Parsell et al., 1993; Vierling, 1991). In plants, these stresses include 

heat/cold, drought, high salt, oxidative stress, high light levels, wounding and toxins 

(Swindell et al., 2007). HSPs in plants are classified according to their weight: the 100 kDa 

HSPs (Hsp100), HSP90, HSP70, HSP60 and small HSP (sHSP) families (Gupta et al., 2010; 

Kotak et al., 2007). The sHSP gene family is particularly diverse in plants, and the genomes 

of different plant species can contain upwards of 40 sHSP genes (Vierling, 1991). Small HSPs 

generally occur as a complex of multiple subunits with molecular weights between 200 and 
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800 kDa, and are not expressed in vegetative plant tissues during normal growth conditions, 

but are only induced in response to stress or during seed maturation (Waters, 2013; 

Wehmeyer, 1996). However, the resurrection plant, C. plantagineum, expresses sHSPs at 

detectable levels even when hydrated, which accumulate to higher levels during desiccation 

(Alamillo et al., 1995). The exact function of HSPs is not known, but the majority of them are 

believed to act as molecular chaperones that directly interact with other proteins. In this 

manner they can selectively activate target proteins, prevent protein misfolding or 

aggregation, target misfolded proteins for degradation, or facilitate protein oligomer 

formation. They may also be involved in protein relocalisation during stress conditions 

(Feder and Hofmann, 1999; Gupta et al., 2010; Hu et al., 2009; Panaretou and Zhai, 2008). 

1.2.2.5 Oleosins 

Oil bodies are structures found in some tissues in vascular plants that store triacylglycerol 

(TAG) as an energy reserve. However, they are most often associated with seeds, where they 

accumulate alongside seed storage proteins (SSPs) and carbohydrates during seed 

maturation and are used to fuel the seedling during germination. Oil bodies consist of an 

inner matrix of TAG molecules surrounded by a phospholipid membrane. In the tissues of 

DT organs, such as seeds and pollen, the oil body membrane is further stabilised by a class 

of proteins known as oleosins (Napier et al., 1996). Oleosins have not been identified in the 

oil bodies of non-DT tissues, such as leaves and fruits, and have never been detected in 

recalcitrant seeds (Pammenter and Berjak, 1999). Thus, they likely play an integral role in 

preserving oil body integrity during the desiccation process. As further evidence of the link 

between seed maturation and VDT, an oleosin gene has previously been found to be up-

regulated in the leaves of X. humilis during desiccation (Collett et al., 2004a; Shen, 2014). 
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1.3 Seed development and embryo DT 

Seed development in orthodox-seed-bearing plants is a highly regulated process that assures 

the correct combination of embryo growth/differentiation, induction of protective factors, 

and accumulation of the necessary components and resources required for eventual 

germination (Fig. 1.2). The life-cycle of an angiosperm seed is a complicated one, and can be 

divided into five distinct stages, although they may differ slightly across species: 

fertilisation, whereby a maternally-derived egg cell is fertilised by paternally-derived pollen; 

embryogenesis, which involves the early development of the embryonic plant within the 

ovule; maturation, during which seed-specific gene pathways are activated and seed-specific 

traits such as reserve accumulation and desiccation tolerance arise; dormancy, where the 

seed enters a quiescent state; and germination, which occurs when the seed leaves dormancy 

due to the detection of favourable conditions for growth and the seedling begins its adult 

life-cycle (Park and Harada, 2008; Raz et al., 2001; Santos-Mendoza et al., 2008). 
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Figure 1.2. The seed life cycle in A. thaliana. Reproduced from Le et al. (2010), wherein global 

analysis of gene activity in developing seeds was analysed. Numbers along the top represent days 

after pollination (DAP) during seed development or days after imbibition during germination (DAI). 

OV, unfertilized ovule; 24H, 24-h post-pollination seed; GLOB, globular-stage seed; COT, cotyledon-

stage seed; MG, mature-green-stage seed; PMG, postmature-green-stage seed; SDLG, seedling; L, leaf; 

R, root; S, stem; F, floral buds. 

 

Seed development is controlled by plant hormone interactions, particularly interplay 

between abscisic acid (ABA) and gibberellin (GA). In A. thaliana, maternally-derived ABA 

accumulates during embryogenesis, and is important for controlling the transition from 

embryo morphogenesis to seed maturation (Karssen et al., 1983). ABA regulates the 

expression of maturation-specific genes, particularly those involved in growth arrest and 

subsequent seed filling by lipid and protein storage molecules (Raz et al., 2001). ABA also 

promotes the induction of seed desiccation tolerance, by controlling expression of 

osmoprotectant molecules and proteins (Santos-Mendoza et al., 2008). A second peak in 

ABA concentration, this time embryo-derived, promotes seed quiescence and entry into 
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dormancy once maturation is complete (Finkelstein et al., 2002; Karssen et al., 1983). During 

seed maturation and dormancy, ABA directly antagonises GA signalling and biosynthesis to 

prevent growth and cell division. Germination is only initiated once ABA-mediated GA 

inhibition is lifted via the appropriate environmental cues (Debeaujon and Koornneef, 2000). 

1.3.1 Gene networks involved in seed maturation 

During maturation, the embryo of orthodox seeds acquires tolerance to a wide spread of 

stresses, including desiccation. This process is controlled by ABA, via a network of seed-

maturation-specific genes and transcription factors. In A. thaliana, the most prominent of 

these is the LEC1-ABI3-FUS3-LEC2 (LAFL or AFL) gene network, named for the genes that 

act as the master regulators of seed maturation (Fig. 1.3; Santos-Mendoza et al. 2008; Jia et al. 

2014). The AFL network consists of three B3-domain containing transcription factors, 

ABISCISIC ACID INSENSITIVE 3 (ABI3), FUSCA 3 (FUS3) and LEAFY COTYLEDON 2 

(LEC2); another LEAFY COTYLEDON gene, LEC1, acts upstream of the AFL network and 

encodes a HAP3 subunit, which is associated with many of the plant NFY complexes. 

Knock-out mutants of all of these genes show varying levels of abnormal seed development, 

including failure to enter into dormancy, decreased sensitivity to ABA and premature 

germination (reviewed in Harada 2001). Additionally, over-expression of these genes can 

induce somatic embryogenesis, a process whereby seed-specific factors are induced in 

otherwise vegetative tissue and lead to the development of an ectopic embryo (Gazzarrini et 

al., 2004; Kagaya et al., 2005a; Parcy et al., 1994; Stone et al., 2001). 
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Figure 1.3. A complex network of regulatory factors regulates seed development and maturation in 

A. thaliana. The LAFL genes (LEC1, ABI3, LEC2, FUS3; centre) act as master regulators of seed 

development and co-ordinately control different aspects maturation (see key) and their own 

expression. Arrows and T-bars represent positive and negative regulation, respectively. Factors 

associated with seed maturation, or involved in the induction or maintenance of seed maturation, are 

shown in red. Factors involved in growth and differentiation are shown in blue. The hormones 

abscisic acid (ABA) and gibberellic acid (GA) are shown in light blue. Reproduced from Santos-

Mendoza et al. (2008). 

 

1.3.1.1 The AFL network 

The individual component genes of the AFL pathway interact via a complicated network of 

regulation and autoregulation, which can differ across embryonic tissue or maturation stage 

(Figure 1.3; To et al. 2006; Santos-Mendoza et al. 2008; Gutierrez et al. 2007). Single mutants 

of each gene show differing levels of phenotypic severity that may hint at redundant and 
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synergistic functions between the AFL genes. Mutant plants lacking ABI3 are most highly 

resistant to ABA treatment, and have decreased accumulation of seed storage proteins 

(SSPs) and seed lipids compared to either fus3 or lec2 mutants. ABI3 is also the only one of 

these genes consistently expressed throughout the whole embryo (Santos-Mendoza et al., 

2008). Of all the mutant plants, those of lec2 have the least severe phenotype in terms of 

reserve accumulation, and are much more tolerant of desiccation (Stone et al., 2001). LEC2 is 

a paralogue of FUS3 that arose from a dicot-specific duplication event (Li et al., 2010), and 

an analysis of seed development programs in monocots and dicots suggests that only the 

function of the LEC1/ABI3/FUS3 network, and not LEC2, is conserved in monocots 

(Sreenivasulu and Wobus, 2013). A central role for FUS3 appears to be regulation of ABA 

biosynthesis and inhibition of germination-related GA networks in an auxin-dependent 

manner in the embryo epidermis. Thus, although fus3 mutants display altered SSP, DT and 

seed maturation phenotypes throughout the embryo, it is likely that many of these effects 

occur indirectly via downstream ABA and ABI3-mediated gene regulation (Gazzarrini et al., 

2004). However, all three AFL proteins have also been shown to be transcriptional activators 

that directly regulate a subset of distinct and overlapping maturation genes, as well as each 

other, in the tissues in which they occur (Figure 1.3) (Braybrook et al., 2006; Mönke et al., 

2012; Wang and Perry, 2013; Yamamoto et al., 2010). For example, ectopic over-expression of 

LEC1 can activate expression of ABI3 and FUS3, and the transcript levels of these genes are 

reduced in a lec1 mutant (Kagaya et al., 2005b). Similarly, ectopic expression of LEC2 results 

in up-regulation of the LEC1 and FUS3 genes (Stone et al., 2008). LEC1, LEC2 and FUS3 have 

all been shown to be important for somatic embryogenesis – the production of embryonic 

tissue from vegetative tissue – and the subsequent up-regulation of many seed-related genes 

in somatic embryos that are usually downstream in the AFL network, such as bZIP 
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transcription factors (Figure 1.3) (Braybrook et al., 2006; Elhiti et al., 2013; Gaj et al., 2005). 

ABI3 and FUS3 have been shown to positively regulate one another in a reciprocal fashion 

(To et al., 2006); the ABI3 protein also interacts directly with the FUS3 promoter (Mönke et 

al., 2012), and the FUS3 protein interacts with regulatory elements in the LEC1, FUS3 and 

ABI3 genes (Wang and Perry, 2013). 

The three AFL proteins can bind the B3-domain binding site – CATGCA(TG), or the RY 

motif - in vitro (Kroj et al., 2003; Mönke et al., 2004; Reidt et al., 2000; Suzuki et al., 1997). The 

RY repeat is common in the promoters of seed-specific genes, and is consequently 

overrepresented in the gene promoters of the direct targets of the AFL genes (Baumlein et 

al., 1992; Bobb, 1997; Dickinson et al., 1988; Lelievre et al., 1992). Such direct targets include 

seed storage protein genes, LEA genes, lipid biosynthesis and seed oilbody biogenesis genes, 

including oleosins. As master regulators of seed maturation, downstream targets also 

include other transcription factors involved in gene regulation (Mönke et al., 2012; Santos-

Mendoza et al., 2008; Wang and Perry, 2013). 

1.3.1.2 LEC1 and the NF-Y complex 

LEC1 encodes a subunit of the family of plant NF-Y complexes (Kagaya et al., 2005a). LEC1 

mutant seeds, much like those of the AFL genes, display phenotypes associated with a lack 

of embryonic traits, such as decreased desiccation tolerance, abnormal embryo development 

and failure to properly accumulate SSPs, lipids and protein. LEC1 is active predominantly 

during early embryogenesis and acts upstream of the AFL network, as evidenced by the 

observation that ectopic expression of LEC1 can induce ABI3 and FUS3 expression in A. 

thaliana (Lotan et al., 1998; Meinke, 1994; Santos-Mendoza et al., 2008). 
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The NF-Y protein family function as a heterotrimeric complex of the three types of subunits - 

NFYA, NFYB and NFYC - and can act as either transcriptional activators or repressors of 

genes involved in plant development and stress response (Hackenberg et al., 2012; Petroni et 

al., 2012). Unlike animals and fungi, which have only a single gene for each of the three 

subunits, the gene family has undergone an extensive duplication in plants. Different NF-Y 

subunit combinations are believed to form complexes that have distinct spatial-temporal 

expression patterns that allow fine control of developmental processes in plants 

(Hackenberg et al., 2012; Siefers et al., 2009). LEC1, an NF-YB9 subunit, is one such example, 

as it is expressed almost exclusively during seed embryogenesis (Lee et al., 2003). A related 

protein, the NF-YB6 subunit LEC1-like (L1L) is similarly expressed predominantly during 

seed development. Orthologues of LEC1 and L1L have been identified in both angiosperms 

(monocots and dicots) and gymnosperms, and have been implicated in the switch from 

embryonic to vegetative growth in all species studied so far (reviewed in Petroni et al. 2012). 

1.3.1.3 The bZIP family: ABI5 and the ABF genes 

Analysis of the enhancer and promoter regions of seed maturation genes indicates that not 

only RY motifs are responsible for the intricate pattern of AFL target gene expression, but 

other motifs are necessary for finer control of maturation genes (Sakata et al., 1997; Vicente-

Carbajosa and Carbonero, 2005; Wobus and Weber, 1999b). For example, ABA-dependent 

transactivation by ABI3 requires the presence of the abscisic acid response element (ABRE) 

within the gene promoter as well the conserved B2 activation domain of the ABI3 protein. It 

is likely that ABI3 interacts with ABRE-binding protein complexes through its B2 domain, 

rather than with the ABRE directly (Ezcurra et al., 2000). Similarly, both LEC1 and LEC1-like 
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proteins can regulate a subset of target genes in response to ABA via the ABRE cis-element, 

through direct interaction with bZIP transcription factors (Yamamoto et al., 2009). 

The bZIP transcription factor (TF) family has been shown to be important for seed 

embryogenesis and maturation (Becker et al., 2014; Jakoby et al., 2002). The group-A bZIP 

gene ABI5 is the most highly characterised bZIP involved in seed maturation. It can regulate 

seed gene expression in a complex with ABI3, and directly interacts with the ABI3 B2-

domain in yeast two hybrid experiments (Nakamura et al., 2001). It can also bind the ABRE 

motif present in its target gene promoters in vitro, and has been detected as binding these 

promoters in vivo (Nambara and Marion-poll, 2003) . Interestingly, the seed-specific RY-

motif recognised by ABI3 is dispensable for ABI3/ABI5/ABRE-mediated LEA gene 

expression, suggesting that the ABI3-ABI5 protein interaction alone is sufficient for this 

action, and ABI3 need not be anchored to the gene promoter (Sakata et al., 2010). The 

expression of ABI5 is positively regulated by ABI3 and ABI5 has recently been found to bind 

to its own promoter, so likely regulates its own expression as well (Lopez-Molina et al., 2002; 

Xu et al., 2014). A. thaliana abi5 mutant seeds are similar to those of abi3, and have reduced 

sensitivity to ABA and decreased expression of a subset of LEA genes. However, they do not 

show reduced desiccation tolerance, and abi3 mutants show a more severe reduction in LEA 

expression over a broader range of LEA genes (Finkelstein and Lynch, 2000; Finkelstein et 

al., 2002). Thus, it has been hypothesised that ABI5 functions in a partially redundant 

fashion with other ABI5-like bZIP TFs in regulating the ABRE-mediated downstream effects 

of ABI3 during seed maturation (Bensmihen, 2002). Interestingly, the ABF TFs can function 

as both positive and negative regulators of gene transcription, and can act in an antagonistic 

fashion. In A. thaliana, ABI5 and one of its homologs, EEL, show opposite effects on 
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expression of two ABI5-regulated LEA genes, AtEm1 and AtEm6, probably through 

competition for the same binding site (Bensmihen, 2002). The evolution of distinct roles for 

different ABI5 -like ABFs may exist to fine-tune gene expression during seed maturation and 

assure the correct spatial and temporal expression of their target genes during the seed 

maturation process. Additionally, four group-A bZIP TFs that are not expressed in seeds, 

ABF1, ABF2/AREB1, ABF3 and ABF4/AREB2, are considered master regulators of ABA-

mediated water stress response in vegetative tissue (Uno et al., 2000; Yoshida et al., 2015, 

2010). However, mutant A. thaliana plant lines over-expressing  ABF2,  ABF3 and ABF4 all 

resulted in ABA-hypersensitivity during germination and seedling growth, suggesting at 

least some overlap in gene activation activity with the seed-specific bZIP proteins (Furihata 

et al., 2006; Kang, 2002), and overexpression of an  ABF2 orthologue from peanut (Arachis 

hypogaea) can rescue some phenotypes of an abi5 mutant in A. thaliana (Li et al. 2013). Group 

C bZIP proteins have also been implicated in seed maturation processes. The monocot bZIP 

protein OPAQUE2  controls the expression of seed storage protein (SSP) genes in wheat and 

rice, but not those expressed later during maturation (Holdsworth et al., 1995; Wu et al., 

1998). Several group C bZIP TFs have also independently been implicated in an as yet 

unidentified complex that controls expression of SSP genes in A. thaliana via interaction with 

ABI3 (Alonso et al., 2009; Lara et al., 2003). 

1.3.1.4 ABA signal transduction 

ABA signalling plays an essential role in abiotic stress response and development in plants, 

including seed maturation; LEC1, ABI3 and ABI5 can all control a subset of seed maturation 

genes in an ABA dependent manner via the ABRE cis-element. However, the exact 
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mechanisms by which the ABA signal is recognised and acted upon within plant cells has 

only recently begun to be uncovered. 

In A. thaliana, two  ABSCISIC ACID INSENSITIVE genes, ABI1 and ABI2, were originally 

shown to be group-A PROTEIN PHOSPHATASE 2C (PP2CA) proteins that negatively 

regulate ABA signalling in seeds and vegetative tissue in a coordinated fashion, indicating 

that protein phosphorylation plays an essential role in ABA signal transduction (Leung et 

al., 1997, 1994; Merlot et al., 2001; Meyer et al., 1994). This led to the identification of a plant 

specific group of protein kinases, type-2 SUCROSE NON-FERMENTING 1-related (SnRK2s), 

which activate various ABA-response proteins and TFs, including ABFs, by phosphorylation 

(Fujii et al., 2007; Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009). In the 

absence of PP2CA proteins, SnRK2 protein kinases are themselves activated by 

phosphorylation, possibly by autophosphorylation (Fujii and Zhu, 2009); this activity is 

inhibited in the presence of PP2CAs, which dephosphorylate multiple Ser/Thr  residues 

required for catalytic activity within the activation loop of the SnRK2 kinases (Umezawa et 

al., 2009; Vlad et al., 2009). Completing the picture, a family of cytosolic ABA receptors, 

termed PYR/PYL/RCAR proteins were identified. Upon perception of cytosolic ABA, the 

PYR/PYL/RCAR receptors bind to the catalytic site of group-A PROTEIN PHOSPHATASE 

2C (PP2CA) proteins and prevent their interaction with and inhibition of SnRK2 kinases (Ma 

et al., 2009; Pandey et al., 2009; Park et al., 2009; Santiago et al., 2009). 

Information on the genes that control ABA signal transduction in plants has so far mostly 

been derived from work in A. thaliana. Mutant plants lacking many of the  PYL/PYR/RCAR 

receptor genes showed reduced expression of ABA-response genes, including SnRK2s , and 

severe ABA insensitivity (Gonzalez-Guzman et al., 2012). PYR/PYL protein homologs have 
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also been identified in rice (He et al., 2014), and have been implicated in seed development, 

germination and early seedling growth in this species as well (H. Kim et al., 2012). The A. 

thaliana genome contains nine group-A PP2C genes: ABI1 and ABI2, which are broadly 

involved in ABA signalling throughout plant development; AHG1, AHG3, HAB1 and HAB2, 

which are involved in seed development and germination; and HAI1, HAI2 and HAI3 that 

are induced by drought stress (Bhaskara et al., 2012). It is thought that the diversity of 

PP2CA protein family allows for finer control of ABA signalling during different stress 

conditions. The SnRK protein kinase family is diverse in A. thaliana, which contains 38 SnRK 

genes, 10 of which are SnRK2s (Hrabak et al., 2003). SnRK2s have been further divided into 

three classes based on phylogenetic analyses: group 1 consists of SnRK2 proteins that are not 

activated by ABA, group 2 contains those only weakly activated by ABA (although degree 

of activation varies across species), and group 3 contains those strongly activated by ABA 

(reviewed in Kulik et al. 2011). As general regulators of abiotic stress response, the majority 

of SnRK2 proteins are also activated by osmotic stress, although they are not responsive to 

cold (Boudsocq et al., 2004). The A. thaliana SnRK2s activated by ABA include the group 2 

proteins SRK2C/ SnRK2.8 and SRK2F/ SnRK2.7, and the group 3 proteins SRK2D/ SnRK2.2, 

SRK2E/SnRK2.6, and SRK2I/ SnRK2.3 (Boudsocq et al., 2007, 2004). All five of these proteins 

have been linked to  ABF2 and  ABF4 phosphorylation in an A. thaliana cell line (Furihata et 

al., 2006). Those from group 3 in particular (SRK2D, SRK2E and SRK2I) have been shown to 

be essential for seed development, dormancy, germination and drought tolerance, and can 

induce phosphorylation of ABI5, EEL and DPBF3 (a seed-specific ABF) proteins (Nakashima 

et al., 2009). The functionally redundant root-specific SRK2C and shoot-specific SRK2F may 

also be involved in seed development and ABF protein phosphorylation, as srk2cf mutant 

lines show a reduced induction of ABI5 and EEL in response to drought, and SRK2C 
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interacts with and phosphorylates ABI5 protein directly based on a yeast two-hybrid assay 

(Mizoguchi et al., 2010; Umezawa et al., 2004). This effect is partially redundant with SRK2D, 

SRK2E and SRK2I, however, as a srk2dei mutant line eliminated induction entirely 

(Mizoguchi et al., 2010). 

Post-translational modification by SnRK2 phosphorylation appears to be vital for ABF 

protein function in particular. In A. thaliana seeds, ABI5 is phosphorylated in response to 

ABA treatment, and phosphorylation is required to maintain ABI5 stability and function 

(Lopez-Molina et al., 2003, 2001). Additionally, a protein kinase inhibitor prevented activity 

of two other non-seed ABF proteins,  ABF2 and ABF4  (Uno et al., 2000), and both of these 

proteins as well as ABF3 have been shown to interact with an SnRK2 protein kinase directly 

(Yoshida et al., 2010). A similar pattern of SnRK2-mediated ABI5/ABF protein activation is 

seen in rice and wheat, and is probably evolutionarily conserved across most land plants 

(Johnson et al., 2002; Kobayashi et al., 2004a; Komatsu et al., 2013). 

1.3.1.5 Long-lived mRNAs 

Although a large proportion of the maturation process is involved in preparing the embryo 

for desiccation and dormancy, the seed also accumulates mRNA transcripts, proteins and 

other molecules that may not function during maturation itself but are indispensable for 

successful germination. 

After imbibition, protein translation and mRNA transcription occur very rapidly. A 

transcriptomic study in germinating A. thaliana seeds determined that the mRNA profile of 

imbibed seeds was distinguishable from the profile of dry seeds within 6 hours, implying 

that the transcriptional machinery was functional within at least this time (Nakabayashi et 
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al., 2005). Of particular importance to seed germination, however, is de novo protein 

synthesis. A. thaliana seeds can successfully germinate even in the presence of α-amanitin, a 

transcriptional inhibitor, whereas those treated with cyclohexamide, which inhibits 

translation, cannot (Rajjou et al., 2004). This suggests that during germination the majority of 

de novo translation occurs from transcripts, known as long-lived mRNAs, which are already 

present in the imbibed seed. Transcriptomic analysis of long-lived mRNAs that accumulate 

during maturation suggests that many are themselves necessary for protein synthesis and 

turnover, such as gene transcripts encoding ribosomal proteins and translational initiation 

factors (Nakabayashi et al., 2005). Additionally, the presence of multiple transcripts 

associated with protein degradation, including both protease/peptidase enzymes and those 

related to the ubiquitin-proteasome system, support a model whereby proteins are rapidly 

degraded upon germination (Galland et al., 2014; Nakabayashi et al., 2005). This includes 

recycling of proteins as a nitrogen source, such as degradation of SSPs, and specific 

degradation of germination repressors (Fujiwara et al., 2002; Galland et al., 2014). For 

example, ABI5 is specifically ubiquitinated and targeted for 26S-proteasome-mediated 

degradation in the absence of ABA, which reverses its inhibition of germination (Lopez-

Molina et al., 2003, 2002, 2001). 

Long-lived mRNAs also appear to be important for rehydration of desiccated resurrection 

plants. De novo transcription is not required for rehydration of dried X. humilis leaves, for 

example, although de novo protein synthesis from stored mRNAs is essential (Dace et al., 

1998). 
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1.3.2 Gene networks involved in seed germination 

The ABA-induced seed maturation gene network not only prepares the seed for desiccation, 

but also inhibits growth and germination. Germination is induced in non-dormant imbibed 

seeds by gibberellin-regulated gene networks that reduce ABA concentrations in the seed 

and silence maturation-specific genes, thereby reversing the maturation-induced embryo 

quiescence (Finch-savage and Leubner-metzger, 2006). The end-point of germination is 

generally defined as the stage at which the embryo radicle induces endosperm rupture and 

emerges from the seed (Kucera et al., 2005). However, the period from initial imbibition until 

radicle protrusion is under strict hormonal control, and will only continue to completion if 

external environmental cues indicate conditions are suitable for growth.  

The growth-inhibiting stress hormone ABA and the growth hormone GA have an 

antagonistic effect on seed germination, and each other. ABA induces the switch from 

embryogenesis to seed maturation, and increases in concentration throughout this process 

until it peaks in the dry seed. ABA-induced maturation genes repress GA biosynthetic 

processes during maturation, such that GA concentration is low in the dry seed. Thereafter, 

the ratio between these two hormones controls the disposition of the seed to germinate. 

ABA-mediated inhibition of germination is controlled by germination-repressing factors that 

accumulate during seed maturation and are present in high levels in the dry seed 

(Piskurewicz et al., 2008). Thus, high ABA and low GA concentrations promote embryo 

quiescence and inhibition of germination under non-ideal conditions, whereas high GA and 

low ABA concentrations promote growth and germination under ideal conditions by 

antagonising the germination-inhibitory factors (Nambara and Marion-Poll, 2005; Olszewski 

et al., 2002). During the initial stages of imbibition, water uptake is driven by the low water 
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potential of the desiccated seed and is not under control of the embryo (Bewley and Black, 

1994). Under ideal germination conditions, de novo transcription and translation then occur 

rapidly, and are concomitant with upregulation of genes involved in GA biosynthesis and 

ABA catabolism, and the degradation or down-regulation of gene products or genes 

involved in repressing germination (Debeaujon and Koornneef, 2000; Lee et al., 2002a; 

Nakabayashi et al., 2005). An important class of proteins that accumulate during seed 

maturation and that are involved in negative regulation of GA are the DELLA subgroup of 

the GRAS transcription factor family. DELLA proteins are master growth regulators that 

inhibit GA signalling in multiple physiological and developmental processes, including 

flowering, germination and stress (Sun and Gubler, 2004; Thomas and Sun, 2004; Ueguchi-

Tanaka et al., 2007). A. thaliana contains genes encoding five DELLA proteins: GIBERRELIC 

ACID INSENSITIVE (GAI), REPRESSOR OF GA1-3 (RGA) and three RGA-like (RGL) genes, 

RGL1, RGL2 and RGL3 (Tyler et al., 2004). Although all of these genes are expressed during 

seed germination, only RGL2 has been shown to be indispensable for the repression of 

germination in A. thaliana (Lee et al., 2002b; Tyler et al., 2004). A common theme of DELLA 

protein action is that they are deactivated by polyubiquitin-mediated protein degradation. 

During germination in A. thaliana, GA binds to the cytosolic GA-receptor GIBBERELIN-

INSENSITIVE DWARF1-like (AtGID1), which targets RGL2 to an SCF E3-ligase complex and 

ultimately ubiquitin-mediated proteasomal degradation (Feng et al., 2008; Sun and Gubler, 

2004). 

However, for a transient period during and shortly after germination, ABA levels can be re-

induced by stressful conditions, leading to growth arrest and the reacquisition of a tolerant, 

quiescent state. Prior to germination, Piskurewicz et al. (2008) showed that the DELLA 
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protein RGL2, possibly acting in concert with an E3-ubiquitin ligase, XERICO, enabled an 

expression feedback loop that results in increased ABA biosynthesis in the seed. The 

increased ABA, in turn, causes an increase in expression of RGL2, and ultimately prevention 

of GA-mediated germination. The authors identified ABI5 as the final repressor of 

germination in this process, specifically the SnRK2-phosphorylated form of the protein 

(Piskurewicz et al., 2008). Accumulation of ABI5 mRNA and protein has also been 

implicated in a window of stress-induced growth arrest in developing seedlings, which are 

able to re-acquire DT and enter a quiescent state in response to acute stress (Finkelstein and 

Lynch, 2000; Lopez-Molina et al., 2001). ABI5 protein levels are further regulated in the 

germinating seed and seedling by ABI5 binding proteins (AFPs), which form a nuclear 

complex with ABI5 and target it for 26S-proteasome-mediated degradation (Lopez-Molina et 

al., 2003). In A. thaliana, AFP2 expression is most similar to that of ABI5, as it is abundant in 

dry seeds and stressed seedlings. AFP1, AFP3 and AFP4 are expressed in older plants, and 

may interact with the vegetative ABF proteins (Garcia et al., 2008). 

1.3.3 The point of no return 

Embryo growth arrest can be induced during germination and for a brief period thereafter 

by acute stress. Not only does the embryo re-enter a quiescent state, but it re-acquires a 

stress and DT phenotype much like that of the mature embryo. In orthodox seeds of 

desiccation sensitive (DS) angiosperm species, seedling DT is generally progressively lost 

during germination, until the seedlings reach a so-called “point of no return” past which 

they can no longer reacquire DT and thus fail to survive dehydration (Evenari et al., 1971). 

For many species this point is reached early during the imbibition stage, prior to visible 

protrusion of the radicle through the testa (Maia et al., 2011; Negbi and Evenari, 1961). In A. 
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thaliana, the window is very narrow – lasting only approximately 48 hours from imbibition – 

and requires the action of both ABI3 and phosphorylated ABI5 protein (Lopez-Molina et al., 

2002, 2001). In other species, however, the point of no return can be extended until well after 

radicle emergence. This phenomenon is often seen in desert plant species, where the ability 

for a seedling to survive sudden and unexpected drought conditions unharmed would 

confer a significant selective advantage (Friedman et al., 1981; Gutterman, 2000; Huang et 

al., 2004). “Priming” of seeds by exposure to mild osmotic stress, such as incubation in high 

molecular weight polyethylene glycol (PEG), can extend the developmental window during 

which DT can be re-established in germinating seedlings of many species that would not be 

able to do so under normal conditions (Bruggink and van der Toorn, 1995), albeit narrowly 

in many cases (Buitink et al., 2003; Maia et al., 2011; Vieira et al., 2010). This suggests that the 

genetic capability to re-acquire DT may be a widespread trait in angiosperm seedlings, albeit 

one that is often not observed under standard experimental conditions. However, in all 

researched non-resurrection plant angiosperm species, the ability to re-induce DT in 

seedling tissues is lost shortly after germination as the plant switches to vegetative growth. 

Analysis of gene expression in A. thaliana seedlings revealed that ABI5, as well as genes 

encoding seed-specific LEAs, seed storage and dormancy related proteins, were strongly up-

regulated following PEG treatment, while those involved in energy metabolism and cell-

wall modification were repressed (Fig. 1.4; Maia et al. 2011). Similarly, transcriptome 

analysis of M. trunculata seedlings undergoing re-establishment of DT following PEG 

treatment revealed a substantial overlap with changes in gene expression observed during 

the establishment of DT during seed maturation, including upregulation of ABI3, ABI5, LEA, 

SSP and oleosin genes (Terrasson et al., 2013). Together these data suggest that re-
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establishment of DT in seedlings involves a return to a quiescent state similar to that 

occurring in mature orthodox seeds. However, not all genes shown to be differentially 

expressed during the re-induction of seedling DT in M. trunculata are differentially 

expressed during seed maturation, suggesting the possibility that these processes may occur 

via separate, but overlapping pathways (Buitink et al., 2006; Terrasson et al., 2013). Work by 

Maia et al. (2014) in the germinating seedlings of A. thaliana noted differences in the 

induction of DT by ABA-response mutant seeds and seedlings. Plants with weak mutations 

in ABA2 (an ABA biosynthesis gene), ABI3, ABI4 (an AP2/ERF TF) and ABI5 could still 

produce DT mature seeds, and embryos could still be prompted to re-induce DT in response 

to mild osmotic stress at the very earliest stages of germination (testa rupture). However, all 

tested mutants displayed impaired ability to re-acquire DT at later stages of germination 

(post-testa rupture) compared to wild type seeds, implying that these two processes may 

occur via separate pathways. However, another likely scenario is that many of the 

redundant factors present during seed development (e.g. other components of the LAFL 

network, ABI4) that could mask the effect of these individual alleles on seed DT during 

maturation are absent after germination (Maia, 2014). Seeds with a strong abi3 mutant allele 

failed to induce DT during maturation or germination, thus ABI3 is essential in both 

situations. The other ABI genes also play important roles during seedling DT, because 

mutations in these genes reduced the efficacy of DT induction. A similar trend is seen in M. 

truncatula: mutant Mt-abi3 seeds are DS even after maturation and cannot induce seedling 

DT; Mt-abi5 mutant seeds are DT after maturation, but seedlings fail to re-acquire DT after 

PEG treatment (Terrasson et al., 2013). Interestingly, the re-induction of DT in A. thaliana 

seedlings does not require elevated ABA content, as is necessary for RGL2-mediated 

inhibition of germination (Piskurewicz et al., 2008). Despite the increased expression of ABA 
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biosynthesis genes, levels of ABA and its catabolic products remained the same in DS and 

DT seeds (Maia, 2014). Baseline levels of ABA are still essential, however, considering aba2-1 

mutants seedlings that lacked ABA could not re-induce DT. Seeds instead appear to become 

more sensitive to ABA, possibly by increased expression of some of the PYL-family ABA 

receptors, such as PYL7 and PYL9 (Maia 2014). 

An overview of the processes that are believed to occur during reacquisition of DT within 

the window of seedling DT are shown in Figure 1.4. Orthodox seeds are DT until 

germination, after which DT is progressively lost. Prior to the point of no return the 

application of stress (e.g. exogenous ABA/PEG) results in increased ABA sensitivity (via 

increased expression of PYL proteins) but not necessarily an increase in ABA concentration, 

and ultimately ABI5/ABF-mediated growth arrest. LEA genes, seed maturation proteins 

(oleosins, SSPs) and the antioxidant system are re-activated in the arrested seedling, and it 

re-enters a quiescent, DT state. Despite these data, it is unclear whether embryo DT and 

seedling DT are in fact controlled via distinct, separate gene networks. Maturation occurs 

over a period of days via an integrated developmental pathway aimed at preparing the 

embryo for quiescence and DT, which often involves sets of partially redundant factors with 

overlapping functions (e.g. the LAFL network genes) (Bewley et al., 2013). On the other 

hand, ABI3- and ABI5-mediated osmotic priming by PEG treatment can occur over a period 

of hours, and is likely induced alongside general vegetative stress-response pathways and 

the antagonistic GA-driven germination pathways, neither of which would be present in the 

developing seed. This may explain the difference in genes differentially expressed between 

embryo maturation and DT seedling stages in M. trunculata (Buitink et al., 2006). 
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Figure 1.4. Theoretical model of the main events controlling the re-establishment of DT in the 

seeds of DS plants. Stress (PEG) or exogenous ABA increases seed sensitivity to ABA, possibly via 

PYL-type ABA receptors, resulting in growth arrest and activation of seed gene networks by ABI5. 

Activated targets include LEA genes, antioxidants and sugars, similar to those involved in seed 

maturation drying. Once the seedling has developed past the point of no return, DT can no longer be 

acquired. Modified from Maia (2014). 

 

1.3.4 Epigenetic networks involved in seed DT 

Shortly after germination in most angiosperm plant species the developing seedling loses 

the capability of acquiring DT in response to abiotic stress. In A. thaliana, this is associated 

with an inability of the seedling to induce ABI5 expression, even after PEG priming or 

treatment with exogenous ABA (Lopez-Molina et al., 2002, 2001; Maia, 2014). From an 

evolutionary stand-point, this transition represents the committal of the developing seedling 

to vegetative growth, likely driven by a trade-off between the needs of the plant to survive 

early stress and also out-compete its neighbours by not restricting its own growth 
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unnecessarily. There is a large body of evidence showing that the switch from embryonic to 

vegetative growth in seed-bearing plants is controlled by epigenetic gene regulation; 

specifically, permanent silencing of the cohort of seed maturation genes, such as ABI5, by 

the deposition of the repressive histone 3 lysine 27 trimethylation (H3K27me3) epigenetic 

mark by the Polycomb Repressor Complex 2 (PRC2) (Bouyer et al., 2011). 

1.3.3.1 Epigenetic gene regulation: an overview 

Epigenetic regulation of gene expression is one of the key methods for regulating transitions 

between developmental states, which generally involves altering the expression of a large 

number of genes simultaneously. In plants this includes the switch from embryonic to 

vegetative growth, or the induction of reproductive processes such as flowering and 

fertilisation. The two principal modes of epigenetic gene regulation include direct DNA 

modification, generally cytosine methylation, or post-translational modification of the 

histone proteins that make up chromatin (Bird, 2002; Goldberg et al., 2007; Jenuwein and 

Allis, 2001). Whereas DNA methylation is generally associated with long-term gene 

repression, such as silencing of transposable elements or sex chromosomes, covalent histone 

modifications can lead to dynamic changes in both gene activation and repression. 

In plants and other eukaryotes, the genome is packaged in the cell in the form of chromatin: 

a DNA/protein complex consisting of short loops of genomic DNA (approximately 147 bp) 

wrapped around nucleosomes – octameric protein complexes made up of histone proteins. 

Nucleosome octamers are assembled from two pairs each of histones 2A, 2B, 3 and 4. A fifth 

histone protein, linker histone 1, associates with the approximately 20-90 bp of genomic 

DNA that connects a nucleosome to the ones next to it (Margueron et al., 2005; Strahl and 
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Allis, 2000). Though all of the histone proteins can be post-translationally modified, it is 

most prominent on the N-terminal tails of H3 and H4 histones. Covalent modifications of 

H1 are by far the least characterised, although they do exist (Happel and Doenecke, 2009; 

Strahl and Allis, 2000). Variants of the canonical histone proteins have been identified in 

multiple species. Although they are structurally almost identical to the canonical histones, 

histone variants can have specifically altered residues that affect the repertoire of epigenetic 

marks with which they can be modified or how they interact with chromatin remodelling 

complexes (Happel and Doenecke, 2009; Szenker et al., 2011). For example, the mammalian 

H3.3 variant is preferentially found in nucleosomes of genes that are actively transcribed. 

The amino acid sequence of H3.3 differs in only 4 amino acids from the H3.1 and H3.2 

histones, which allows it to interact with histone chaperone proteins that target it for 

replacement into active chromatin (Szenker et al., 2011). 

The N-terminal tails of the four histone subunits that make up nucleosomes can be modified 

by methylation, acetylation, phosphorylation, ubiquitination and a variety of other chemical 

molecules (Zentner and Henikoff, 2013). It is believed that combinations of histone 

modifications act as an epigenetic “code”, that dictates the expression status of the 

surrounding DNA (Jenuwein and Allis, 2001). This can be either directly, by structurally 

modulating DNA or nucleosome accessibility to transcription factors; or indirectly, by 

enabling or inhibiting the recruitment of protein complexes that lead to transcription 

(Bannister and Kouzarides, 2011; Bell et al., 2011; Patel and Wang, 2013; Petesch and Lis, 

2008). Of the various histone modifications, histone lysine acetylation and methylation are 

the best characterized in various species, including plants. Histone acetylation is generally 

correlated with active gene expression, whereas histone lysine methylation is often 
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associated with gene repression (Martin and Zhang, 2005; Pikaard and Scheid, 2013). 

However, this is not a concrete rule for either family of modifications and depends on the 

degree of modification (e.g. mono-, di- or tri-methylation), the specific lysine residue 

modified, and the presence of other epigenetic marks (Margueron et al., 2005; K. Zhang et 

al., 2007). Both histone acetylation and methylation can be controlled enzymatically through 

histone acetylases/methylases (HAT and HMT proteins), that deposit the post-translational 

modification, and histone deacetylases/demethylases (HDAC and HDM proteins), that 

remove the corresponding modifications. The epigenetic status of chromatin regions can 

also be controlled indirectly by histone replacement in nucleosomes, thus resetting the 

combination of epigenetic marks to those on the incoming histones, as in the example of 

targeted replacement of H3.3 into active chromatin regions in mammals. Histone-modifying 

enzymes are often encoded by large gene families in plants and different components can 

display developmental or tissue specificity (Berr et al., 2011; Deal and Henikoff, 2011; Lauria 

and Rossi, 2011).  

1.3.3.2 PRC2 and PRC1: regulators of developmental gene repression 

One of the most well-known of the histone-modifying enzyme complexes is the Polycomb 

Group (PcG) family complex PRC2. PRC2 is a histone methyltransferase complex that 

regulates the deposition of the repressive H3K27me3 epigenetic mark, resulting in silencing 

of its target genes. In both Drosophila and mammals, PRC2 controls the expression of a large 

complement of genes during early development, preferentially silencing genes related to cell 

growth and division (Lund and van Lohuizen, 2004; Schwartz and Pirrotta, 2008). Similarly, 

approximately 15% of all genes in A. thaliana are marked by repressive H3K27me3 marks, 

and this PRC2-mediated repression is usually associated with genes that show specific 
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spatial or temporal expression patterns, particularly relating to developmental processes 

(Engelhorn and Turck, 2010; X. Zhang et al., 2007).  

The Drosophila PRC2 complex is made up of four proteins: E(z), Su(z), NURF-55 and ESC 

(Lund and van Lohuizen, 2004). This tetrameric structure is maintained in plants, but many 

of the individual subunits have undergone gene expansion. A. thaliana, for example, has 

three E(z) homologs (SWN, MEA and CLF), three Su(z) homologs (FIS2, EMF2 and VRN2), 

two known NURF-55 homologs (MSI1 and MSI4/FVE) and a single ESC homolog, FIE (Fig. 

1.5; Hennig & Derkacheva 2009). Alternative combinations of these subunits can affect the 

specificity of the resulting PRC2 complex, and the expression of certain subunits can be 

restricted by tissue type or developmental stage (Guitton et al., 2004; Pien and Grossniklaus, 

2007). The existence of a PRC1 complex in plants has only recently been confirmed, although 

much of the information regarding its structure and function are still unknown (Hennig and 

Derkacheva, 2009). In A. thaliana, the PRC1 complex is believed to consist of two subfamilies 

of ubiquitin ligases (RING1 subfamily RING1a and RING1b; BMI subfamily BMIa, BMIb and 

BMIc), and a single H3K27me3-recognising protein, LHP1 (Fig. 1.5; Molitor & Shen 2013). 

However, the A. thaliana ubiquitin ligase gene sub-families (RING1a/b and BMIa/b/c) 

correspond with a eudicot-specific gene expansion, so are not directly applicable to 

monocots (Berke and Snel, 2015). Other PcG proteins have been hypothesised to have PRC1-

like functions in plants, but have not yet been shown to form part of any PRC1 complex 

(Calonje, 2014). One example is EMF1, which interacts with H3K27me3 enriched sites in the 

A. thaliana genome based on tile-based ChIP assays, and is likely involved in PRC2-mediated 

silencing of multiple developmental processes in plants. Some of its target genes include 
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ABI3, FUS3 and LEC2, as well as LEA, oleosin and SSP genes, indicating it may play a role in 

silencing the seed maturation pathway (S. Y. Kim et al., 2012).  

In animals, PRC2 is targeted to genes to be silenced by recognition of nucleosome-depleted 

polycomb response elements (PREs) within chromatin, where the PRC2 methyltransferase 

component, E(z), catalyses the tri-methylation of H3K27. A second PcG complex, PRC1, 

recognises H3K27me3 and promotes its bi-directional spreading to adjacent nucleosomes via 

H2AK119 ubiquitination, resulting in very large, multi-kilobase domains of H3K27me3-

modified chromatin across the genome (Müller and Kassis, 2006; X. Zhang et al., 2007). The 

mechanism by which PRC2 is directed to its target genes in plants is less well understood. A 

few plant genes appear to contain PRE-like sequences that may influence PRC2 binding, but 

it is not clear if this is a common trait in plants (Berger et al., 2011; Guo et al., 2008; Lodha et 

al., 2013). Unlike animals, these putative PRE regions are not depleted in nucleosome 

content (X. Zhang et al., 2007). There is also evidence that long non-coding RNAs (lncRNA) 

may play a vital role in targeting plant PRC2 complexes (Heo and Sung, 2011). The 

interaction between PRC1 and PRC2 also appears to be very different in plants. Zones of 

H3K27me3-modified chromatin are small in plants, and generally associated with single 

target genes as opposed to local chromatin domains spanning hundreds of kilobases as in 

animals (K. Zhang et al., 2007). H3K27me3 and H2AK119Ub1 epigenetic modification also 

commonly occur independently in plant genomes (Yang et al., 2013). In fact, H2AK119Ub1 

appears to be required for the deposition of H3K27me3 in a subset of PRC2-silenced genes, 

including those involved in seed maturation (Calonje, 2014; Molitor et al., 2014). Thus, PRC1 

appears to sometimes function upstream of PRC2 in plants; the opposite of that which 

occurs in animals. 
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Figure 1.5. PRC2 and PRC1 protein subunits in D. melanogaster and A. thaliana. Canonical 

polycomb complex subunits for D. melanogaster PRC2 and PRC1 are shown in the centre circle (white). 

Known A. thaliana orthologue(s) of each subunit are shown in the outer circle (green). A plant 

orthologue of the PRC1 component Hph has so far not been identified. 

 

1.3.3.3 Epigenetic control of the embryonic to vegetative transition 

A functional PRC2 complex is essential for the transition from embryonic to vegetative 

growth during germination (Bouyer et al., 2011; Müller et al., 2012). Similarly, PRC1, which 

acts upstream of PRC2 within at least seed maturation gene promoters, is also vital for the 

repression of seed traits in germinating seedlings (D. Chen et al., 2010; Molitor et al., 2014; 

Yang et al., 2013). Arabidopsis mutant double knock-out lines lacking combinations of PRC2 

components exhibit de-repression of seed genes in vegetative tissue and a phenotype similar 

to that seen during somatic embryogenesis (Chanvivattana et al., 2004; Schubert et al., 2005). 

The repressive H3K27me3 modification in plants is generally mutually exclusive with the 

active H3K4me3 epigenetic mark, and it has been observed that the up-regulation of 

maturation genes in PRC2 mutant seeds is correlated with an increase in H3K4me3 in the 

promoters of those genes. However, loss of H3K27me3 did not correlate with a global 
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increase in H3K4 tri-methylation in most other PRC2-targetted genes, suggesting that an 

absence of H3K27me3 alone is not sufficient to induce gene activation in all target genes 

(Bouyer et al., 2011). The CHD3 chromatin remodelling enzyme, PICKLE (PKL) has also been 

implicated in the transcriptional repression of genes related to developmental identity in A. 

thaliana, including seed maturation genes (Dean Rider et al., 2003; Eshed et al., 1999; Ogas et 

al., 1999; Zhang et al., 2008). Roots of pkl mutant seedlings are visibly green and swollen 

(hence “pickle”), and display various embryonic traits due to a failure to repress seed 

maturation genes during germination (Dean Rider et al., 2003; Li et al., 2005; Zhang et al., 

2008). It was observed that pkl mutants had decreased global H3K27me3 levels, including at 

the promoters of seed maturation master regulators like the LEC genes; LEC1 and LEC2 were 

likewise upregulated in the absence of PKL. It was thus assumed that PKL acted alongside 

the PRC2 complex in initiating deposition of H3K27me3 (Zhang et al., 2008). A later study 

by Aichinger et al. (2009) supported an indirect role for PKL during this process. In the roots 

of 5 day old pkl seedlings, various PRC2 components were down-regulated, including EMF2, 

SWN and MEA. ChIP analysis verified that the PKL protein bound to the promoters of these 

genes and other seed genes, but not to the promoters of LEC1, LEC2 and ABI3. Additionally, 

the down-regulation of PRC2 genes was associated with increased H3K27me3 levels at their 

own promoters. Interestingly, analysis of the other promoters bound by PKL indicated that 

PKL target genes were down-regulated in pkl mutants; thus, PKL functioned as a 

transcriptional activator with a role opposite to that of PRC2, rather than as a repressor as 

previously believed. The authors concluded that PKL protein activated PRC2 gene 

expression, leading to downstream gene silencing through H3K27me3 deposition. Thus, in 

pkl mutants, PRC2 remained repressed and subsequently the seed genes remained active 

(Aichinger et al., 2009). However, a second study by Zhang et al. (2012) contradicted these 
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results. In germinating seedlings – rather than in 5 day old seedling root, as in the previous 

study – PKL binding was indeed enriched at H3K27me3 loci, but PKL was not found to 

interact with PRC2 component gene promoters. PKL was however found to be associated 

with the LEC1, LEC2 and FUS3 genes, consistent with their upregulation. In 14 day old 

seedlings, these interactions were absent. However, during germination the PKL protein was 

additionally found to be associated with a number of genes that were constitutively 

expressed independent of PKL expression or the presence of H3K27me3, such as ACT7 or 

UBQ10. Zhang and colleagues conclude three things from these results. Firstly, PKL does 

indeed function directly at the site of genes that are normally repressed during germination, 

including LEC1, LEC2 and FUS3. Secondly, PKL becomes dispensable for the repression of 

seed genes during vegetative growth after germination has completed, possibly explaining 

the lack of association in the Aichinger et al. (2009) results. Thirdly, PKL appears to have a 

function independent of the presence of H3K27me3, and may indeed perform a general 

chromatin remodelling function throughout the genome (Zhang et al., 2012). Nonetheless, 

the precise role PICKLE plays in the repression of seed maturation genes during germination 

is still under scrutiny. 

Not only histone methylation, but also histone acetylation plays a role during the 

germination-induced repression of seed maturation genes. The histone deacetylases HDA19 

and HDA6 have been shown to be essential for the repression of embryonic traits in 

germinating seedlings. An HDAC6-RNAi line treated with trichostatin-A, an HDAC 

inhibitor, was arrested at germination and had increased levels of LEC1, FUS3 and ABI3 

transcripts. This phenotype could be rescued by using lec1, fus3 or abi3 mutant plant 

backgrounds. HDA6/HDA19 double RNAi lines displayed a similar phenotype without the 
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use of trichostatin-A, and could only be rescued in a lec1 background (Tanaka et al., 2008). 

This strongly suggests that HDA6/HDA19 act in a partially redundant fashion to suppress 

seed maturation genes that inhibit germination by removal of active histone acetylation 

marks from their promoters. 

1.4 Gene networks involved in VDT and drought tolerance in adult tissues 

The genetic networks that control plant drought and desiccation tolerance are complex, and 

relate to nearly all aspects of plant metabolism and physiology. Nonetheless, our current 

knowledge of these processes suggests a certain degree of commonality across the plant 

kingdom. 

1.4.1 Desiccation tolerance mechanisms in lower plants 

Current evidence points towards a seed-based origin for VDT in resurrection plants, rather 

than a re-emergence of the mechanisms seen in lower plants. However, many of proteins 

and mechanisms are nonetheless similar between the two VDT systems. 

The physiological aspects of constitutive VDT in lower plants have been studied in multiple 

species from various locales, particularly those of the bryophytes (for example: Oliver et al. 

2000; Robinson et al. 2000; Proctor et al. 2007; Makinde & Fajuke 2009). In general, 

bryophytes can survive rapid desiccation due to the constitutive presence of protective 

factors that maintain cellular and organelle integrity during drying. Consistent with this, 

bryophyte cells do not show signs of visible damage during desiccation, and transcription 

and translation processes are usually not induced (Oliver et al., 2005). Gene expression 

changes are only noticeable during early rehydration rather than dehydration, and de novo 
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protein synthesis also occurs rapidly during this period. Early transcription and translation 

is focused on the production of repair mechanisms, particularly a set of proteins known as 

rehydrins (Scott and Oliver, 1994; Wood and Oliver, 1999). The majority of rehydrins have 

no homology to known proteins at this time; subsequently, most of those that could be 

identified matched known desiccation- or light-inducible proteins, particularly LEAs, or 

ribosomal proteins that are presumably important for protein synthesis (Oliver et al., 2005). 

Unlike in DS plants, LEA proteins, particularly those of the dehydrin/LEA-2 group, are 

constitutively present at high levels in bryophyte cells (Bewley et al., 1993). Thus, although 

LEA gene expression is not induced during desiccation, they are still an important 

mechanism of osmoprotection in bryophytes. Similarly, soluble sugar concentrations do not 

increase during desiccation, but are instead present at high levels constitutively (Smirnoff, 

1992). Although most bryophytes do not exhibit induced gene expression during desiccation 

like resurrection plants do, some have been shown to display increased DT after priming 

with exogenous ABA, concomitant with increased accumulation of protective proteins and 

sugars (Beckett, 1999; Bopp and Werner, 1993; Mayaba, 2001; Werner et al., 1991). In other 

species, such as Tortula ruralis, ABA has no effect on the induction of dehydrins and is not 

detectable in dry or drying tissues (Oliver and Bewley, 1997). This could suggest that an 

ABA-inducible VDT pathway has evolved in some bryophytes, challenging the previously-

held belief that lower plants exhibit only constitutive VDT (Oliver et al., 2005; Stark et al., 

2013). 

The genetic underpinnings of the VDT trait in bryophytes have only recently begun to be 

unravelled. The first studies relied on expressed sequence tags (EST) from the desiccation 

tolerant moss, T. ruralis (Wood and Oliver, 1999). More recently, the model bryophyte 
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Physcomitrella patens has been of great importance, as its genome has been sequenced. Unlike 

T. ruralis, P. patens is an induced DT bryophyte that is DS under most conditions. However, 

after treatment with exogenous ABA, it exhibits VDT (Koster et al., 2010). Genomic and 

functional analysis of the genes involved in inducible-VDT in P. patens reveals a remarkable 

degree of overlap with the mechanisms seen in embryogenesis in seed-bearing plants, 

particularly in relation to ABA signalling (Marella et al., 2006; Sakata et al., 2010; Yotsui et 

al., 2013). Similarly, the transcriptomic desiccation response of the green alga K. crenulatum 

was determined to be similar to that seen in seeds in higher plants, suggesting that the basic 

principles of plant DT are inherited from the earliest ancestors of land plants (Holtzinger et 

al. 2014). Thus, although VDT as seen in resurrection plants is likely derived from the 

networks involved in seed maturation drying, this process is itself inherited from the DT 

mechanisms seen in early land plants. 

ABI3 and ABREs 

There is some evidence that a gene similar to ABI3 is the founding member of the B3 gene 

family, which includes genes from the AFL network (Romanel et al., 2009). ABI3/VP1 

homologs have been identified in the algal species Chlamydomonas reinhardtii and Volvox 

carteri, and in various species of bryophytes (Romanel et al., 2009). The other AFL genes, 

such as LEC2 and FUS3, do not appear to have orthologues in non-seed plants, and so likely 

represent a seed-plant-specific expansion of the B3 family that evolved to regulate seed 

development. 

The P. patens genome contains three orthologues of ABI3/VP1 (PpABI3A-C), all of which can 

activate PpLEA1 gene expression in response to ABA via the native PpLEA1 promoter and a 

wheat Em/LEA gene promoter, in both P. patens and barley tissues (Marella et al., 2006). 
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PpABI3 can also partially rescue the abi3-6 A. thaliana mutant seed phenotype, including loss 

of ABA insensitivity and reduced expression of seed storage and maturation genes. 

However, PpABI3 cannot restore the expression of all LEA genes in the abi3-6 background 

(Marella et al., 2006). There does not appear to be an ABI5 orthologue in mosses; there are, 

however, multiple bZIP genes related to the rice group-C bZIP TF OPAQUE2 (O2), which 

controls SSP expression during seed maturation by interacting with ABI3 and the ABRE 

(Alonso et al., 2009; Corrêa et al., 2008; Lara et al., 2003). Because PpABI3 can rescue 

expression of O2-regulated maturation genes in A. thaliana abi3-6 mutants (such as CRC and 

At2S3), but not ABI5-regulated genes (such as many LEAs) it is tempting to hypothesise that 

O2-related bZIP transcription factors regulated ABRE-mediated gene expression alongside 

ABI3 in early bryophytes. ABI5 and the ABI5-related genes may represent an expansion of 

the bZIP transcription family in the descendants of mosses that have diversified in function 

(Sakata et al., 2010). 

Conservation of ABA signalling pathway in plants 

Recent studies have implicated group A PP2C protein phosphatases as major negative 

regulators of ABA signalling during development and stress in plants. A. thaliana mutants 

lacking functional abi1 or abi2 exhibit increased ABA sensitivity during germination and 

vegetative growth, leading to germination inhibition, increased dormancy and defects in 

drought response.  

P. patens has two genes encoding group A PP2C phosphatases, designated as PpABI1a and 

PpABI1b. Interestingly, P. patens mutant plants lacking both PpABI1 genes are fully 

desiccation tolerant even without ABA pre-treatment, indicating that they perform an 

essential role in negatively regulating the VDT response in this species (Komatsu et al., 



  

49 
 

2013). However, unlike group-A PP2Cs in seed-bearing plants, those of P. patens do not 

interact directly with SnRK2 kinases to regulate the ABA response, but instead with  

unknown factors downstream of SnRK2 signalling - ultimately resulting in ABI3-mediated 

gene regulation (Fig. 1.6). As the bZIP TF(s) with which PpABI3 interacts to regulate ABRE 

gene expression during VDT in P. patens is currently unknown, the role SnRK2 and protein 

phosphorylation plays in this process is not clear. However, it is evident that the 

ABA/PYL/PP2C/SRK2 network that plays a central role in the maturation of angiosperm 

seeds and the acquisition of embryonic DT, as well as in vegetative stress response, can be 

directly traced to a similar network that regulates VDT in bryophytes. 

 

 

Figure 1.6. Evolution of the ABA-signalling pathway in land plants. A) ABI3 played a central role in 

controlling VDT downstream of osmostress-activated SnRK2 kinases in the earliest ancestor of land 

plants. B) The ancestor of the bryophytes first recruited PP2C phosphatases into an ABA-PYL 

signalling network, although they did not interact directly with SnRK2 kinases at this stage. C) In the 

ancestor of angiosperms, SnRK2 is possibly activated by autophosphorylation. PP2Cs directly inhibit 

SnRK2 activation rather than interacting with later targets, allowing for integrated regulation of an 

increased number of pathways downstream of SnRK2. Black arrows = positive regulation, red arrows 

= negative regulation. Modified from Komatsu et al. (2013).  
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LEC1 and the evolution of land plants 

LEC1, unlike ABI3, does not have a direct orthologue in bryophytes. Evidence suggests that 

it evolved early during the evolution of tracheophytes by duplication of an ancestral NF-YB 

gene, and first arose in the non-seed-bearing vascular plants (Xie et al., 2008). LEC1 

orthologues have been identified in multiple species of lycophytes and fern allies (Xie et al., 

2008). The Selaginella sinensus LEC1-like gene, SsLEC1, can complement the lec1-1 mutation in 

A. thaliana; thus, the LEC1 orthologue seen in seedless plants is functionally equivalent to the 

gene expressed in embryogenesis in seed-bearing plants. An analysis of the expression 

pattern of the Selaginella moellendorffii orthologue, SmLEC1, showed that SmLEC1 was 

preferentially expressed in both sexual and vegetative reproductive structures (strobili and 

bulbils, respectively), and may regulate lipid storage and the induction of DT in these 

structures (Kirkbride et al., 2013). LEC1 transcripts also accumulate in the leaves of the VDT 

lycophyte, S. sinensus, and the DS fern, A. capillus-veneris, during the early stages of 

dehydration and rehydration, implicating the gene in drought stress response (Xie et al., 

2008). The propagule and stress-based functions of the ancestral LEC1-like gene appears to 

have been co-opted by the seed-bearing plants to regulate similar processes specifically in 

embryogenesis and maturation of their seeds. 

1.4.2 Drought tolerance mechanisms in DS plants 

Drought tolerance in DS plants is a highly variable phenotype, but the underlying processes 

of how plants perceive and respond to water loss are similar across many plant species. As 

opposed to VDT plants, which “shut down” and enter a quiescent state, drought tolerance 

requires stressed plants to attempt to maintain long term growth and metabolism under 
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water limiting conditions. The response to water limiting conditions occurs in two phases in 

DS plants, known as the “acute response” and the “adaptive response” (Skirycz and Inzé, 

2010). During the acute response, the plant downregulates unnecessary growth and 

metabolism and induces the expression of protective mechanisms, such as LEAs, as seen in 

VDT plants. The cessation of growth during the acute phase occurs independently of the 

rate of photosynthesis or carbon availability, indicating that it is an induced response rather 

than a secondary effect (Granier, 1999; Skirycz et al., 2010). During the adaptive response, 

the growth rate and metabolism of the stressed plant increase and stabilise as cellular 

systems adapt to acting under low water conditions. At both of these stages inhibition of 

growth is mediated by DELLA repression of GA signalling, similar to the process observed 

in seed maturation and germination. As well as directly antagonising GA biosynthesis and 

signalling, DELLA proteins indirectly activate stress tolerance genes by interacting with TFs, 

and may also play a role in protection from ROS (Achard et al., 2008, 2006; Navarro et al., 

2008). During the adaptive response phase, when growth and metabolism have restarted, 

DELLA-GA antagonism is carefully maintained by complex cross-talk between multiple 

hormonal mechanisms, including ABA, ethylene and jasmonate, to assure controlled growth 

under stressful conditions (Skirycz and Inzé, 2010). Interestingly, DELLA-mediated growth 

inhibition appears to be an evolutionary conserved mechanism in angiosperms that is 

induced in response to multiple stresses (Achard et al., 2006).  

The perception of low water conditions and subsequent genetic response occurs through a 

complex network of stress signalling pathways. However, these networks can be broadly 

divided into those that are induced in response to the stress hormone ABA, or those that are 

ABA-independent (Lata et al., 2011; Shinozaki and Yamaguchi-Shinozaki, 2006). 
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ABA dependent 

ABA-dependent drought stress signalling in DS plants bears a remarkable similarity to that 

seen in lower plants and during seed maturation (Fig. 1.7; reviewed by Nakashima & 

Yamaguchi-Shinozaki 2013). The common PYL/PP2C/SnRK2 signalling cascade is the major 

regulator of ABA response during abiotic stress, and A. thaliana plants lacking SnRK2 genes, 

particularly SRK2D, SRK2E and SRK2I, show a cooperatively enhanced sensitivity to 

drought as well as ABA insensitivity. A similar phenotype is seen in mutants lacking PYL 

genes, which are severely insensitive to ABA during both germination and vegetative stress 

(Fujii and Zhu, 2009; Fujita et al., 2009; Gonzalez-Guzman et al., 2012). A bZIP family of 

ABI5-related transcription factors (ABF/AREB/ABL) act in a similarly cooperative fashion as 

regulators of drought tolerance in vegetative tissues, just as ABI5 and its homologs function 

in seeds and seedlings. Four ABF genes in particular have been identified as “master” 

regulators of vegetative drought stress response:  ABF1,  ABF2, ABF3 and ABF4 (Yoshida et 

al., 2015, 2010). Mutant plants lacking functional copies of these genes have increased 

sensitivity to drought and decreased sensitivity to ABA, and impaired expression of classical 

drought response genes such as LEAs (Fujii and Zhu, 2009; Yoshida et al., 2015). A .thaliana 

plants over-expressing these genes exhibit enhanced drought tolerance (Fujita et al., 2005; 

Kang, 2002; Kim et al., 2004); over-expression of  ABF2/AREB1 and ABF3 orthologues in rice 

and soybean have a similar effect (Barbosa et al., 2012; Oh et al., 2005). Like ABI5, the ABF 

genes responsible for drought stress response are activated by SnRK2-mediated 

phosphorylation (Fujita et al., 2009; Nakashima et al., 2009; Umezawa et al., 2013). 
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Figure 1.7. Model of the ABA-signalling pathways that control seed maturation and post-

germinative stress in A. thaliana. Perception of ABA via cytosolic PYL receptors prevents the 

PP2CA-mediated inhibition of phosphorylation of ABF transcription factors via SnRK2 kinases, 

which activate downstream gene expression through the ABRE. ABF protein stability is also 

negatively regulated by AFP proteins. Despite tissue specificity of different group A PP2C genes, no 

such separation has yet been observed for PYL receptors or SnRK2 protein kinases. ABF proteins also 

interact cooperatively with other TFs that enhance specificity, such as those from the LAFL network 

during seed maturation. Black arrows = positive regulation, red arrows = negative regulation. Image 

modified from Nakashima & Yamaguchi-Shinozaki (2013). 

 

ABA independent 

ABA-independent gene expression during conditions of drought is primarily regulated by 

the dehydration responsive element (DRE). Despite the name, DRE elements are found in 

the promoters of genes associated with various abiotic stresses, including dehydration, heat, 

salt and cold (Yamaguchi-Shinozaki and Shinozaki, 1994). Expression of DRE-containing 

genes is regulated by DEHYDRATION-RESPONSIVE ELEMENT BINDING (DREB) proteins, 
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which belong to the AP2/ERF family of transcription factors. In A. thaliana the DREB protein 

family is further divided into two groups, designated DREB1 and DREB2 (Liu, 1998). The 

group 1 DREB genes studied so far (DREB1A, DREB1B and DREB1C) are induced only in 

response to cold, whereas the class 2 genes (DREB2A, DREB2B and DREB2C) are induced 

predominantly by drought, salt or heat stress (Liu, 1998; Nakashima et al., 2000). DREB1C 

has also shown to be induced by wounding (Nakashima et al., 2000), and probably acts as a 

negative regulator of the other DREB1 genes to fine-tune their expression (Novillo et al., 

2004). Early research into DREB protein activity focused primarily on the DREB1 group; 

only recently have the functions of the DREB2 group begun to be analysed (Lata and Prasad, 

2011). Interestingly, alternative splicing of DREB2 transcripts is believed to play a critical 

role in DRE-mediated stress response; however, the exact manner in which this is achieved 

is currently unknown (Egawa et al., 2006; Qin et al., 2007; Xue and Loveridge, 2004). 

Microarray analysis of DREB2-overexpressing transgenic plants indicates that they regulate 

the expression of multiple dehydration-responsive genes, including some LEAs; however, 

more research is needed to more clearly identify direct targets of the DREB2 proteins 

(Sakuma et al., 2006a). 

Recently it has been shown that heat stress transcription factors (HSFs) may function 

downstream of the DREB2 transcriptional cascade. The HSF HSFA3 is activated by DREB2A 

and DREB2C in response to drought in both maize and A. thaliana, where it regulates other 

HSF and heat shock protein (HSP) gene expression (H. Chen et al., 2010; Sakuma et al., 

2006a; Schramm et al., 2008). HSF proteins are involved in abiotic stress response in plants, 

including responses to heat, drought, salt and osmotic stress. They generally act as 

transcriptional activators and are primarily involved in the induction of HSP genes, but may 
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have other targets as well (Banti et al., 2010; Nishizawa et al., 2006; Schramm et al., 2006). 

The HSF family in plants has expanded massively due to repeated duplication events, and 

can be divided into three groups: HSFA, HSFB and HSFC (von Koskull-Döring et al., 2007). 

These groups are broadly consistent between eudicots and monocots, but many of the HSF 

group C proteins represent a monocot specific expansion of the HSF family (Scharf et al., 

2012). Similarly, the seed- specific HSFA9 subgroup and the HSFB3 and HSFB5 subgroups 

appear to be specific to eudicots (Almoguera et al., 2002; Díaz-Martín et al., 2005; Kotak et 

al., 2007). Unfortunately, knowledge of monocot HSF families is currently too limited to 

deduce whether any have seed-specific functions. Most data suggest that the various HSF 

proteins work in a non-redundant fashion and, with the exception of TFs in the same 

subgroup, generally cannot replace each other in knock-out mutant lines (Scharf et al., 2012). 

HSF master regulators, that act upstream of other HSFs with more specific functions, have 

been identified in various species, including HSFA1a in tomato (Mishra et al., 2002), the 

entire HSFA1 subgroup in Arabidopsis (Liu et al., 2011), and HSF2Cb in barley (Reddy et al., 

2014). 

Crosstalk between ABA-dependent and ABA-independent pathways 

There is increasing evidence of cross-talk between the ABA-dependent and ABA-

independent signalling pathways. The promoter of the abiotic stress induced gene RD29A 

contains both an ABRE and DRE, both of which are required for ABA-dependent gene 

expression (Narusaka et al., 2003). The DREB1A, DREB2A and DREB2C proteins also 

directly interact with ABF2, and overexpression of DREB2C affects ABA sensitivity (H. Chen 

et al., 2010). DREB2A gene expression is activated in an ABA-dependent fashion by binding 

of ABF2,  ABF3 or ABF4 to an ABRE present within its promoter (Kim et al., 2011). Recently, 
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DREB2C has been shown to directly regulate ABA levels in A. thaliana via a complete DRE 

present in the promoter of the ABA biosynthesis gene NCED9. In the same study, DREB2C 

expression was induced by the application of exogenous ABA in germinating seedlings, 

suggesting that DREB2C is induced by both abiotic stress and ABA and, furthermore, 

positively regulates ABA signalling (Je et al., 2014). SRK2E kinase activity has been revealed 

to be regulated in an ABA-dependent or stress-dependent manner through different C-

terminal domains of the SRK2E protein, and an exhaustive analysis of A. thaliana mutants 

lacking multiple SnRK2 genes identified multiple dysregulated target genes involved in 

ABA-independent pathways (Fujii et al., 2011; Yoshida et al., 2010). These results suggest 

that SnRK2 kinases may function as a central hub of both ABA-dependent and ABA-

independent signalling during periods of stress (Nakashima and Yamaguchi-Shinozaki, 

2013). 

Of course, many other response factors and cis-regulatory elements interact with the ABRE 

and DRE stress response pathways. Known transcription factors include those from the 

MYB/MYC (Abe et al., 1997; Narusaka et al., 2003) , NAC (Fujita et al., 2004; Xu et al., 2013) 

and WRKY families (Chen et al., 2012), as well as others. 

1.4.3 Desiccation tolerance mechanisms in resurrection plants 

As discussed in the preceding sections, VDT has some marked differences to the mechanism 

of drought tolerance which is often seen in DS plant species. This includes, but is not limited 

to, the expression of many seed-specific genes such as LEAs, SSPs and oleosins; and entry 

into a dry, quiescent state during which they are metabolically inactive. While many of the 

genes or processes that are involved in VDT are known, the underlying transcription factors 
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and gene expression networks that regulate VDT in resurrection plants have not been well 

studied. Transcriptomic studies have identified TFs from multiple families that are highly 

differentially expressed during desiccation (including GRAS, HSF, MADS box, NAC, NF-YA 

and WRKY families), but further characterisation of individual TFs and their target genes 

has so far not been reported (Gechev et al., 2013). Genomic information on the commonly 

researched resurrection plants is also scarce; only two resurrection plant genomes have been 

published in the last year (Boea hygrometrica and Oropethium thomaeum), although this 

number will likely increase as NGS sequencing technologies become more available and 

affordable (Van Buren et al., 2015; Xiao et al., 2015). A lack of NGS genome data has 

hindered large-scale studies into conserved or unique cis-regulatory elements that are 

involved in VDT. Unsurprisingly, characterisation of the regulatory motifs of individual 

VDT-induced genes in resurrection plants has not currently resulted in the identification of 

novel elements, although it has confirmed the involvement of the ABRE in many cases 

(Bartels and Hussain, 2011; Ditzer and Bartels, 2006). ABA contents increase during 

desiccation in most tested resurrection plant species, and ABA-dependent signalling via the 

ABRE is likely essential for VDT. This does not rule out a role for ABA-independent 

signalling, however (Vicré et al., 2004). The involvement of non-coding RNAs in angiosperm 

VDT has also been reported. Studies in the resurrection plant Craterostigma plantagineum 

have identified two retrotransposon-like non-coding transcripts, CDT-1 and CDT-2 that, 

when overexpressed, can induce VDT even in the absence of exogenous ABA. Evidence 

indicates that CDT-1 directs the synthesis of a 21-bp short interfering RNA (siRNA) that can 

induce the VDT response in C. plantagineum callus, including expression of desiccation- and 

ABA-induced genes. The second lncRNA, CDT-2, likely functions in a similar fashion 
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(Hilbricht et al., 2008). Thus, various non-coding RNA transcripts may play essential roles 

during VDT in other resurrection plant species. 

1.5 Aims of the current study 

Two related hypotheses were tested in this thesis: 1) VDT in resurrection plants evolved via 

the activation of the seed TF regulatory cascade in vegetative tissues in response to water 

loss, and 2) the predicted activation of seed TFs in vegetative tissue is due to the indefinite 

extension of the window in which germinating seedlings can reacquire DT in response to 

stress. An overview of these two models is shown in Figure 1.8. 

Evidence for the first hypothesis includes the induction of a large number of canonically 

seed-specific genes in the vegetative tissues of desiccating X. humilis and other resurrection 

plants, and the similarity of the accumulated osmoprotectant molecules between 

resurrection plants tissues and orthodox seeds, in contrast to that seen in the general 

drought response of DS plants (Illing et al., 2005). One mechanism by which this could have 

evolved would be via drought and ABA-induced expression of the top-level “master 

regulators” of the seed maturation programme, such as the LAFL gene network or seed-

specific ABFs, which are usually silenced in vegetative tissue. De-repression of these genes 

could then initiate the pre-established transcriptional cascade that results in quiescence and 

DT in orthodox seeds, but would instead result in DT in vegetative rather than embryonic 

tissues. The de-repression of seed maturation genes in vegetative tissue would require 

inhibition of the epigenetic complexes that usually prevent their expression, such as PRC2. A 

previous microarray study showed that the PRC2 methyltransferase, SWINGER, and a 

positive regulator of PRC2, PICKLE, were downregulated during VDT in X. humilis (Shen, 



  

59 
 

2014). This could signify that PRC2-mediated gene repression is reduced during desiccation, 

consistent with up-regulation of LAFL- and ABI5-regulated seed-specific genes (Fig. 1.8A). 

However, further investigation into the expression of X. humilis LAFL and PRC2 subunit 

genes during desiccation is required to substantiate this hypothesis. 

In angiosperms, the seed maturation programme is usually only activated during late 

embryogenesis in orthodox seeds, somatic embryogenesis in vegetative tissue, and during a 

small window of stress-induced post-germination arrest/DT found in many angiosperm 

species. This window of seedling DT involves the ABI3-mediated re-activation of ABI5 in 

response to stress, and subsequent re-accumulation of seed maturation gene products (such 

as seed-specific LEAs, SSPs and oleosins) in seedling tissues, “resetting” the seedling to a 

quiescent, embryo-like state. In DS plant species, the genes that control this process are 

permanently repressed by PRC2 once the seedling reaches a certain stage of development 

(the point of no return), and the seedling thus loses the ability to acquire DT. If these 

mechanisms are not permanently silenced in X. humilis but are instead re-activated by 

drought stress throughout the lifespan of the plant, it would provide an ideal mechanism for 

the controlled re-activation of seed genes in vegetative tissues during VDT. If this is the case, 

we would predict that X. humilis would not display a point of no return, but would instead 

retain the ability to induce DT indefinitely post germination (Fig. 1.8B). 

Thus, the work presented in this thesis aimed to investigate the “point of no return” 

phenomenon in a resurrection plant, and to assess the potential role of the known seed 

maturation genes during VDT in this class of plants. In Chapter 2, I examine the response of 

developing X. humilis and X. viscosa seedlings to desiccation with or without priming by 

moderate osmotic stress or exogenous sucrose, in comparison to seedlings of the DS plant A. 
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thaliana. The similarities between the seedling and adult response are discussed. Chapter 3 

describes the sequencing and de novo assembly of a X. humilis leaf desiccation transcriptome, 

as well as gene expression analysis across five stages of dehydration (100%, 80%, 60%, 40% 

and 5% relative water content). RNA-Seq studies were used to characterize the 

transcriptional response to desiccation, and to assess whether the desiccation transcriptome 

was activated by seed master regulators and/or by regulation of the PRC2 complex subunits 

and epigenetic modification, similar to the process that occurs in germinating seedlings. 
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Figure 1.8. Predicted regulatory mechanisms involved in VDT acquisition in X. humilis based on 

the hypothesis that VDT evolved from co-option of the seed maturation network. A) Predicted 

activation of the seed maturation ABF gene network by vegetative stress in X. humilis compared to 

that seen in DS plants (see Fig. 1.7). Down-regulation of PRC2 component genes occurs as a 

consequence of ABA-induced stress response in this model, although it may not be due to direct 

action of SnRK2 as implied by this figure. B) In adult X. humilis plants, the window of opportunity in 

which seedlings can re-induce DT remains open indefinitely (compare to Fig. 1.4). Master regulators 

of seed maturation (e.g. the LAFL network, ABI5) are not irreversibly repressed in adults, but can be 

reactivated by down-regulation of the genes required to maintain H3K27me3 silencing over these 

genomic regions (e.g. SWINGER, PICKLE) resulting in the expression of seed genes in adult tissues. 
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Chapter 2: Post-germinative seedling DT and the “point of no return” in Xerophyta 

A subset of the research in this chapter has been published independently, and can be found 

in full in the appendix. 

Lyall R, Ingle RA, Illing N (2014) The Window of Desiccation Tolerance Shown by Early-Stage 

Germinating Seedlings Remains Open in the Resurrection Plant, Xerophyta viscosa. PLoS ONE 

9(3): e93093. doi:10.1371/journal.pone.0093093 

2.1 Introduction 

Though VDT is rare in vegetative tissue, it is ubiquitous in the reproductive tissues and 

propagules of angiosperms, with the overwhelming majority (>95%) of species surveyed to 

date producing DT (orthodox) seed embryos and pollen (Gaff and Oliver, 2013). The 

seedlings of many DS species, such as A. thaliana and M. truncatula, can also re-induce DT 

during early development in response to stress, although this ability is quickly lost – the so-

called point of no return (Buitink et al., 2003; Maia et al., 2011). The origin and mechanisms 

of VDT in angiosperms is a research topic of great interest, with relevance to both 

fundamental plant research and commercial interests in improving drought tolerance and 

seed viability of crop plants. In order to investigate the hypothesis that angiosperm VDT as 

seen in resurrection plants is derived from the same processes that control the window of 

DT in stressed seedlings, we analysed the response of the germinating seed of two 

resurrection plant species, X. humilis and X. viscosa, to desiccation stress. 

Xerophyta is a genus of monocotyledonous plants in the family Velloziaceae found in Africa, 

Madagascar and the Arabian Peninsula (Behnke et al., 2013). Most are adapted for arid 

conditions and all tested species, including X. humilis and X. viscosa which are found 
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throughout Southern Africa, are classified as resurrection plants due to their extreme VDT 

(Behnke et al., 2013; Gaff and Oliver, 2013). X. humilis and X. viscosa and many other species 

in Xerophyta are poikilochlorophyllous; that is, they degrade their chlorophyll and dismantle 

their thylakoid membranes during desiccation in order to reduce the damage from reactive 

oxygen species (ROS) under water-limiting conditions (Tuba et al., 1998). Other species, such 

as the closely-related Talbotia (Xerophyta) elegans, are homochlorophyllous and do not lose 

chlorophyll upon desiccation. While the physiological response to desiccation of the mature 

plants has been studied extensively, little to nothing is known of the response of their seeds 

and seedlings to desiccation. If VDT has indeed evolved in resurrection plants via co-option 

of the genetic network responsible for the acquisition of DT in seeds, one possible 

mechanism by which this may have occurred is through extension of the developmental 

window during which seedling re-establishment of DT is possible. If this is so, we would 

predict that the seedlings of these resurrection plants would not display a point of no return, 

and would instead be able to re-establish DT throughout germination and beyond. 

The aim of this section of work was to determine whether the germinating seedlings of the 

resurrection plants, X. humilis and X. viscosa, displayed a point of no return similar to that 

seen in other angiosperm species, such as A. thaliana, or if their seedlings retain DT 

throughout early development. Germinating seedlings of A. thaliana, X. humilis and X. 

viscosa were dehydrated rapidly at various stages of development, rehydrated after 48 

hours, and their survival tracked over the next 5 days. Seedlings of these species were also 

pre-treated with either -2.5 MPa PEG-8000 for 48 hours, to simulate an extended period of 

mild osmotic stress, or grown on 3% sucrose (in case the ability to re-establish DT was 

limited by embryonic resources) in order to identify whether these treatments could increase 
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survival rate. Additionally, X. humilis and X. viscosa seedlings at specific developmental 

stages were dehydrated slowly over a number of days to compare the effects of a rapid and 

a reduced dehydration rate on the seedling desiccation response, or pre-treated for between 

0 and 24 hours in PEG to further quantify seedling response to PEG priming. The seedlings 

in each experiment were tracked on an individual basis, including a photographic record of 

each step of the process to more accurately determine seedling size and physical description, 

and to track seedling survival. 
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2.2 Materials and Methods 

2.2.1 Plant material 

X. viscosa (Baker) seeds were obtained from Silverhill seeds 

(http://www.silverhillseeds.co.za), from wild plants located in Witsieshoek (Free State 

province, South Africa) and stored as packaged, at room temperature in the dark. Seeds of 

X. humilis (Baker) were obtained through pollination of plants collected from Borakalalo 

Game Reserve (Northwest Province, South Africa), maintained at the UCT Botany 

Greenhouse. Flowering plants were transferred to a plant growth chamber (Percival), where 

they were grown under a long-day photoperiod (16 hours light, 8 hours dark) at 22°C and 

cool white fluorescent light at 250 µmol m-2s-1. Pollen was transferred between flowers with 

gentle brushing, and fertilised flowers were allowed to ripen and dry on the parent plant. 

Mature seeds were excised from the ripened seed pods, separated from unfertilised seeds 

and organic debris, and stored in the dark at room temperature. Seeds of A. thaliana, 

Columbia (Col-0) ecotype were obtained from the European Arabidopsis Stock Centre 

(http://arabidopsis.info) and stored at 4°C in the dark. 

2.2.2 Germination and growth conditions 

In all cases, seeds were surface sterilised with 75% (v/v) ethanol for 2 minutes and air-dried 

in a laminar flow hood on sterile filter paper. Seeds were then germinated on half-strength 

Murashige and Skoog (MS) medium containing 0.7% (w/v) bacteriological agar, unless 

specified otherwise. Seeds of X. humilis and X. viscosa were germinated immediately while 

A. thaliana seeds were cold-stratified at 4°C for 48 h in the dark prior to germination. Plants 
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were grown under a long-day photoperiod (16 h light, 8 h dark) at 22°C, and cool white 

fluorescent light of 250 µmol m-2s-1. 

2.2.3 Photography and seedling measurements 

Seed and seedling photographs were obtained using a digital colour camera (JVC) mounted 

on a dissecting stereomicroscope (Olympus). Seedlings were photographed on a single piece 

of damp filter paper in order to prevent premature dehydration of their tissues due to strong 

lighting. Cotyledon, root and seed measurements were determined for each individual 

seedling using the ImageJ imaging software (http://rsbweb.nih.gov/ij/). High resolution 

photographs of seeds and seedlings were obtained using a Nikon Stereoscope Zoom 

Microscope (SMZ1500) and NIS-Elements (Nikon) digital 3D imaging software.  

2.2.4 Response of X. viscosa seeds to various dormancy-breaking treatments  

Batches of 25-30 X. viscosa seeds were treated with one of a number of dormancy breaking 

treatments previously described for various plant species (Emery, 1988): 4°C or 37°C 

incubation in the dark for 72 h on half strength MS plates; 72 h soak in the dark at 4°C or 

37°C in either a 1% (w/v) thio-urea solution or 0.25% (w/v) potassium nitrate solution; 72 h 

stored at -20°C; acid scarification with a 50% (v/v) H2SO4 solution for 1 minute; 60°C soak in 

water for either 1 min or 1 h; twelve weeks 4°C moist chilling in constant dark on half-

strength MS plates. The treated seeds were subsequently transferred to fresh half-strength 

MS medium plates and germinated under standard growth conditions. 
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2.2.5 The effect of developmental stage on seedling survival after rapid dehydration  

A. thaliana seedlings were developmentally staged according to the system previously 

described by Maia et al. (2011). The developmental stages of X. humilis and X. viscosa 

germination have not previously been described, and so this process is described in the 

results section. For the purposes of the dehydration experiments, germinated seeds at 

specific developmental stage were transferred to damp filter paper in an open petri dish and 

dehydrated under constant air flow in a laminar flow hood. After 48 hours, seedlings were 

rehydrated on the filter paper with 2.5 mL sterile water and the plates wrapped in Parafilm® 

to prevent additional dehydration. Wrapped plates were transferred back to standard 

growth conditions. Seedlings were tracked daily over a 5 day period by inspection under an 

Olympus dissecting stereo light microscope, and considered DT if they resumed normal 

development. 

2.2.6 The impact of PEG and sucrose treatment on seedling revival after dehydration 

For the PEG-treatment, germinated seeds at appropriate developmental stages were moved 

to filter paper saturated with 1.2 mL of a PEG-8000 solution calculated to have an osmotic 

potential of -2.5 MPa at 22°. The plates were wrapped in Parafilm® to prevent evaporation 

of water altering the osmotic potential of the PEG solution, and were incubated under 

standard growth conditions for the specified time. Following incubation, the seedlings were 

rinsed carefully in sterile water to remove excess PEG and transferred to sterile filter paper 

dampened with water. Dehydration and rehydration proceeded as described above. For the 

sucrose treatment experiments, seeds were germinated on half-strength MS plates in the 

presence or absence of 3% (w/v) sucrose under standard growth conditions. Germinated 
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seeds at each developmental stage were then transferred to damp filter paper and subjected 

to dehydration as described above. 

2.2.7 The effect of a reduced dehydration rate on seedling survival 

Reduced dehydration rate experiments were performed on seedlings in a narrow range of 

developmental stages, rather than all experimental stages. Seedlings of X. humilis were 

germinated as described above. Plates of seedlings were grown for a pre-determined period 

of time calculated to give an average cotyledon size of approximately 0.5 mm and 2 mm. 

Additionally, X. viscosa seedlings were germinated and grown until 3.5 mm in length. 

Germinated seedlings of both species of the appropriate size were transferred to damp filter 

paper in a petri dish. The plates were closed but left unsealed so as not to prevent 

evaporation of water. Seedlings were allowed to dehydrate for a period of one week under 

standard growth conditions, and were then rehydrated with 2 ml distilled H2O and the 

plates sealed and returned to standard growth conditions. Survival was tracked for five days 

after rehydration. 

2.2.8 Statistical analysis 

The seeds of both Xerophyta species, particularly X. viscosa, germinated in a slow and 

asynchronous manner markedly different to that of A. thaliana (germination defined as the 

piercing of the testa by the root tip). This, coupled with the difficulty in acquiring seeds of 

these species, meant that the experiments described occurred over the course of many 

months using seed batches of several hundreds to thousands of seeds. Rather than count 

these as biological repeats, data from multiple independent experiments was pooled and the 

variation within the entire pool of samples was determined via bootstrapping (Mooney et 
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al., 1993). The seedlings in each pooled experiment were resampled with replacement and 

placed into bins of pre-defined cotyledon lengths. This was repeated 10000 times, and the 

mean survival rate for the resampled seeds in each bin was calculated each iteration. The 

standard error of the mean (SEM) of the sample pools was calculated from the standard 

deviation of the bootstrapped mean survival values. The same procedure was applied to the 

data generated for the Arabidopsis germination experiments to facilitate comparison. Bin 

sizes for each experiment are given in Figure S2.2. 

  



  

70 
 

2.3 Results 

2.3.1 Germination and growth of X. viscosa, X. humilis seedlings 

The germination and subsequent development of X. viscosa and X. humilis seedlings has not 

been previously been reported in any controlled manner. We attempted to optimize 

germination conditions and developed a staging system to describe the growth of seedlings 

to aid further study on these plants. 

The seeds of X. viscosa are generally elliptical in shape, approximately 1-1.5 mm in length, 

and surrounded by a triangular, dry, transparent husk that extends from one side of the 

seed (Fig 2.1A). When imbibed the seed swells with absorbed water and the embryo, located 

opposite the origin of the husk, is clearly visible (white arrow) (Fig 2.1B). The vast majority 

of the seed volume consists of nutrient endosperm, in which the embryo is embedded, and 

is surrounded by a thin, brown seed coat. Germination occurs over a period of 4 to 14 days 

thereafter. Germination rate and synchronicity were only marginally improved by various 

common dormancy breaking treatments, such as moist chilling (Fig. S2.1A-C). The 

germination of X. viscosa seedlings was found to resemble that of the onion, Allium cepa, 

albeit on a much smaller scale (Gray, 1887). Initially, the cotyledon lengthens within the seed 

and forces the developing radicle through the testa (Fig 2.1C). The embryo is reliant on 

nutrients from the endosperm for the first few days of germination and embryos excised 

during this stage are not viable. As germination progresses, the cotyledon continues to 

lengthen and rapidly turns green (Fig 2.1D). The radicle develops into a single primary root 

which develops root hairs once the cotyledons are between 1-3 mm in length (Fig 2.1E). At 

this stage, the embryo can be divided into four different zones: the cotyledon tip (a pale 
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translucent ball of tissue that absorbs food stores from the endosperm), photosynthetic 

cotyledon tissue, the meristem above the root, and a pointed root tip (Fig 2.1F). A central 

protoxylem is visible in cross-section of the germinating seedling, connecting the meristem, 

above the root zone, to the endosperm (white arrow) (Fig 2.1G). The cotyledon undergoes a 

period of rapid extension (to 4-5 mm in length), before a split in the leading end of the 

cotyledon (Fig 2.1Hi&ii) heralds the appearance of the first true leaf (Fig 2.1I). As the 

seedling develops further, additional leaves emerge from the meristem below the first leaf, 

and the cotyledon eventually senesces. 

The seeds of X. humilis are very similar to X. viscosa, and their seedling development follows 

a near-identical pattern. Individual seeds are smaller than those of X. viscosa, at 

approximately half the length. The seed is oval in shape, and similarly surrounded by a dry, 

spongy husk. The embryo is located at one end of the seed, with the remainder of the seed 

volume taken up by a pale nutrient endosperm. Visible embryo growth and chlorophyll 

accumulation generally occurs rapidly after imbibition within the seed (within 24 hours), but 

germination – piercing of the radicle through the seed coat – takes between 1 and 6 days. As 

in X. viscosa, initial growth is categorised by a rapid extension of the photosynthetic 

cotyledon, while the cotyledon tip remains embedded in the endosperm. The primary root 

lengthens and develops a mass of root hairs. After the cotyledon reaches its maximal length 

of approximately 4 mm, the first leaf emerges through a visible slit in the meristem above 

the root. 
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Figure 2.1. Germination and development of X. viscosa seeds. A) the dry seed, surrounded by husk, 

B) imbibed seed divided in half, showing the endosperm and embryo, C-E) the initial stages of 

germination (radicle protrusion, cotyledon lengthening and greening, root hair formation), F) section 

of a developing seedling embedded in endosperm, G) protoxylem connects the endosperm to the 

meristem (white arrow), H) the cotyledon lengthens dramatically (i), and eventually splits to reveal a 

developing leaf (white arrow) (ii), I) a representative seedling at the oldest stage of post-germinative 

development, showing the first true leaf. New leaves develop from below the first leaf, and 

eventually the cotyledon senesces. The seeds of X. humilis show a near identical developmental 

process, although the seeds are smaller. 

2.3.2 The effect of developmental stage on seedling survival after rapid dehydration 

As has been previously reported by Maia et al (2011), we observed that seedlings of the 

desiccation sensitive A. thaliana lost DT rapidly once the seed coat had ruptured. Slightly 

more than 10% of seedlings survived 48 h of dehydration once the radicle had visibly 

protruded through the seed coat, with the survival rate dropping to 0% at all subsequent 

developmental stages (Fig. 2.2A). As in A. thaliana, untreated seedling survival in response 

to rapid dehydration was also associated with seedling size at the time of drying in both 

Xerophyta species (Figure 2.2B & 3C).  
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The association between seedling size and seedling survival was most apparent in the 

seedlings of X. viscosa. Seedlings at an early stage of germination (cotyledon <0.4 mm) 

showed a near-100% survival rate (Figure 2.2B). Survival rate decreased steadily as seedlings 

increased in size, dropping to only 6% in seedlings with cotyledons 1.6-2 mm in length. 

However, in contrast to A. thaliana, survival rate began to increase again in larger seedlings 

(cotyledons > 2 mm), rising to over 40% in the oldest tested seedlings (cotyledon > 4.4 mm, 

around the stage at which the primary leaf emerges). In contrast, seedlings of X. humilis 

exhibited a low survival rate soon after germination (cotyledon <0.2 mm, 30%), and survival 

dropped dramatically soon afterwards to less than 5% in seedlings with cotyledons 0.2-0.6 

mm in length (Figure 2.2C). Survival increased again, however, in larger seedlings, rising to 

almost 60% mean survival in seedlings with cotyledons greater than 3 mm in length. 

Interestingly, survival of X. viscosa seedlings greater than 2 mm in length was strongly 

associated with the loss of chlorophyll either wholly or partially from the cotyledon (Figure 

2.2D; Fig. 2.3A). Of seedlings with cotyledons > 2 mm, a total of 30% lost chlorophyll, of 

which 76% survived dehydration; whereas only 5% of seedlings that did not lose 

chlorophyll at these stages survived. This was not observed in smaller X. viscosa seedlings, 

or in X. humilis seedlings of any size. In a number of cases, tissue survival was restricted to 

regions that had degraded chlorophyll, while surrounding tissues failed to revive (Fig. 2.3B). 

The primary root of surviving seedlings usually also survived the desiccation process 

unharmed; in cases where it did not, a secondary root(s) would erupt next to or through the 

dead root tissue (Fig. 2.3C). Anthocyanin accumulation was also commonly observed in 

seedling tissues during dehydration and/or rehydration (Fig. 2.3C). 
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Figure 2.2. The effect of developmental stage on desiccation tolerance in untreated seedlings of 

Arabidopsis or Xerophyta. A) Seedlings of A. thaliana rapidly lose DT during germination, B) X. 

viscosa germinating seeds show a dramatic transient decline in DT, but recover at later stages, C) X. 

humilis seedlings exhibit a rapid decline in DT during early germination, but stabilise quickly 

thereafter, D) X. viscosa seedlings with cotyledons greater than 2 mm in length often lost chlorophyll 

from their tissues during desiccation (grey bars), a trait that correlated with seedling survival. This 

was not seen in any X. humilis seedlings of any size. Error bars on line graphs represent SEM. 
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Figure 2.3. Physiological responses to desiccation in X. viscosa seedlings. A) A late-stage seedling 

when hydrated (i), after desiccation (ii), and 48 hours after rehydration (iii). Clear loss of chlorophyll 

can be seen in the desiccated seedling. B) A desiccated seedling showing partial chlorophyll loss from 

the cotyledon (ii; black arrow), and tissue survival restricted to only this region upon rehydration (iii; 

black arrow). In this instance, survival was restricted to one end of the cotyledon. Although the 

cotyledon could survive for weeks in this state, seedling development was arrested by the death of 

the meristematic tissue. C) A rehydrated seedling displaying strong anthocyanin accumulation in 

both cotyledon and first-leaf tissues. Additionally, new roots can be seen emerging alongside the 

former root tip that failed to survive desiccation. 

 

2.3.3 The impact of PEG or sucrose pre-treatment on seedling survival after dehydration 

Although Xerophyta seedlings never became 100% DS, there was a transient decline in the 

ability of X. viscosa and X. humilis seedlings to survive dehydration during early germination 

(Fig. 2.2B&C). This decline may represent a developmental stage at which DT generally 

cannot be re-established, such as a period of desiccation sensitivity during a switch from 

embryonic DT to a vegetative DT state if they are separate processes. Alternatively, young 

seedlings of both species may be particularly vulnerable to the effects of severe osmotic 
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stress as they do not have sufficient resources to mount a successful response against, or 

recover from, rapid dehydration.  For example, depletion of the endosperm-derived 

nutrients upon which the germinating seedlings are dependent during initial growth, or a 

failure to protect the protoxylem connecting the endosperm to the meristem, might be lethal. 

The point of no return can be delayed in many species by priming germinating seedlings 

with moderate osmotic stress prior to dehydration, such as incubation in a solution of high 

molecular weight PEG. Sucrose has been implicated in the survival of resurrection plants in 

response to desiccation, and the presence of additional sucrose might also alleviate resource 

depletion in germinating seedlings that have not yet become self-sufficient. We thus used 

PEG and sucrose pre-treatment to investigate whether priming of X. humilis, X. viscosa or A. 

thaliana seedlings improved their ability to survive dehydration. 

In agreement with previous reports, incubation in a -2.5MPa PEG-8000 solution for 48 h 

prior to dehydration improved the survival rate of A. thaliana seedlings (Fig. 2.4A), most 

noticeably at the stages of radicle protrusion (radicle 0.2 mm; 9% survived untreated vs. 74% 

PEG-treated) and radicle extension (radicle 0.35 mm; 1% vs. 20%). Nonetheless, mean 

survival rate dropped to less than 5% by the time the root hairs were first visible (radicle 

0.45mm). Growth on 3% sucrose resulted in delayed germination in A. thaliana and led to the 

accumulation of anthocyanins, as has been reported previously for this species (Gibson, 

2005; Teng et al., 2005). However, the presence of exogenous sucrose also improved seedling 

survival after dehydration. Whereas only 9% and 1% of untreated seedlings survived at the 

stages of radicle protrusion and extension stages respectively, supplementary sucrose 

improved survival to 59% and 42% at these stages (Fig. 2.4A). As with PEG-treated 

seedlings, mean survival dropped to less than 5% in seedlings with a radicle longer than 0.45 
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mm, suggesting that it is not possible to extend the window for re-establishment of DT 

beyond this point in A. thaliana. 

PEG treatment also increased seedling survival rate after dehydration in X. viscosa (Figure 

2.4B). Total seedling survival averaged 65%, and the transient decline in survival rate 

observed in untreated plants was not apparent in PEG-treated seedlings. Interestingly, the 

majority (83%) of seedlings of all sizes showed complete loss of chlorophyll after incubation 

in PEG, reminiscent of the poikilochlorophylly response seen in adult X. viscosa plants. 

Chlorophyll loss correlated strongly with seedling survival and none of the 17% of PEG-

treated X. viscosa seedlings that failed to degrade chlorophyll survived dehydration (Fig. 

2.4D). Seedling growth was halted upon initiation of PEG treatment. In contrast to its effects 

on delaying germination in A. thaliana, 3% sucrose did not have any observable effect on X. 

viscosa germination rate, nor did it induce anthocyanin accumulation in seedlings prior to 

dehydration. However, sucrose pre-treatment drastically improved seedling survival 

irrespective of cotyledon length: average survival of sucrose-treated seedlings was 91% 

across all developmental stages, with the lowest survival rate of 79% occurring in seedlings 

2-2.9 mm in size (Figure 2.4B). As was seen in untreated X. viscosa seedlings, chlorophyll loss 

was only observed in larger seedlings, with incidence increasing with cotyledon length (Fig. 

2.4E). 

PEG treatment dramatically improved seedling survival rates in X. humilis (Figure 2.4C). 

The survival rate of young seedlings (cotyledon 0-1.4 mm), including the stages found to be 

most at risk in untreated seedlings (0.2-0.6 mm), showed a near-100% survival rate. PEG-

treated seedlings did show a transient decline in survival rate in seedlings between 1.4-3 

mm in length, dropping to a minimum survival rate of 60%, but this did not coincide with 
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previously observed sensitive period in untreated seedlings (Fig. 2.4F). Nearly all (>95%) 

PEG-treated X. humilis seedlings lost chlorophyll from their photosynthetic tissues, 

including many that did not survive desiccation, despite the absence of this trait in 

untreated seedlings. Growth on 3% sucrose caused a delay in the germination and 

development of X. humilis seedlings, as well as slightly reduced total germination. Unlike A. 

thaliana, anthocyanin accumulation was not evident and development was otherwise 

unaffected. However, pre-treatment with 3% sucrose did have a marked effect on seedling 

survival rate in response to rapid dehydration (Fig. 2.4C). The survival profile of sucrose-

treated seed mirrored that of untreated seedlings, but was improved by about 35% at all 

early developmental stages (0-1 mm in length). Survival rose to approximately 100% at all 

subsequent stages. Unlike in PEG pre-treatment, chlorophyll loss was not evident in any of 

the sucrose-treated X. humilis seedlings. 
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Figure 2.4. PEG and sucrose can improve seedling DT. A-C) The effect of PEG (light grey line) and 

sucrose (dark grey line) on seedlings of A. thaliana (A), X. viscosa (B) and X. humilis (C), compared to 

untreated seedlings of these species (black line). Error bars are SEM. Chlorophyll loss was observed in 

the majority of PEG treated seedlings of both species (D&F) and in large (> 1.5 mm) X. viscosa 

seedlings (E). 

 

2.3.4 The effect of PEG priming and reduced dehydration rate on seedling survival  

The exact mechanism by priming seedlings by stress treatment (e.g. incubation in PEG) 

induces DT in seedlings is unknown. PEG priming likely induces a transcriptional cascade 

that induces stress response factors in the stressed seedlings, leading to re-establishment of 

DT. It is unclear, however, why a presumably similar response is not observed in untreated 

seedlings during dehydration. It may be that PEG treatment delays lethal water loss long 
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enough for the DT tolerance mechanisms to be fully activated in PEG-treated seedlings, 

whereas desiccation in untreated seedlings occurs too rapidly for these mechanisms to be 

properly activated. Alternatively, PEG treatment may elicit a stronger stress response than 

desiccation under untreated conditions, in which case length of PEG incubation should have 

less of an effect on the re-establishment of DT. To test both of these possibilities, X. humilis 

seedlings of sizes 1.8-2.4 mm were treated with PEG for varying lengths of time (ranging 

from 0 to 24 hours) followed by rapid desiccation, and seedlings of both X. humilis and X. 

viscosa were left untreated and dehydrated slowly over the course of a week under standard 

growth conditions. 

Even short periods of PEG treatment had a dramatic effect on seedling desiccation tolerance. 

Surprisingly, incubating seedlings for an hour or less in PEG appeared to have a negative 

impact on seedling survival: compared to untreated seedlings, with a 20% survival rate, PEG 

treated seedlings had a 5% and 0% survival rate after 30 minutes and 1 hour respectively 

(Fig. 2.5A). However, after 2 hours, PEG treated seedling survival rate increased 3-fold to 

above 60%, and rose to a maximum of over 90% in seedlings treated for 24 hours. This 

maximum value is higher than that observed for similarly-sized seedlings in the original 48 

h X. humilis PEG experiments, which had only a 60% survival rate (Fig. 2.4C). As noted 

previously, PEG treatment alone was sufficient to induce chlorophyll loss from seedling 

tissues, and was clearly visible in around a third of seedlings after just 4 hours of incubation 

(Fig. 2.5A). Longer periods of incubation resulted in a larger percentage of seedlings that 

lacked chlorophyll. 

Seedlings that were subjected to a reduced desiccation rate (air-dried under standard 

growth conditions) fared substantially better than untreated seedlings dehydrated rapidly in 



  

81 
 

a laminar flow hood at both tested stages in X. humilis (Fig. 2.5B). Survival rate of young (0.5 

mm) and older (2 mm) seedlings was above 90% in both cases, with a 100% incidence of 

chlorophyll loss in both. A similar but less dramatic trend was seen in X. viscosa seedlings, 

where only older seedlings (≈3 mm and ≈4 mm) were tested (Fig. 2.5C). This indicates that 

many of the results observed in previous sections (failure to survive at small sizes, lack of 

chlorophyll loss in untreated X. humilis seedlings) may be related to differences in 

desiccation rate at different stages of development. 
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Figure 2.5. A longer period of priming improves Xerophyta seedling survival after desiccation. A) 

X. humilis seedlings of cotyledon length 1.8-2.4 mm were incubated in -2.5 MPa PEG-8000 for between 

0 and 24 hours. Seedling survival and incidence of chlorophyll loss was tracked for each seedling. 

Increased survival was observed after only 2 hours, and chlorophyll loss was observed after 4 hours. 

B&C) Seedlings of X. humilis (either 0.3-0.6 mm or 1.8-2.4 mm) or X. viscosa (2.9-3.4 mm or 3.4-5 mm) 

were dried in a laminar flow hood (rapid dehydration) or for one week under standard growth 

conditions (slow dehydration). Survival rate and chlorophyll loss were measured for each seedling 

under each condition. 

 

  



  

83 
 

2.4 Discussion 

The seedlings of many orthodox seed-bearing angiosperms are capable of inducing DT 

during the early stages of germination, even in otherwise DS species (Buitink et al., 2003; 

Maia et al., 2011). Current evidence suggests that this process involves resetting the seedling 

to a quiescent state that resembles that of mature, dry orthodox seeds – suggesting that, 

under the correct conditions, the embryo can halt development and revert to its former 

quiescent state while it still has the resources to continue germination should conditions 

improve (Maia et al., 2011). The point of no return that is seen in the orthodox seeds of many 

angiosperm species is associated with the epigenetic silencing of most seed- and maturation-

associated gene networks (Bouyer et al., 2011). This could be an evolutionary trade-off 

between out-surviving competing seedlings during a particularly harsh, extended drought 

when young, and being able to outgrow competitors during periods of brief osmotic stress 

once the energetic costs involved in successfully desiccating completely become restrictive. 

The acquisition of vegetative DT in angiosperms may have evolved through the co-option 

and expression of the networks regulating angiosperm seed maturation genes in adult 

tissues. A possible means by which this could have occurred would be through extending 

the temporary window during which angiosperm seedlings are able to re-establish DT 

indefinitely. If this is the case, we would predict that the seedlings of resurrection plants 

would not display a point of no return, but would instead be desiccation tolerant 

throughout germination. Our aim was to determine whether this was true in X. humilis and 

X. viscosa, two monocotyledonous, poikilochlorophyllous resurrection plants found in 

Southern Africa. We investigated the DT of the developing seedlings of both of these 
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species, as well as the desiccation sensitive A. thaliana, when untreated or either incubated in 

PEG or supplemented with exogenous sucrose. 

2.4.1 Xerophyta seedlings show a transient decline in DT, which can be rescued by PEG or 

sucrose 

In agreement with previous reports, we found that the seedlings of A. thaliana rapidly lost 

DT once the seed coat had ruptured, but chance of seedling survival could be increased by 

pre-treatment in PEG or, as we found, sucrose. In either case, neither treatment could 

substantially extend the window beyond the point at which radicle length was greater than 

0.45 mm – i.e., this stage probably represents the “point of no return” of this species (or 

ecotype), after which the genes required for DT re-establishment are permanently silenced. 

On the other hand, seedlings of the resurrection plants X. humilis and X. viscosa showed only 

a transient decline in survival rate in response to desiccation. The method of dehydration 

used in this study (desiccation under constant air flow in a laminar flow hood) is likely also 

far more extreme than that which would occur under natural conditions, and seedlings in 

the wild would probably display a much higher survival rate in response to reduced water 

availability. The period at which Xerophyta seedlings were most vulnerable to rapid 

desiccation occurred at different stages of development in the two species. X. humilis 

seedlings were not fully DT immediately after germination, with only a 30% survival rate, 

and survival dropped further in seedlings 0-1 mm in length. Seedlings older than this 

maintained a survival rate between 30-55%, improving slightly with increasing size. X. 

viscosa seedlings showed a 75% survival rate immediately after germination, which declined 

steadily down to 5% in seedlings between 1.5-2 mm in length, before rising sharply in older 
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seedlings. It is unclear why the lowest survival rate for seedlings of the two species occurs at 

different cotyledon lengths, and whether this corresponds to development or physical 

difference between them. For example, the seeds of X. viscosa are larger than those of X. 

humilis and have a greater complement of endosperm, which may indicate that X. viscosa 

seedlings have more available energy reserves during both desiccation and rehydration at 

early stages of development. Alternatively, a larger seed relative to the seedling is likely to 

correspond to a reduced comparative desiccation rate for the seed/seedling as a whole (as 

the larger seed would retain more liquid), which may also explain why the seedlings of X. 

humilis are less tolerant to desiccation than X. viscosa even immediately after radicle 

protrusion. 

PEG and sucrose pre-treatment drastically improved DT in seedlings of both species (Fig. 

2.4). PEG treatment had the most dramatic effect on X. humilis seedlings, where it raised 

seedling survival at early stages to approximately 100% - an increase of over 70% points. 

Oddly, although it eliminated the transient decline of DT observed in young seedlings, 

seedlings between 1.4 – 3 mm in length were less DT when treated for 48 hours in PEG (60% 

minimum survival rate) compared to other stages (Fig. 2.4C&F). However, seedlings this 

size had a 90% survival rate when treated with PEG for only 24 hours in a separate 

experiment, suggesting either a batch effect in one of these experiments or a negative effect 

of extended PEG incubation in these seedlings (Fig. 2.5A). In X. viscosa, PEG treatment 

completely eliminated the transient DT decline, and all seedlings had an approximately 60% 

survival rate irrespective of size. This is much less than the observed increase in X. humilis, 

but still significantly higher than untreated seedlings. PEG treatment was effective within 
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just two hours of treatment in X. humilis seedlings, but appeared to have a negative effect on 

seedling survival when seedlings were treated for 30 minutes to an hour. 

Sucrose pre-treatment had a similar effect on seedling survival to that of PEG treatment, and 

in many cases was even more effective. Sucrose-treated X. humilis seedlings had improved 

DT at each tested developmental stage. Seedlings larger than 1 mm were completely DT 

(100% survival), whereas those below 1 mm in size showed a comparatively reduced rate of 

DT, surviving only 40-70% of the time, but still substantially higher than untreated 

seedlings. Interestingly, the period of reduced DT in PEG treated X. humilis seedlings (1.4 – 3 

mm) was not apparent in sucrose-treated seedlings suggesting that, if the secondary 

transient decline in DT in PEG-treated seedlings is a real phenomenon, sucrose and PEG 

could improve DT in slightly different ways. In X. viscosa, meanwhile, sucrose pre-treatment 

also improved DT across the board; minimum survival rate was just 80% (in seedlings 2 – 

2.9mm in length) and substantially higher than this at all other stages. 

Although the mechanism of action is unclear, PEG treatment has previously been shown to 

transiently induce seedling DT in various angiosperm species. However, the effects of 

treating with exogenous sucrose on the DT of developing seedlings have so far not been 

reported. Sucrose has been shown to induce DT and freezing tolerance in axillary buds and 

shoot tips of various species for the purposes of cryopreservation, possibly by activation of 

similar ABA signalling pathways as those involved in seedling DT (Suzuki et al., 2006, 2005, 

1998). Unfortunately, the exact role exogenous sucrose plays in this process cannot be 

determined from the results in this study. It seems unlikely that the relatively minor osmotic 

effects of sucrose alone (-0.22 MPa) (Sarkar, 2009), would be sufficient to prime the DT 

response, as osmotically stressed PEG-treated seedlings (-2.5 MPa) had a differing survival 
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profile (X. humilis) or did not recover to a remotely similar degree (X. viscosa). Alternatively, 

exogenous sucrose may have acted as an energy source that was independent of seedling 

stage, reducing the total number of seedlings that failed to survive purely due to a lack of 

sufficient resources to mount a successful desiccation response. However, the ability of PEG 

to induce DT in >70% of X. humilis seedlings within 8 hours (Fig. 2.5A) would seem to refute 

a general lack of available seedling resources in the majority seedlings, although it may not 

be in a readily-metabolisable form prior to PEG priming. Sucrose may also play a protective 

role during desiccation. Functionally, sugars – mainly sucrose, but also other classes of 

carbohydrates – have been predicted to act as osmoprotectants that, together with LEA 

proteins, form the cellular glass that protects tissues from desiccation (Buitink and Leprince, 

2008). High background levels of intra- or extracellular sucrose could have reduced the time 

or carbohydrate metabolism investments required to induce glass formation during the 

desiccation process, and subsequently led to better protection of the seedling tissues during 

dehydration. A final explanation is that exogenous sucrose might prime an ABA signalling 

response in Xerophyta seedlings. Exogenous sucrose can activate ABA signalling pathways in 

the ripening fruits of grape and strawberry (Gambetta et al., 2010; Haifeng Jia et al., 2013), 

and has also been shown to have a synergistic effect with ABA in inducing DT during early 

seed maturation and during somatic embryo formation (Meurs et al., 1992; Saranga et al., 

1990; Senaranta et al., 1989). If the window of seedling DT does involve an ABA-mediated 

reactivation of maturation genes, high background sucrose levels may have had a similar 

synergistic signalling role with ABA and its downstream processes, effectively accelerating 

the desiccation response. 
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2.4.2 Xerophyta seedling survival is influenced by desiccation rate; Poikilochlorophylly can 

be induced at all seed stages, but is likely uncoupled from DT protection mechanisms 

Nearly all surviving PEG treated Xerophyta seedlings degraded chlorophyll irrespective of 

size or stage, suggesting that chlorophyll loss is technically inducible at all stages of seedling 

development in both these species. A similar effect was not observed in A. thaliana, and 

preliminary experiments show that this does not occur in the homochlorophyllous sister 

species, X. elegans. Thus, it is unlikely that this trait is a secondary effect of PEG treatment, 

but is rather related to the adult trait of poikilochlorophylly. Our data suggests that both the 

incidence of poikilochlorophylly and survival of a seedling are dependent on the rate of 

seedling desiccation. In both untreated and sucrose-treated X. viscosa seedlings, chlorophyll 

loss was only observed in larger seedlings (> 2 mm) whereas it was completely absent in X. 

humilis seedlings under the same treatments. However, a slow rate of dehydration under 

standard growth conditions over one week was sufficient to not only improve seedling 

survival compared to untreated seedlings in both species, but also to induce chlorophyll loss 

in nearly all surviving seedlings. In X. humilis seedlings treated with PEG for varying 

lengths of time from 0 to 24 hours, chlorophyll loss was first observed only 4 hours after 

incubation (Fig. 2.5A). Thus, it can be assumed that if the laminar-flow-dried (untreated and 

sucrose-treated) seedlings were desiccating at a rate faster than this, we would not expect to 

see an absence of chlorophyll from their tissues. It is likely then that the occurrence of 

chlorophyll degradation only in larger X. viscosa seedlings is indicative of a slower 

desiccation rate than seedlings at other, smaller stages. Similarly, the absence of chlorophyll 

degradation entirely from untreated or sucrose-treated X. humilis suggests that seedlings of 

this species desiccate more rapidly than X. viscosa seedlings of the same length. 
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Although the occurrence of chlorophyll loss in a seedling was strongly correlated with 

survival, multiple lines of evidence suggest that it is uncoupled from the actual cellular 

desiccation protection mechanisms. Whereas incubation in PEG for just 2 hours was 

sufficient to improve seedling survival rate from 20% to 65%, chlorophyll degradation was 

only visible after 4 hours (Fig. 2.5A). Additionally, although nearly all surviving PEG-

treated and slow-dried seedlings lost chlorophyll, a number of seedlings across multiple 

experiments failed to revive despite losing chlorophyll (Fig. 2.4D&F). Thus, although 

chlorophyll loss can be a good predictor of the probability of seedling survival during 

desiccation in these species, it is neither sufficient nor required to ensure survival. 

In summary, our data suggest that Xerophyta seedlings do not inherently lose DT during 

germination, even under rapid drying conditions, as other angiosperm species do; i.e. there 

is no developmentally-regulated point of no return in these species. One explanation for 

these results is that X. humilis and X. viscosa never close the window of ABA responsiveness 

that allows germinating angiosperm seedlings to revert to a quiescent, mature-dry state, but 

has instead evolved the ability to activate this response throughout its life, even in adult 

tissues. A particularly striking result is the potential for poikilochlorophylly at all seedling 

stages, further suggesting that there is a direct relationship between the seedling and VDT 

response in Xerophyta. Current evidence suggests that the desiccation response of 

resurrection plants is related to the seed maturation pathway, particularly the genes 

involved in late maturation and maturation drying. Though we show strong commonalities 

between the seedling and adult DT response in Xerophyta seedlings, further genetic and 

functional assays will need to be performed in order to validate the relationship between 

these two responses and embryonic DT found in seeds. In Chapter 3 the desiccation 
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transcriptome of adult X. humilis leaves is examined using RNA-Seq, in order to further 

investigate the possible expression of seed maturation genes in vegetative tissues and the 

relationship between VDT and the angiosperm window of DT re-establishment. 
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2.5 Supplementary Data 

 

Figure S2.1. Response of X. viscosa seedlings to several dormancy-breaking treatments. Seeds of X. 

viscosa germinated asynchronously over the course of a week or more, so various treatments were 

tested to see if they could improve germination rate. None of the tested treatments could substantially 

increase rate or synchronicity of germination on batches of 20-30 seeds. 
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Figure S2.2. Seedling bin sizes for each analysis. Numbers given here refer only to viable, 

successfully germinated seedlings used in the analyses, not total seeds plated per experiment. 

Seedlings from multiple replicate plates were pooled, as discussed in Methods. 
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Chapter 3: De novo transcriptome assembly and analysis of desiccating leaves of X. 

humilis 

3.1 Introduction 

Resurrection plants are a diverse group of angiosperm plant species that are desiccation 

tolerant (DT), a rare trait in the vegetative tissues of complex organisms. Although much has 

been achieved regarding the origins and method of action of this trait in some resurrection 

plant species over the past few decades, progress has been limited by the lack of genomic 

and other “omics” data for these non-model plants (Dinakar and Bartels, 2013). Only 

recently has this begun to change, as the increased availability and decreased cost of next 

generation sequencing (NGS) technologies continues to revolutionise the biological sciences. 

The transcriptomes of two resurrection plant species (Craterostigma plantagineum and 

Haberlea rhodopensis) have been sequenced in the past few years, while the first genome of a 

resurrection plant (Boea hygrometrica) was released just last year (Gechev et al., 2013; 

Rodriguez et al., 2010; Xiao et al., 2015). 

NGS is the catch-all term used to describe a range of high-throughput sequencing 

technologies that are considered the “second generation” to those that involve Sanger 

sequencing (reviewed by e.g. von Bubnoff 2008; Pettersson et al. 2009; Voelkerding et al. 

2009; Metzker 2010; Su et al. 2011; Schlebusch & Illing 2012). Unlike Sanger sequencing, 

where increased throughput is limited by the requirement to run multiple gel 

electrophoresis or capillary-based sequencers in parallel, NGS techniques are massively 

parallel in that they can perform millions of sequencing reactions at once. The approaches of 

each NGS sequencing platform are slightly different, but all involve the spatial separation of 
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each target molecule to be sequenced (for example, by suspending the targets in water-oil 

emulsion droplets or attaching them to the surface of a bead or flow-cell), which allows for 

massively parallel sequencing to occur in the same reaction. The major NGS platforms also 

each use slightly different sequencing chemistries, such as pyrosequencing, reversible-

terminator or sequencing-by-ligation. All of the described chemistries share the same 

limitation in that they produce only short runs of sequence information (termed a “read”), 

generally 30-400 bp in length depending on platform, and are more error-prone compared to 

Sanger sequencing. As a consequence, increased depth (the number of times a target locus is 

sequenced) is required to reliably determine the nucleotide sequence(s) of a DNA sample. 

Because NGS sequencing reads are generally far shorter than the DNA in the sequenced 

sample from which they are derived (e.g. a genome), they need to be assembled or mapped 

to a known sequence to be informative. 

NGS technologies and associated high throughput solutions have allowed researchers to 

analyse the genomes and transcriptomes of a variety of organisms (or tissues) at an 

unprecedented scale, speed and low cost, and have understandably replaced many of the 

previously used techniques, such as microarrays. This has made it an ideal tool to study 

non-model organisms, which heretofore have had to rely on limited, low-throughput 

analyses. In this chapter, I use NGS RNA sequencing to assemble and analyse the 

transcriptome of the monocot resurrection plant, X. humilis. 

3.1.1 RNA Sequencing 

RNA sequencing relates to the analysis and quantification of RNA transcripts within an 

organism. This not only includes protein-coding gene transcripts (mRNA), but also the 
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various types of functional non-coding RNAs, such as ribosomal RNA (rRNA), micro RNAs 

(miRNA), long non-coding RNA (lncRNA) etc., and non-functional RNAs, such as those 

occurring due to transcriptional read-through (Kapranov et al., 2007a, 2007b). As most 

sequencing techniques do not yet have the resolution to interrogate the contents of a single 

cell, the term transcriptome most commonly refers to the total RNA transcripts present 

within a tissue or organism at a specific developmental stage or physiological status.  

The most widely used methods to quantify the transcriptome are those that rely on 

hybridisation (such as microarray or Affymetrix) or direct sequencing (Sanger sequencing, 

RNA-Seq) (Mutz et al., 2013; Wang et al., 2009; Zhao et al., 2014). Hybridisation techniques 

can effectively quantify the transcriptome, or more often a custom or pre-chosen subset 

thereof, and are relatively inexpensive. However, they give no sequence information of the 

detected transcripts, and cannot be used to identify or classify novel transcripts or splice 

variants without prior knowledge about the sequence. The earliest sequencing-based 

techniques relied on Sanger sequencing of cDNA or EST libraries. While effective and 

comparatively error-free, Sanger sequencing is low throughput and expensive compared to 

other technologies. Updated techniques, such as serial analysis of gene expression (SAGE), 

cap analysis of gene expression (CAGE) and massively parallel signature sequencing 

(MPSS), were developed to bypass some of the limitations. Though successful, they were 

still expensive and could only sequence small portions of individual transcripts, limiting 

their use in the identification of transcript variants (Wang et al., 2009). 

With the advent of high-throughput NGS and deep-sequencing technologies, a novel RNA 

sequencing method, RNA-Seq, was developed. The first step of an RNA-Seq sequencing 

protocol involves the conversion of an RNA sample (total RNA, or one enriched for poly-A 
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mRNA or non-rRNA transcripts) into cDNA. Usually, the RNA sample has been randomly 

fragmented and size-selected so that all sequences are the same length prior to cDNA 

synthesis. As with conventional NGS methods sequencing adaptors (DNA tags containing a 

known, unique sequence) are ligated to either one or both ends of the resultant cDNA 

sequences. Low concentration RNA/cDNA samples may require amplification prior to 

sequencing, which can effect downstream transcript quantification or error rate. Each tagged 

cDNA molecule finally undergoes high-throughput sequencing from either one end (single-

end sequencing) or both ends (paired-end sequencing), producing a sequencing read (or 

reads), which can vary in size between 30-400 bp based on the sequencing technology used 

and the original fragment size. Unlike conventional Sanger sequencing, in which a portion 

of a single transcript is sequenced to high accuracy, an RNA-Seq experiment produces a 

staggering number of sequencing reads per run (millions to billions). The comparatively low 

accuracy of high-throughput sequencing methods is compensated for through sheer volume, 

i.e. for each read containing an error at a particular nucleotide position, there will be dozens 

to hundreds of reads that contain the correct base in that position. 

The power of RNA-Seq lies in a number of factors. For one, as opposed to many Sanger 

sequencing methods, RNA-Seq is quantitative: the proportion of sequencing reads derived 

from a given transcript in an RNA-Seq experiment correlates directly with the abundance of 

that transcript within the original RNA sample (Wang et al., 2009). This makes RNA-Seq 

exceptionally useful for measuring relative gene expression and, by including RNA spike-in 

controls of known concentration, can even rival qPCR in absolute expression accuracy 

(Mortazavi et al., 2008). The high depth of coverage also allows for a greater dynamic range 

of measurable expression levels compared to hybridisation techniques. Transcript sequence 
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mapping by RNA-Seq is simplified in organisms where an annotated reference genome is 

available. By aligning the short RNA-Seq sequence reads to the genome, it is possible to 

accurately determine the transcript sequence and the sequences of any possible transcript 

variants of a particular gene or genomic locus of interest. A reference genome also makes it 

comparatively easy (though not trivial) to identify transcripts that correspond to 

unannotated genes or those derived from gene fusions (Mutz et al., 2013). The issue is more 

complicated when there is no genome (or a low-quality genome) to which the reads can be 

mapped, as is currently the case with most non-model organisms (Benjamin et al., 2014). It is 

then necessary to assemble the millions of contiguous sequencing reads directly, a task that 

is both fundamentally and computationally challenging (Miller et al., 2010). 

3.1.2 De novo transcriptome assembly 

Without a reference genome, it is necessary to assembly transcript sequences de novo, using 

only the information contained within just the sequencing reads (Grabherr et al., 2011). In its 

simplest implementation, de novo assembly of high-throughput sequencing reads requires 

loading the individual reads into memory, finding significant overlaps between two or more 

reads, merging them to form larger contiguous sequences (“contigs”), and repeating this in 

an iterative fashion until only contigs remain. In an ideal situation, these contigs should 

represent the original sequences (cDNA, genomic DNA) in the original sample from which 

the reads were derived. In actuality, this process is complicated by a number of factors. For 

one, NGS sequencing technologies produce a lot of sequence data – far more than is able to 

be processed within the memory of most current desktop computers or many computing 

clusters – making it necessary to manipulate or compress the sequence information and data 

structures before it is usable. The algorithm described above is also impractical time-wise, as 
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determining the network of shared edges between millions of sequences in a pairwise 

fashion is spectacularly time consuming and inefficient. Furthermore, de novo assembly is 

complicated by the realities of naturally occurring DNA sequences: genomes often contain 

stretches of low complexity sequence (mono- or –dinucleotide repeats, for example), and 

much of the genome is not unique due to the presence of repeated sequences (duplicated 

genes, transposons, LINEs, SINEs, etc.). This introduces ambiguity into the assembly 

process, as a single read could be contiguous with reads from unrelated genomic loci. Lastly, 

no sequencing technology is error-free, and the existence of errors or misclassified bases 

within a read can further complicate the assembly process. 

Many of the mathematical and computational techniques that were created to solve or 

sidestep these problems were originally pioneered for the task of de novo genome assembly 

(Luo et al., 2012; Simpson et al., 2009; Zerbino and Birney, 2008). Most of these rely on the 

computer science abstraction known as “graphs”, where the relationship between individual 

sequences (e.g. a read) is modelled as a network of nodes (unique sequences) and directed 

edges that connect them (Compeau et al., 2011; Li et al., 2012; Miller et al., 2010; Schatz et al., 

2010; Zerbino and Birney, 2008). By tracing the path between a start and end node, it is 

possible to recreate the sequence from which those nodes were derived. In an ideal, but 

unrealistic, dataset all nodes would be visited only once while tracing this path, i.e. there is 

no ambiguity between nodes or edges, and the path does not intersect with itself. In real 

sequence this is unlikely, but by tracing all possible paths in a graph it is possible to 

determine all of the contig sequences from which the graph was derived. The most 

commonly used form of graph-based sequence assembly relies on a model known as a De 

Bruijn graph. In De Bruijn graph-based sequence assembly, the nodes do not represent 



  

99 
 

entire reads but rather “k-mers” – all possible fixed-length subsequences of length k that are 

present within the read dataset. Directed edges connect each node to all other nodes that 

share a k-1 sequence overlap. The optimal size of k can vary across datasets, but must be 

large enough that k-mer sequences can be expected to be unique within the source sequence 

(e.g. a genome), and is usually non-even to prevent the occurrence of palindromic k-mers. 

The division of reads into fixed-length k-mers, though perhaps counter-intuitive, provides 

many benefits for assembly. It reduces the total size of dataset by merging all repeated k-

mer sequences into a single node, thus requiring less memory. It is also exceptionally useful 

for error-correction of genomic sequencing data, based on the fact that a sequencing error is 

far more likely to produce a unique k-mer than a k-mer that already exists in the dataset. 

Thus, very low abundance k-mers can either be corrected (converted to the most likely k-

mer from which they are derived), or removed entirely, reducing the effect of errors on 

assembly. 

The earliest attempts at RNA-Seq transcriptome assembly simply used the de novo genome 

assembly software available at the time (Birol et al., 2009; Collins et al., 2008; Jackson et al., 

2009) . This had some success, but it quickly became evident that many of the assumptions 

that guided de novo genome assembly did not hold true for RNA-Seq (Schulz et al., 2012). In 

genome assembly, it is assumed that the k-mer coverage is more-or-less uniform (i.e. each 

genomic locus has been sequenced the same number of times). This simplifies error 

correction (as mentioned above) and makes repeat regions easier to detect. Additionally, the 

expected outputs of a genome assembly, namely one or more long, non-overlapping contigs 

or scaffolds, are vastly different to those expected of a transcriptome assembly. In contrast, 

transcriptomes do not have remotely uniform coverage, as reads from highly-expressed 
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transcripts (e.g. rRNA in total RNA) will greatly outnumber those from lowly-expressed 

transcripts. The presence of multiple transcript isoforms means that there will be many 

partially overlapping resultant contigs, and k-mer coverage can vary across even the same 

transcript, complicating the graph-tracing process of De Bruijn assemblers. Thus, it was 

necessary to implement new strategies and software for RNA-Seq assembly. 

The most commonly used de novo transcriptome assemblers include TransAbyss, Trinity and 

Oases (Grabherr et al., 2011; Robertson et al., 2010; Schulz et al., 2012). Both Oases and 

TransAbyss are built upon software previously designed for genome assembly (Velvet and 

Abyss, respectively), whereas Trinity was the first assembler designed from the ground up 

specifically for RNA-Seq. Other assemblers also exist that utilise a variety of novel or 

improved algorithms or strategies, such SOAPdenovo-Trans or the recently released Bridger 

assembler (Chang et al., 2015; Xie et al., 2014). Previous studies that examined the 

performance of the top assemblers on both actual and simulated RNA-Seq data determined 

that there were considerable differences between the resultant assemblies derived from each, 

even when assembling the same sequencing data (Schulz et al., 2012). For example, 

TransAbyss was better at assembling lowly-expressed transcripts, whereas Trinity was best 

at assembling highly-expressed transcripts. Oases excelled at assembling transcriptomes 

with a wide range of transcript expression levels and was more sensitive than the other two 

assemblers, but was also less accurate overall. Thus, the choice of assembler can have a 

major impact on the results of a de novo RNA-Seq assembly. The optimal assembler or 

assembly strategy for a sequencing experiment can depend on the available computational 

resources for the study, and more importantly may vary from species to species or even 

based on the sequencing platform used. Recently, it is becoming increasingly common to 
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combine the results from multiple assemblies to produce a better representation of the 

“true” transcriptome (Rismani-Yazdi et al., 2012; Zhao et al., 2011). This can mean 

combining the transcript sequences produced by different assemblers, or the results from the 

same assembler using different assembly parameters, typically k-mer size. Unlike genome 

assembly, where there is generally an “optimal” k-mer size with which to perform sequence 

assembly that is dependent on the total coverage and architecture of the specific genome, it 

has been shown that k-mer size can severely impact the ability of an RNA-Seq assembler to 

correctly assemble given transcripts within a transcriptome. Specifically, smaller k-mer sizes 

are much better at assembling lowly-expressed transcripts, whereas larger k-mer sizes are 

better at assembling highly-expressed transcripts (Schulz et al., 2012). The rate of transcript 

misassembly is also correlated to k-mer size, with larger k-mer sizes producing less 

erroneous transcripts at the cost of reduced sensitivity. Effective de novo transcriptome 

assembly thus requires a careful balance of sensitivity and accuracy that is unlikely to be 

achieved by a single assembler. 

A few methods have been used to perform post-assembly processing of merged 

transcriptomic data, with the goal of decreasing contig redundancy and maximising “true” 

transcript diversity. Oases and TransAbyss come with built-in tools to merge their output 

assemblies, and can even be run as a single assembly/post-processing pipeline (Robertson et 

al., 2010; Schulz et al., 2012). These tools simply use sequence homology to remove 

redundant transcripts that share high identity (user adjustable) with other transcripts in the 

assembly, retaining only the longest contig. Similar strategies have been used by other 

researchers, for example using the assembler-independent tools TGI and CAP3. TGI clusters 

sequences based on shared similarity; subsequently, CAP3 is used to assemble the clustered 
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contigs to produce a single “consensus” transcript (Rismani-Yazdi et al., 2012; Zhao et al., 

2011). An alternative method instead clusters sequences based on their coding potential, for 

example Evidential Gene or IFRAT (Gilbert, 2013; Mbandi et al., 2015). In the Evidential 

Gene pipeline, the best predicted coding sequence (CDS) is first determined for each contig. 

Contigs are then removed based on percentage shared CDS (user adjustable), with only the 

longest remaining. Subsequently, contigs are clustered based on total sequence identity, as 

above. From the remaining sequences, alignment data and CDS are used to determine 

whether a sequence can be considered "primary" (putative full length) or "secondary" 

(putative smaller isoform/splice variant). Both of these merging strategies have their benefits 

and pitfalls. Techniques that merge contigs based on nucleotide similarity and length alone 

will often enrich for contig misassemblies or artefacts (chimeric transcripts of paralogous 

genes, or artificially long contigs derived from genomic contamination or intronic read-

through) while not removing as many redundant contigs as coding-potential based 

techniques. Clustering contigs based on shared CDS leads to assemblies with worse 

mapping and length statistics (due to the above), but decreased redundancy and lower 

levels of contig misassembly, thus improving homology-based metrics (Nakasugi et al., 

2014). However, by retaining only contigs with coding potential, this technique by definition 

will remove all non-coding transcripts, limiting their use if analysis of such RNAs is desired. 

The aim of the work presented in this chapter was to assemble a reference transcriptome for 

X. humilis and use it to analyse gene expression during dehydration. While transcriptomes 

for two other resurrection plants, C. plantagineum and H. rhodopensis, have been published to 

date,  X. humilis would represent the first available monocot resurrection plant 

transcriptome, and so one more closely related to the majority of major crop species 
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(including wheat, rice, maize and barley), as well as the first from a poikilochlorophyllous 

resurrection plant. Coupled with the transcriptomic data would be RNA-Seq gene 

expression data for a desiccation trial of adult X. humilis leaves at five relative water 

contents: 100%, 80%, 60%, 40% and 5%. This information would give an overview of the 

changing RNA landscape of a desiccating resurrection plant, facilitating the identification of 

co-regulated gene clusters. From there, enrichment for specific cellular processes in a 

desiccating plant through the various stages of desiccation could be identified. Particularly, 

it should give valuable insight into the regulatory mechanisms that control VDT and their 

similarity to those that control seed maturation in angiosperms, an important step in 

confirming the hypothesis that resurrection plant VDT is a seed-derived trait. Lastly, 

because the RNA-Seq data consists of stranded Illumina paired-end reads, it can form the 

basis for a later investigation into the role of long non-coding RNA (lncRNA) in vegetative 

desiccation tolerance. 
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3.2 Materials and methods 

3.2.1 Plant material 

X. humilis plants were collected from Borakalalo Nature Reserve (Northwest Province, South 

Africa) and transported in a desiccated state to the University of Cape Town (North West 

Provincial Government Permit 062 NW-12; Cape Nature Permit AAA007-01733). The dried 

plant mats were transferred to a total of three growth trays containing soil from the 

collection site and maintained in the UCT Botany greenhouse after rehydration. Three weeks 

prior to sampling the plant trays were transferred to a climate-controlled plant growth 

chamber (Conviron Adaptis A350) to acclimatise to the experimental conditions: 16h long-

day, temperature setting of 22°C, an average luminosity of 250 µmol m-2s-1 and watering 

three times a week.  

3.2.2 Leaf collection and RWC calculation 

X. humilis generally grows as a clonally-produced collection of individual plants connected 

by a mat of interwoven roots, thus for the sake of leaf collection it was assumed that all trays 

contained genetically identical plants (Myers et al., 2010). For sample collection, undamaged 

leaves were sampled from clusters of plantlets across all trays at the same time of day (11:30 

am) over a period of approximately two weeks after the cessation of watering. Because there 

are few non-destructive methods of calculating RWC of a single leaf without disrupting the 

mRNA expression profile of that leaf (particularly one depending on water content, such as 

desiccation status), each sampled leaf was split down the mid-vein. One half was flash 

frozen in liquid nitrogen and stored at -80C until RNA extraction could be performed. The 

wet weight of the remaining half was measured using a microbalance, and was 
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subsequently wrapped in labelled aluminium foil and left to dry in a drying oven at 60°C. 

After three days, the dehydrated leaves were removed and weighed again to determine the 

dry weight. RWC was then calculated as: 

𝑅𝑊𝐶 = (𝑊𝑤𝑒𝑡 −𝑊𝑑𝑟𝑦)/(𝑊𝑑𝑟𝑦 × 𝐴𝑊𝐶) 

Where Wwet is the wet weight of the leaf tissue, Wdry is the dry weight of the same tissue, and 

AWC is the absolute water constant – a measure of the maximum turgidity of the leaf.  

An approximate value for AWC was calculated by averaging the absolute water constant 

across a sample of leaves from all trays. Five healthy leaves were selected from each of three 

trays, giving a total of 15 leaves. The leaves were partially immersed in sterile, distilled H2O 

in a petri dish, which was sealed with Parafilm and incubated at 4°C for 12 hours. After 

incubation, the leaves were removed from dish, thoroughly dried on a piece of paper towel, 

and weighed to determine the turgid weight (Wturgid). Finally, each leaf was wrapped 

separately in aluminium foil and left to dry at 60°C. After 3 days, the dried leaves were 

weighed once more to determine the dry weight. The AWC for each leaf was calculated 

using the following formula, and the average value for the 15 leaves determined: 

𝐴𝑊𝐶 = (𝑊𝑡𝑢𝑟𝑔𝑖𝑑 −𝑊𝑑𝑟𝑦)/𝑊𝑑𝑟𝑦 

3.2.3 Experimental design, RNA extraction and quality assessment 

The desired leaf RWCs for the RNA-Seq experiments were chosen to be 100% (fully 

hydrated), 80%, 60%, 40% and 5% (fully desiccated). RNA was extracted from leaves that 

had been calculated to have a RWC within ±6% of these values. Total RNA was extracted 

from each leaf using Qiazol reagent (Qiagen) and a modified version of the manufacturer’s 
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instructions. Two-millilitre curved-bottom microfuge tubes were prepared before the RNA 

extraction containing three 3 mm stainless steel ball bearings and 400 µl Qiazol reagent 

(Qiagen). Frozen leaves chosen for RNA extraction were quickly transferred to each tube 

from -80°C storage, and the leaf tissue was disrupted by rapid agitation in a MM400 

Oscillating Mill (Retsch) for 15 minutes at 30 Hz, or until homogenisation could be visibly 

confirmed. After disruption, an additional 600 µl Qiazol reagent and 200 µl chloroform were 

added to the sample, which was vortexed for 30 seconds and incubated on ice for 5 minutes. 

Chilled samples were centrifuged at 12,000 x g for 15 minutes at 4°C to pellet debris and 

separate the supernatant. The upper aqueous layer was transferred to a new tube, diluted in 

an equal volume of 70% ethanol made up in DEPC-treated sterile H2O, and total RNA 

purified using an RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions, 

including an on-column DNase I digestion. The purified RNA was eluted in 25 µl RNase-

free water. The samples were immediately placed in storage at -80°C, except for a small 

volume kept aside to be used for RNA quantification and quality assessment. The RNA 

concentration for each sample was measured using a Nanodrop ND-1000 spectrophotometer 

and was calculated by averaging the readings from three individual 1ul aliquots. The purity 

and extent of degradation of the RNA samples was visually analysed on a denaturing 

agarose gel. One microliter of each sample was denatured at 60°C for 5 minutes in 2 x 

volume of RNA sample loading buffer and electrophoresed for 30 minutes on a 1.2% 

denaturing formaldehyde agarose gel. RNA extracts determined to be of high quality at each 

RWC were pooled to form three independent biological samples for each RWC. The 

biological pools were comprised of total RNA from 1-5 leaves, and no RNA was shared 

between pools. Each pool consisted of an equal amount of RNA (in µg) from its constituent 

leaf RNA extracts, and was reassessed for both concentration and quality via NanoDrop and 
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gel electrophoresis after pooling. For transport purposes, a 5 µg aliquot of each RWC 

replicate pool was treated with 20 µl of RNAstable LD (Biomatrica), following the 

manufacturer’s instructions. Each sample was then vacuum dried using a SpeediVac 

(Savant), wrapped in Parafilm and sealed in a protective heat-sealed moisture-resistant bag 

with a separate sachet of silica-based desiccant. In parallel, replicate samples were also 

treated and desiccated with RNAStable LD, stored for 7 days in an air-tight container, and 

then rehydrated in sterile, DEPC-treated water as per the manufacturer’s instructions. These 

re-solubilised samples were sent for analysis on a Bioanalyser (Agilent) at the Centre for 

Proteomic and Genomic Research (CPGR) in Cape Town, South Africa, to confirm RNA 

stability. 

3.2.4 RNA Sequencing 

The RNAstable-protected samples were sent to the Beijing Genomic Institute (BGI) for 

sequencing. Sequencing libraries were prepared using the Illumina TruSeq Stranded Total 

RNA with Ribo-Zero Plant kit (Illumina), and 150 bp fragment size. Sequencing was 

performed over 8 lanes of an Illumina flow cell using a HiSeq2000 sequencing instrument 

and a 90bp paired-end amplification protocol. The resulting raw reads were pre-processed 

by BGI, and the cleaned data was made available for download from their FTP server. The 

unprocessed raw reads were also uploaded by request. 

3.2.5 Read quality checking and pre-processing 

Read quality was assessed using the FastQC software package (v0.10.1; 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). For each library, Illumina 

adaptors and low-quality nucleotides were removed with Trimmomatic (v0.32; Bolger et al. 
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2014), using a sliding window size of 4, a PHRED quality score cut-off of 20 and a minimum 

read length of 25. Orphaned reads that lost their read pair were also discarded from the 

dataset. Error correction of the remaining paired reads was performed using SEECER 

(v1.0.3; Le et al. 2013) using a kmer size of 25, a cluster log-likelihood threshold of -1 and 

maximum entropy cut-off of 0.6. For de novo transcriptome assembly, the SEECER-corrected 

(assigned and unassigned) read pairs from each library were combined and read levels were 

normalised using the Trinity in silico normalisation pipeline in paired-end mode, with a 

kmer size of 25, a maximum coverage of 50 and a PCTS (deviation in kmer coverage divided 

by average kmer coverage, as a percentage) of 200. The resulting normalised paired-end 

reads were then merged using BBMerge v6.2, part of the BBMap software package 

(http://sourceforge.net/projects/bbmap/) in ungapped (overlap) mode, with a 12 bp 

minimum overlap and a maximum of 3 mismatches. The BBMerge unmerged and merged 

reads were used in the Trinity and Transabyss assemblies (which allow the input of both 

paired and unpaired reads simultaneously), whereas Bridger assemblies were done only on 

non-BBMerge processed normalised read pairs. 

3.2.6 De novo transcriptome assembly 

Multiple de novo transcriptome assemblies were performed using the assemblers Trinity 

v2014-04-12 and Trinity v2.0.6 (Grabherr et al., 2011), TransABYSS v1.5.2 (Robertson et al., 

2010) and Bridger v2014-12-1 (Chang et al., 2015). All assemblies were created using the 

latest version of the assembly software (with the exception of Trinity), with default settings 

and the read strand-specificity set to match the Illumina dUTP stranded sequencing protocol 

(forward-reverse, FR). Multiple kmer sizes were also used, where possible. However, Trinity 

uses a recommended pre-set kmer size of 25, and so was not adjusted. Bridger assemblies 
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were constructed using kmer size of 19, 21, 25 and 31. Trans-ABYSS assemblies were 

constructed using a kmer size of 25, 31, 35, 41, 45, 51, 55, 61, 65, 71 and 81. Ultimately, eight 

of these assemblies (Trinity k=25, Bridger k=21, 25, 31, Transabyss k=25, 41, 61, 81) were 

merged using the Evidential Gene pipeline (http://arthropods.eugenes.org) (Gilbert, 2013), 

yielding a primary and secondary transcript set (putative coding transcripts and potential 

isoforms). De novo assembly and assembly post-processing were performed on a 1TB 

supercomputing cluster (Dakon) at the UCT Computational Biology Division. 

3.2.7 Read count and FPKM calculation 

The SEECER-corrected paired-end reads for each of the 15 samples (five RWC with three 

biological repeats) were mapped to the combined primary and secondary transcript sets 

using Bowtie2 (v2.2.4; Langmead & Salzberg 2012). The parameters “--fr --nofw --no-mixed -

-no-discordant” were set, in order to account for the strand-specific libraries and paired-end 

reads, and the total number of mappings for each read was counted by including the 

parameter “--all”. The resulting BAM alignment files were used as an input to Corset (v1.03; 

Davidson & Oshlack 2014), which clustered the de novo transcripts based on both sequence 

similarity and expression levels, and generated a raw read count for each gene cluster 

(group of similar transcripts). The default Corset settings were used. The transcripts within 

each gene cluster produced by Corset were then assembled (if possible) using the CAP3 

assembly software, to produce a consensus sequence (latest release as of March 2015 for 

Linux x86_64; Huang & Madan 1999). FPKM (Fragments Per Kilobase of transcript per 

Million mapped reads) was calculated for each gene cluster using the raw counts produced 

by Corset and the length of the gene cluster consensus sequence or, if a consensus sequence 
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was not available, the length of the longest transcript within a cluster as a representation of 

the gene length. 

3.2.8 Transcriptome evaluation and annotation 

The X. humilis transcriptome was evaluated against a draft version of the X. humilis genome 

(Schlebusch & Illing, unpublished data). For transcript annotation, the assembled transcripts 

were compared to known protein sequences with blastx against local installations of the 

Swissprot, Uniref90 and nr databases. Parameters included “-max_target_seqs 20” and “-

evalue 1e-5”. Initial alignments were performed using the settings “-word_size 6  -threshold 

25” for the sake of speed; sequences with no match after the first round of alignments were 

run with “-word_size 4  -threshold 16”, and lastly using the default word size/threshold 

settings. Output was formatted as XML (“-outfmt 5”) for compatibility with the import 

function of Blast2GO. Transcripts that generated no subject hit in any of these databases 

were also compared to the NCBI non-redundant nucleotide database (nt) using blastn. 

Transcripts within the same Corset gene cluster that did not have a similar top BLAST hit 

were flagged as “ambiguous” in terms of protein-coding identity. Interpro terms were 

extracted from the consensus sequence or sequence of the longest transcript within each 

gene cluster using Blast2Go Pro (v3.0.10; Conesa et al. 2005), and GO ontology terms were 

assigned to the transcripts where possible using imported local blast results from the 

Swissprot database and the recommended mapping/annotation settings. 

3.2.9 Differential expression analysis 

Differential gene expression analysis at each RWC for each of the transcript clusters was 

determined using DESEq2 (Love et al, 2014) and the raw counts determined by Corset for 
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each gene cluster. Differential expression was performed using a log-likelihood ratio test 

(LRT), and default DESeq2 parameters. Genes were called as differentially expressed if the 

false discovery rate (FDR) was less than 0.01. The alpha value for DESeq2 independent 

filtering was set to match this FDR value. All DESeq2 analyses were performed using the 

x64 Windows GUI version of R (v3.2.0; R Development Core Team 2015) and the latest 

version of DESEq2 (v1.8.1; Love et al. 2014), with all required packages. 

3.2.10 Gene expression validation and clustering 

Gene expression values in this study were compared to that of a previous microarray study 

that measured that changes in gene expression in X. humilis leaves during desiccation (Shen, 

2014). The microarray cDNA sequences were compared by reciprocal BLASTN with default 

settings to the assembled X. humilis transcriptome to confidently identify homologous 

transcripts. The normalised microarray expression values were exponentiated to convert 

them from a logarithmic scale, and the expression of genes from both datasets was 

normalised to the maximum expression of each gene. Least-squares regression analysis was 

used to obtain an estimate of the correlation between the two datasets at each specific RWC, 

and between each RWC. A null correlation value was calculated by determining the average 

correlation for each gene to all other genes at that RWC by resampling. 

Expression vectors for differentially expressed genes were predicted using Multi-

Experiment Viewer (MeV; www.tm4.org). Only gene clusters with a maximum FPKM > 1 

and fold-change > 2 were considered for analysis so as to reduce the size of the dataset. 

Regularised log expression values for all genes were calculated using DESeq2 after 

averaging replicate counts, using the “collapseReplicates” and “rlog” (blind = FALSE) 
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DESeq2 functions. These values were used as input for MeV. The expression levels of all 

genes were centred and normalised within MeV, and expression profiles were clustered 

using K-means clustering (k=16, 1000 iterations, distance metric: Euclidian). 

3.2.11 GO enrichment analysis 

GO enrichment for each expression cluster was calculated and visualised using the BINGO 

software package (v3.03; Maere et al. 2005), part of the CytoScape network analysis tool 

(v3.2.1; Shannon et al. 2003). Only GO terms with an adjusted p-value of less than 0.01 were 

considered significant. A custom annotation file containing the X. humilis transcript IDs and 

associated GO terms was used as input, and the full set of successfully-annotated X. humilis 

gene clusters was used as a reference set. 
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3.3 Results 

3.3.1 Plant material 

It was important to determine the AWC prior to calculating RWCs of each leaf sample. The 

AWC across leaves and trays was fairly variable, as would be expected in a biological 

system, but averaged at around 3.4 (±0.36 SD) (Table 3.1). Leaves of dehydrating X. humilis 

plants were collected at 11:30am daily over a period of twelve days during late July and 

early August. In total, 105 leaves were collected across all three trays. A dehydration curve 

(RWC versus day sampled) can be seen in Figure 3.1. Leaves were grouped into bins of 

100%, 80%, 60%, 40% and 5% RWC (±6% RWC) for further analysis (Supplementary Table 

S3.1).  

 

 

Table 3.1. Individual AWC of X. humilis leaves from each plant tray. AWC of the 15 leaves used to 

determine global AWC (± SD) for the experiment. 

 

Figure 3.1. Average RWC (±SEM) for X. humilis leaves collected on each day after the cessation of 

watering. 
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Table 3.2. Leaf samples in each biological pool. RNA extractions corresponding to each leaf in the 

biological sample pools. The letter in brackets next to each leaf corresponds to which of the three 

plant trays the leaf was collected. Also included is the RIN value determined by BGI for each pooled 

leaf sample. 

 

RNA extractions were performed on each leaf individually. After quality assessment of each 

RNA sample via gel electrophoresis, three independent biological pools were created from 

leaves at each of the five selected water contents (Table 3.2). The RIN (RNA integrity) scores 

of the pooled RNA samples were relatively low, especially those of the 80% RWC samples. 

However, variation in RIN scores can differ across tissue type, species and RNA extraction 

techniques, and often does not reflect the true degradation status of the measured sample 

(Johnson et al., 2012). The differences in terms of gene expression, secondary metabolite 

concentration and other physiological attributes between a hydrated, drying and desiccated 

X. humilis leaf could arguably be greater than between two unrelated tissues in a non-VDT 

plant, which may account for the variation in RIN values observed here. Additionally, BGI 

routinely use a mammalian RNA standard during RIN calculation of plant samples, further 

skewing the meaningfulness of the result. 
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3.3.2 Preprocessing of reads 

After pre-filtering, clean reads consisting of over 350 million paired-end sequences, spread 

across 15 experimental samples, were downloaded from the BGI servers. The unfiltered 

(“raw”) reads were also requested for diagnostic purposes, but the quality of the clean reads 

was considered sufficient for downstream assembly and differential expression analysis. 

Pre-processing of the sequencing reads occurred in two steps: quality assessment, trimming, 

and error correction, which were performed on each sample individually to account for 

library-specific biases; followed by in silico normalisation and merging of paired-end reads, 

which was performed on all remaining combined read pairs for the purpose of de novo 

transcriptome assembly. The pre-processing and assembly pipeline is shown in Figure 3.2, 

and an overview of the scripts and commands used can be found at the end of the 

supplementary data (Figure S3.12). 

3.3.2.1 Quality assessment 

There are a number of measures used to quantify the suitability of short sequence reads for 

downstream processes. These include: per-base and per-read sequencing quality (confidence 

that the base call for a particular nucleotide is correct), nucleotide content (the distribution of 

ATGC and N across the library and across reads) and GC content. Additional measures 

include the average length of the reads in the library, the level of duplication of sequences, 

and the presence of over-represented sequences or kmers (sequences of a specific length k). 

The expected observations for each of these measures will be different depending on 

sequencing strategy used (Illumina, 454, PacBio), sample type (metagenomics, single cell 

culture or tissue sample), library preparation (sonication vs. enzymatic digest) and target 
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molecule (genome sequencing vs RNA-Seq). The quality of our pre-filtered sequencing data 

was consistent with general RNA-Seq data (Fig. S3.1A-D). Per-base sequence quality (the 

distribution of PHRED quality scores across each read) matched the expected distribution 

for Illumina sequencing reads (Fig. S3.1A). The average PHRED score for all bases across 

each read was generally well above 35 (Fig. S3.1B) and the reads were exactly 90bp in length 

with 0% N content, likely due to pre-filtering by BGI. Per-base sequence, GC and kmer 

content analyses were marked as “failed” by the FastQC software due to a non-random 

distribution of bases in approximately the first 10bp of each read (Fig. S3.1C&D), but this is 

to be expected for RNA-Seq data. As a consequence, the per-sequence GC% content was also 

marked as irregular in a number of libraries. Duplication levels varied between 66.53% and 

77.18% across the libraries, and did not seem to correlate with the RIN value of the 

underlying samples (Fig. 3.3). Duplication levels tended to be slightly higher in the reverse 

reads by about 1-5%, and was higher in leaves with low relative water contents. Despite 

high duplication levels there were no overrepresented sequences in the libraries in general. 
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Figure 3.2. Read processing and assembly pipeline. A-D) Read pre-processing, including trimming 

and error correction (library-specific), and in silico normalisation and read-pair merging (performed 

on all reads). E-G) Assembly, merging of assemblies and transcript clustering. 
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Figure 3.3.  Read quality scores for X. humilis RNA-Seq Illumina paired-end reads. Per-library 

duplication rates for forward (square) and reverse (diamond) reads, and RNA quality (RIN) for the 

pooled RNA sample corresponding to each library. 

 

3.3.2.2 Read trimming, deduplication and error correction 

Trimmomatic was used to remove low-quality nucleotides from the read ends prior to 

assembly and/or mapping for differential expression analysis. Trimming had minimal effect 

on the dataset, as it had already been pre-processed by BGI (Fig. 3.4A). After trimming, read 

errors were corrected using SEECER. In brief: because the kmer profiles of RNA-Seq data 

differ drastically from those of genomic NGS data, SEECER first pre-assembles reads into 

clusters based on overlapping sequences. Then, reads that are assigned to a particular 

cluster that pass a threshold suggesting that they originated from that cluster are corrected 

based on the consensus sequence of that cluster. On average, approximately 85% of the 
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reads in each library could be assigned to a SEECER cluster, and 28% of these reads had at 

least one error corrected by SEECER (Fig. 3.4A). 

3.3.2.3 In silico normalisation and paired-end merging 

For de novo transcriptome assembly, the reads from each library were merged into a 

combined paired-end dataset. To reduce both assembly errors due to excess coverage of 

high-abundance reads, as well as the computational power required to run the assemblies, 

the combined reads were normalised to a maximum kmer coverage level of 50 (with k = 25) 

using the Trinity in silico normalisation pipeline. This succeeded in reducing the number of 

reads from 350 million pairs to just 27.1 million, a reduction of well over 90% (Fig. 3.4B). 

Most of the reads were discarded due to being over the kmer coverage limit, but a small 

number (0.25%, 1.75 million reads), were discarded due to aberrant kmer coverage across 

the read indicative of sequencing errors. The normalisation step took approximately 15 

hours, using 8 parallel threads of a 1TB supercomputing cluster. The total number of reads 

was further reduced by merging any remaining read pairs that had an overlap due to the 

reported average insert size (150 bp) being smaller than double the read length (90 bp*2 = 

180 bp). Two merging tools were tested: FLASH and BBmerge. Both succeeded in merging 

multiple pairs into single reads. FLASH merged a larger number of sequences (56.1%) with 

default settings compared to the more conservative BBMerge, which merged 51.25% of reads 

(Fig. 3.4C). Ultimately, the BBMerge merged reads were used for de novo transcriptome 

assembly, so as to reduce the risk of introducing assembly errors that could arise due to 

overly aggressive merging of read pairs. The mode of the histogram of merged reads was 

approximately 140bp, consistent with the desired average insert size (150bp) of our TruSeq 

libraries and the minimum BBMerge overlap requirement (Fig. 3.4D). 
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Figure 3.4. Pre-processing of X. humilis reads. A) The effect of pre-processing on read count in each 

library: removed by trimming (black), assigned to a SEECER HMM (green and red), corrected by 

SEECER (red), not assigned to a SEECER HMM (blue), B) the number of reads removed by Trinity 

after in silico normalisation, C) the number of paired reads merged into a single read by BBMerge and 

FLASH, D) histogram showing the frequency of read merging by BBMerge versus combined length of 

the merged reads. This value should tend towards the average insert size for the RNA-Seq libraries. 

 

3.3.3 Transcriptome assembly 

Multiple de novo transcriptome assemblies were created, using a number of assemblers, 

assembly parameters and kmer sizes. The three assemblers used were Trinity (versions 

“r20140413p1” and the latest development version of release 2.0.6 as of March 2015), Bridger 

(release 2014-12-01) and Trans-ABYSS (v1.5.2). The latest stable release of Trinity (2.0.6) 

failed to complete the assembly pipeline on the computing cluster used for these assemblies, 

possibly due to a known file organisation bug in that version of the software. A 
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development version (beta version of the next release) was used instead, which fixed many 

of the errors of the previous release. 

3.3.3.1 Read normalisation 

The effect of in silico read normalisation was investigated for each assembler. For the sake of 

comparison, these assemblies were all performed with a kmer size of 25 on 8 parallel CPU 

threads and no memory limit on a 1TB RAM machine. Only the latest version of the Trinity 

(development branch), Bridger and TransAbyss assemblers were compared, and only 

contigs with a length greater than 200 were reported.  

Read normalisation had a big impact on assembler run time (Fig. 3.5A). Trinity took by far 

the longest of all three assemblers to run, topping out at nearly 140 hours when using all 

reads and default settings. Normalisation dropped this by half, reducing runtime by over 72 

hours, as well as decreasing the assembly disc space and memory requirements. The Bridger 

assembler took nearly 48 hours to assemble the entire read set, but runtime could be reduced 

by over 75% when using normalised reads, reducing assembly time by over 35 hours. 

Transabyss took under a day to assemble even the un-normalised read set, and the effect of 

read normalisation on runtime was significantly less than with the other assemblers – 

assembly time was reduced by 25%, which amounted to less than a 3 hour difference for a 

single assembly. In Trinity, read normalisation lead to an increase in the total number of 

putative transcripts assembled, as well as an increase in the total size of the assembly (Fig. 

3.5B&C). This trend was reversed in Transabyss, which assembled fewer bases and contigs, 

and the effect was negligible on the Bridger assembly. However, read normalisation did lead 

to an increase in contig N50 across all assemblers (Fig. 3.5D). Read normalisation had only a 
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minor effect on the mapping rate of reads against the resultant assemblies. The total number 

of non-normalised reads that mapped concordantly to each assembly with Bowtie2 was 

reduced in those created from the normalised reads with Bridger (by 8%), but increased very 

slightly in the Transabyss and the Trinity assemblies (by 1.5% and 0.35% respectively) (Fig. 

3.5E). 

Read normalisation thus improved many of the reported assembly statistics of X. humilis 

transcriptome assembly, while also reducing runtime and storage space, and so was used for 

all final assemblies. Although the time and space benefit of read normalisation is minimal 

for a single assembly run on most assemblers, it is extremely worthwhile when multiple 

assemblies are to be run consecutively when testing assembly parameters. 
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Figure 3.5. The effect of in silico normalisation on assembly statistics. Normalisation had varying 

degrees of effect on the assembly process and output of the three tested assemblers, including time 

taken to assemble (A), number of contigs (B), total length of the assembly (C), N50 contig length (D) 

and mapping rate (E). 

 

3.3.3.2 De novo assembly results 

In total, 17 assemblies were created using a range of kmer sizes across the three assemblers. 

A comparison of the main assembly statistics can be found in Figure 3.6. 
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Two versions of Trinity were compared, using the recommended kmer size of 25. The latest 

version of Trinity (2.0.6, development branch) produced both the longest total assembly (as 

measured by the total assembled bases), as well as the greatest number of individual contigs 

(defined here as assembled sequences >200bp in length) of all the assemblers (Fig. 3.6A). 

This far exceeded those assembled by the previous version of Trinity, although the N50 

contig length was subsequently lower: 1177bp using the latest version, compared to 1427bp 

using the older version. Bridger, a relatively new assembler, can handle kmer sizes of up to 

32bp in length. De novo assemblies were performed using a kmer size of 19, 21, 25 and 31. On 

average, Bridger created large assemblies with fewer, longer putative transcripts, as can be 

observed by their comparatively high N50 contig lengths compared to the other assemblers. 

Total length of assembled bases and number of assembled contigs increased with kmer size 

between k = 19 to 25, but dropped slightly at k = 31. In contrast, the latest version of 

Transabyss produced the shortest, most fragmented assemblies. Although it produced fewer 

total contigs than Trinity, the total length of assembled bases averaged at half that of Trinity, 

and was also substantially lower than that of Bridger. Consequently, the N50 contig lengths 

of the Transabyss assemblies were universally lower than the other assemblers. The largest 

number of putative transcripts were produced at lower kmer sizes (k < 41), and dropped as 

kmer size increased. The length of the total assembled bases increased from k = 25 to 45, but 

dropped as kmer size approached read length. Mapping rates of reads against eight selected 

assemblies, determined using Bowtie 2, can be seen in Figure 3.6B. Only concordant 

alignments (both pairs align within a given maximum insert size from each other) in the 

correct orientation (Forward-Reverse (FR) for read pairs 1 and 2, respectively, due to the use 

of the dUTP Illumina strandedness protocol) were counted (see Methods). Total mapping 

rate as well as the proportion of multi-mapped reads (read pairs that aligned more than once 
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within the dataset) differed across assemblies (Fig. 3.6B). Average mapping rate was 

approximately 80%. Attempting to map reads in the incorrect orientation (e.g. RF vs FR) 

resulted in negligible read alignments (< 1%), suggesting stranded information was correctly 

accounted for by the assemblers used (data not shown). 

 

Figure 3.6. Statistics of de novo assembly of X. humilis reads with varying assemblers and 

parameters. A) Chart showing the N50 value (circles), number of transcripts (open diamond) and 

total assembled bases (solid diamond) for each assembly with Abyss (purple), Bridger (orange) and 

Trinity (green), B) concordant read pair mapping rate for each of eight selected assemblies. The 

proportions of reads that map uniquely are shown in light grey, whereas those that map multiple 

times within the assembly are shown in black. 
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3.3.3.3 Merging assemblies 

Different assemblers and assembly conditions, such as kmer size, can assemble “true” 

transcript sequences to varying degrees of accuracy. To account for this, multiple assemblies 

are often merged and then filtered to remove redundant contigs - in theory outputting only 

the best-assembled version of each unique transcript. One approach to do this is embodied 

by the Abyss-merge pipeline, which merges multiple assemblies produced using different 

assembly parameters, and then uses a modified BLAT script to remove redundant contigs 

based on percent sequence similarity. This method was tested on the X. humilis Transabyss 

de novo assemblies using either all or a subset of the individual kmer assemblies. The 

average number of contigs produced by Transabyss was approximately 330,000, although 

this number varied across kmer sizes (Fig. 3.7A). Merging the first four assemblies (k = 25, 31 

35 and 41) using a 95% sequence identity threshold and an indel tolerance of 1, resulted in a 

total output of nearly 650,000 contigs (Fig. 3.7A). The total number of contigs produced via 

Abyss-merge increased with the number of input assemblies, albeit in a nonlinear fashion. 

Merging all the Transabyss assemblies resulted in a “non-redundant” merged output of 

nearly 850,000 contigs, far in excess of what would be realistic for any organism, and 

indicative that this approach is unsuited to this X. humilis dataset. An alternative strategy for 

producing a biologically relevant reference transcriptome is to cluster contigs based on 

shared coding potential, rather than entire sequence identity. The Evidential Gene (EviGene) 

pipeline determines whether contigs are potentially protein-coding based on predicted 

coding sequence. Transcripts with a partial ORF (e.g. a low coverage transcript) or multiple 

ORFs (unspliced transcripts/intronic contamination) are penalised if a similar transcript 

codes for the same protein sequence and is of a better quality. This method is preferred over 
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percent-based merging techniques in many cases, as assembly errors are much less likely to 

produce viable coding sequence. Additionally, misassembled chimeric contigs are generally 

longer than their component sequences, thus merging multiple transcripts and selecting the 

longest can actually enrich for assembly artefacts. The Evidential Gene (EviGene) pipeline 

was used to merge a subset of the assemblies in this fashion: specifically, Trinity (v2.0.6 

development branch), Bridger (k = 21, 25 and 31) and Transabyss (k = 25, 41, 61 and 81). The 

EviGene pipeline scripts were modified such that ORF prediction was restricted to only the 

forward strand of each contig, to account for the stranded RNA-Seq protocol used. This 

would prevent the potential merging of contigs produced from opposite strands, and the 

false output of antisense sequences. Prior to merging, the pool of contigs consisted of 

slightly over 2.6 million redundant sequences. After merging, EviGene designated 72,893 

putative transcripts as “primary” (most complete predicted ORF-containing sequences), and 

a further 93,478 sequences as “secondary” (sequences with >50% coding sequence similarity 

to primary sequences – putative isoforms or transcript variants). The remaining contigs were 

classified by EviGene as “dropped”, which implies that they had no coding potential or 

were redundant to the sequences in the primary or secondary sets. The proportion of the 

primary and secondary set contigs that were derived from each assembler largely correlated 

with the number of assemblies used as input (Fig. 3.7B&C). The majority of contigs could be 

assembled using smaller kmer sizes (k <= 25). However, the use of larger kmer sizes was 

clearly beneficial in the case of Abyss and Bridger when compared to Trinity, as they 

produced more unique transcripts (Fig. 3.7B&C). 

I used the Corset de novo transcript clustering software to further combine the primary and 

secondary set of contigs into a single set of “gene clusters” – putative transcripts derived 
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from a single gene. Rather than compare contigs based on sequence similarity, Corset 

groups contigs based on shared read pairs and read-pair coverage: transcripts derived from 

the same genomic locus should have most reads in common, and differentially expressed 

isoforms should have an altered read coverage compared to similar transcripts across the 

dataset or time series. The non-normalised reads of all 15 samples (five RWC, three repeats 

each) were independently mapped to a combined dataset including both the primary and 

secondary sequences using Bowtie 2. In this instance all alignments for each read pair were 

counted, as recommended by Corset (Bowtie 2 parameter “--all"). Mapping rates were fairly 

consistent across all libraries (77±0.02%, Fig. 3.7D). This is lower than the average mapping 

rate for individual assemblies, as would be expected for a filtered dataset. Of the original 

166,371 primary/secondary sequences, Corset found 9,715 to have read counts too low to be 

considered genuine transcripts (total count < 10 across all 15 replicates). The remaining 

156,656 contigs were grouped into 76,868 putative gene clusters. In addition to grouping 

information, Corset also includes raw read counts for each gene cluster with its output, 

which was used for downstream differential expression analysis. 
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Figure 3.7. Merging de novo transcriptome assemblies. A) The results of merging varying numbers 

of Transabyss assemblies created with different kmer parameters using the TransAbyss-merge 

pipeline. The first column (x1) is the average number transcripts produced by all 11 TransAbyss 

assemblies and includes the SD, B) results of merging using the EviGene pipeline, C&D) the 

proportion of transcripts derived from each assembler and kmer size (shaded columns, the values 

represent kmer length) for the primary and secondary EviGene transcript sets, E) percentage of reads 

in each library that map to the combined Primary/Secondary EviGene set either uniquely (light grey) 

or multiple times (black). 
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3.3.3.4 Transcriptome annotation 

Preliminary annotation of the final set of 156,656 contigs (independent of Corset clustering) 

was done using a local installation of NCBI Blast and Blast2Go Pro. The full set of sequences 

was aligned to the Swissprot, UniRef90 and nr/nt databases using blastx/blastn (see 

Methods). For large databases, altering the default word size/threshold score (to either 6/25 

or 4/16 depending on the size of the database) of the blastx search was found to have a large 

impact on alignment speed (as much as a 30-fold increase), without negatively impacting the 

search result. The majority of the contigs (127,151 – 81.2% of the total) were assigned a 

BLAST hit with an e-value less than 1e-5 (Fig. 3.8A&B). The probability of matching a 

known protein, as well as the significance of the sequence alignment, scaled with contig size 

(Fig. 3.8A). In total, the contigs matched to a set of approximately 44000 unique protein ids. 

The vast majority of alignments were to proteins in the Swissprot or UniRef90 databases; the 

nr and nt databases combined supplied less than 100 protein hits that were not present in 

other databases (Fig. 3.8B). Information regarding the taxonomy of each sequence was 

predicted based on the Uniref90 alignments. The majority of sequences matched known 

plant proteins; however, a large proportion aligned to fungal proteins, or had no alignment 

(Fig. 3.8C). Sequences with matches to animal and bacterial proteins, or subjects with no 

available taxonomic group, made up a much smaller proportion of the dataset (Fig. 3.8C). 

Plant matches were mainly comprised of hits to proteins within Phoenix dactylifera (45%) and 

Musa acuminata (18%), but included contributions by Vitis vinifera, Nelumbo nucifera, Oryza 

sativa and Theobroma cacao (Fig. 3.8D). Fungal matches were largely spread across the 

Pleosporineae (15%), Phaeosphaeria (15%), Leptosphaeria (10%) and Pleosporaceae (10%) genera 

(Fig. 3.8E). 
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Figure 3.8. Annotation of the EviGene X. humilis transcriptome. A) Top: number of X. humilis 

contigs with a hit in an NCBI Blast database (hits, light grey; no hits, black) grouped by contig size; 

Bottom: the distribution of e-values for hits in each size group as a percentage, B) number of hits per 

database when searched by database priority (Swissprot, Uniref90, nr, nt); C) taxonomic distribution 

of X. humilis contig blastx top hits, D) distribution of plant species amongst aligned protein hits, E) 

distribution of fungal genera amongst the aligned protein hits. 

 

Despite the disproportionate number contigs with fungal protein matches, these sequences 

represented less than 2% of all RNA-Seq reads across all biological samples (Fig. 3.9A). To 

verify the presence of possible fungal contaminants, the de novo assembled contigs were 

aligned to a rough draft of the X. humilis genome using blastn. Despite the fragmented 

nature of the current genome assembly (Stephen Schlebusch, personal communication), the 
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rate of alignment was impressive. Nearly 100% of contigs predicted to match known plant 

proteins aligned to the genome, as did approximately 50% of sequences with “Animal”, 

“Bacterial” and “Unknown” predictions (Fig. 3.9B). Similarly, 91% of contigs with no match 

to known proteins nonetheless appeared to derive from Xerophyta genomic sequence. In 

contrast, only 2.7% of contigs that were classified as originating from fungal transcripts 

aligned to the X. humilis genome (Fig. 3.9B). 

 

 

Figure 3.9. Verification of X. humilis transcript origin. A) The percentage of reads within each 

library that mapped to contigs predicted to be fungal based on blast alignment, A&B) number of 

sequences that aligned (A) or did not align (B) to the draft X. humilis genome and their predicted 

taxonomic origin. 
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As an independent validation of the Corset clustering method, the protein identity and 

taxonomic classification of each contig was compared to the other contigs within its Corset 

gene cluster. Of the 76,686 total clusters, 30,560 (39%) contained more than a single contig. 

Of these, only 147 gene clusters contained contigs with conflicting taxonomic origin of the 

best protein hit (i.e. hits to an animal and plant sequence), and 2257 gene clusters differed in 

the top protein hit between contigs. However, the majority of these contigs still appeared to 

match similar classes of proteins. The local blastx results for each contig were imported into 

Blast2GO for gene ontology mapping and annotation (see Methods). The GO annotations for 

contigs within the same Corset gene cluster were merged where necessary, resulting in 

43,934 annotated clusters (57% of the total). The contigs within each of these gene clusters 

were assembled using CAP3 if possible to provide a representative consensus sequence; 

otherwise the longest sequence was chosen as representative of the cluster. Interpro scans 

could thus be performed for each gene cluster via Blast2GO, which succeeded in adding 

protein domain information for 16,600 clusters, and additional GO information for a further 

8,950 gene clusters. 

3.3.3.5 Differential expression testing 

Differential expression of the 76,868 gene clusters was tested using the R-based DESeq2 

package for Bioconductor. As input, DESeq2 requires raw read counts (not pre-normalised 

values, or size corrected ones such as RPKM/FPKM) for each gene sample, which were 

provided via the Corset step of our de novo assembly pipeline. As a first step, regularised-log 

transformed (rlog) sample data was compared using Principal Components Analysis (PCA). 

Generally, biological replicates for each RWC clustered together across the principal 

components. The major exception to this was the 80% RWC samples, which were spread out 
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across both axes (Fig. 3.10). None of the post-sequencing analyses indicated anything 

erroneous with these libraries. The 80% RWC samples had the lowest RIN values of all the 

RNA samples (Fig. 3.3), although RNA quality looked similar to other samples when 

visualised on a denaturing RNA gel. Additionally, the 80% RWC samples had some of the 

fewest biological samples per RNA pool (average 2 leaves) compared to other RWC; 

however, the 60% RWC samples did not display such variation despite containing even 

fewer leaves per pool (1.6; Table 3.2). This points toward the variation possibly being a 

biological phenomenon that was not masked due to the low number of leaves sampled. As 

no sample was an obvious outlier and there was no scientific basis to remove them even if 

they were, the 80% RWC samples were kept intact. With the exception of the 80% samples, 

the majority of the variance (first principal component, 81%) seemed to quite clearly 

separate the “wet” samples (100% and 60% RWC) from the “dry” samples (40% and 5% 

RWC; Fig. 3.10). 

 

Figure 3.10: Principal Component Analysis of the regularised log read counts per gene for each 

library. Raw read counts were converted to regularised log (rlog) values using DESeq2 and 

subsequently used to create a diagnostic PCA plot. 
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Differential expression was calculated using the log-likelihood ratio test (LTR) function of 

DESeq2, which tests for genes that are differentially expressed at any of the five time points 

(or RWC) tested. A significance cut-off was selected at a false discovery rate (FDR) less than 

0.01. Of the 76,868 total gene clusters: 19,179 (25%) were removed via the DESeq2 

independent filtering step due to having read counts too low to reliably determine 

significance; 856 (1%) genes were removed entirely as outliers (FDR = NA); and a total of 

30,478 (40%) were found to be differentially expressed (DE) at an FDR <= 0.01 during 

desiccation. Given the high number of DE genes identified by this analysis, a secondary 

filter based on absolute expression levels (genes expressed at a robust level) and fold change 

(genes that show a large change in expression during desiccation) was also used. Because 

raw counts are not comparable across genes of differing lengths, expression levels were first 

normalised by gene length by calculating the FPKM of each gene cluster. An FPKM of 1 was 

chosen as an expression cut-off, and genes with maximum expression below this value were 

removed. A fold-change cut-off of 2 was also implemented, so that all remaining genes 

showed an expression change of at least two-fold between their minimum and maximum 

expression levels. This reduced our dataset to 18,737 gene clusters of interest – still a sizeable 

pool of genes to investigate. 

3.3.3.6 Validation of RNA-Seq gene expression profiles 

The expression of a subset of X. humilis genes in response to desiccation was previously 

studied via microarray (Collett et al., 2004b; Shen, 2014). In the study performed by Shen, the 

change in abundance of 1,680 X. humilis transcripts was investigated in leaves at six RWCs: 

100%, 80%, 60%, 40%, 20% and 5%.  Of these genes, 1,361 (81%) were differentially expressed 

in desiccating X. humilis leaves. 
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Figure 3.11. Correlation of changes in transcript abundance of a subset X. humilis 

transcripts across a previous microarray and this RNA-Seq study. A) Graph of correlation 

values for a set of 1,337 X. humilis transcripts at each RWC between the Shen, 2014 

microarray study and this RNA-Seq study (red line), compared to a null correlation 

determined by resampling of the expression data for each gene compared to every other 

gene at each RWC (blue line). The blue shaded portion corresponds to the standard 

deviation of the null correlation values at each RWC, and thus represents the variance in 

expression values of the underlying dataset. B) Correlation of gene expression at each RWC 

compared to all other RWCs between the microarray and RNA-Seq studies. Values which 

correspond to the highest correlation between the two techniques at a specific RWC are 

bolded and underlined. Gene expression at 60% RWC was not positively correlated between 

the two samples. 

 

The 1860 microarray cDNA sequences were compared by reciprocal BLASTN to the 

assembled X. humilis transcriptome. This resulted in the confident identification of 1,337 

sequences that could be assumed to correspond to the same transcript in both datasets. In 
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order to compare expression levels between the two datasets, the microarray expression 

values were converted from a logarithmic scale and both datasets were normalised to the 

maximum expression of each transcript. The expression of all transcripts was compared at 

each RWC across the two normalised datasets by least-squares regression analysis, resulting 

in the calculation of correlation coefficients corresponding to each RWC (Fig. 3.11A, red 

line).  Additionally, a value for a null correlation was determined by resampling analysis of 

the data for each RWC (Fig. 3.11A, blue line). A value for inter-RWC expression correlation 

was also calculated (Fig. 3.11B). 

Gene expression at four of the five measured RWCs was positively correlated between the 

two datasets (100%, 80%, 40% and 5%; Fig. 3.11A). Surprisingly, there was no correlation 

between gene expression at 60% RWC in the microarray and RNA-Seq experiments (Fig. 

3.11A). Gene expression at 60% RWC as measured by RNA-Seq was most closely correlated 

with that at 100% RWC (0.165) and 80% RWC (0.174) in the Shen microarray study (Fig. 

3.11B). In contrast, gene expression at 60% RWC in the microarray study was most closely 

correlated with the expression at 40% RWC in this study (Fig. 3.11B). Interestingly, gene 

expression at 5% RWC as measured by RNA-Seq was most similar to gene expression at 20% 

RWC in the Shen microarray (Fig. 3.11B). 

To investigate the discrepancies between the measured expression values by the two 

quantification technologies, the 1,337 transcripts were grouped based on a simple 

representation of their expression profiles. Transcripts were considered to have “high” 

expression when their normalised expression was greater than 0.5, and “low” expression 

when it was less than or equal to 0.5. Transcripts were then grouped into sets based on their 

expression at 100% and 5% RWC (four possible expression patterns: High-High, High-Low, 
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Low-High and Low-Low) (Table 3.3A), or by their expression at 100%, 60% and 5% RWC 

(eight possible expression patterns) (Table 3.3B) in both the microarray and RNA-Seq 

datasets. The proportion of all 1,337 transcripts that fell into each expression profile bin was 

calculated, in an attempt to reveal distinct patterns of transcript expression between the two 

datasets. 

The largest proportion of transcripts in both datasets had an expression profile of “HL” - 

representing genes that were higher at 100% RWC than at 5% RWC (Table 3.3A). Transcripts 

with the opposite pattern of expression (“LH”) were similarly high in both datasets (27.7% 

and 23.9%). However, the number of transcripts that showed consistent expression at both 

100% and 5% RWCs (“HH” and “LL”, respectively) differed between the two technologies. 

Over 20% of transcripts from the microarray dataset had “low” expression at both 100% and 

5% RWC, compared to only 7.4% in the RNA-Seq study. In contrast, 27% of transcripts had 

“high” expression at 100% and 5% in RNA-Seq study, compared to only 10% in the Shen 

microarray study (Table 3.3B). Genes that show robust changes in transcript abundance 

between hydrated and desiccated tissue could thus make up a large part of the observed 

correlation between these datasets (Fig. 3.11A), as opposed to genes that show changes in 

expression between 100% and 5% RWC. 

To investigate this further, a similar analysis was performed comparing transcript 

expression between 100%, 60% and 5%, consisting of eight possible expression paths (Table 

3.3B). The most obvious differences between these two datasets consists of transcripts in the 

“HHH”, “HHL” and “HLL” expression bins. A large number of transcripts were measured 

to be in the “HHH” bin in the RNA-Seq study (25.4%), compared to only 2.8% in the 

microarray study (Table 3.3B). A similar trend is seen in the “HHL” bin, which has 34% of 
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all transcripts in the RNA-Seq study, and only 11.1% in the microarray study. The opposite 

is seen in the “HLL” bin, containing 34.5% of transcripts as measured by microarray, and 

only 4% in the RNA-Seq study (Table 3.3B). A related trend is observed between the “LLH” 

and “LHH” bins in the two studies. Although a large number of genes share the “LHH” bin 

- suggesting that both studies agreed on the expression of genes that were activated during 

later desiccation - many of the genes with “LLH” expression were measured as “LHH” in 

the Shen microarray study (Table 3.3B). 

Because the “HHL” vs. “HLL” and “LLH” vs. “LHH” bins alone account for such a large 

proportion of the difference between the two datasets (Table 3.3B), despite the fact that the 

“HL” and “LH” bins are the most similar between the two datasets (Table 3.3A), it is 

consistent with a scenario whereby the gene expression as measured at 60% RWC by the two 

studies in fact corresponds to expression at two different RWCs (Fig. 3.12A&B). Specifically, 

if the measured RWC at 60% RWC in this study is at a higher RWC than that of the Shen 

microarray study, it could result in the observed differences in measured expression of 

genes with these specific expression profiles (Fig. 3.12A&B). 
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Table 3.3. Comparison of the number of genes following specific simple expression 

patterns across microarray and RNA-Seq datasets. The 1,337 shared transcripts were 

grouped into bins depending on whether their expression followed one of a number of 

simple expression patterns. A) Transcripts were grouped based on whether their normalised 

expression was “high” (“H”; > 0.5) or “low” (“L”; <= 0.5) at 100% and 5% RWC, resulting in 

four possible expression patterns (“HH”, “HL”, “LH”, “LL”). Values on the end of each row 

and column correspond to what proportion of all transcripts fell within that expression 

profile for the RNA-Seq and microarray study, respectively. B) Transcripts were grouped 

based on whether their normalised expression was high or low at 100%, 60% and 5% RWC, 

resulting in eight possible expression profiles. Values on the end of each row and column 

correspond to what proportion of all transcripts fell within that expression profile for the 

RNA-Seq and microarray study, respectively. 
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Figure 3.12. Hypothetical scenario in which the 60% RWC samples between the RNA-Seq 

and microarray studies corresponded to higher and lower actual RWC, respectively. A) 

The measured expression of down-regulated genes (“HL”) is elevated in this RNA-Seq 

study if measured earlier during dehydration (e.g. 70% RWC, blue dashed line) compared to 

later dehydration (e.g. 50% RWC, red dashed line) in the microarray study by Shen, 

resulting in skewed measurements of “HHL” and “HLL” gene expression between the two 

studies. B) The reverse is true for up-regulated genes (“LH”), where gene expression 

measured as “LLH” in this study (blue dashed line) could correspond to “LHH” expression 

measured by microarray at a later RWC (red dashed line). 
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3.3.3.7 Expression path clustering and GO analysis 

For the purposes of gene expression profiling, the 18,737 DE gene clusters were separated 

based on whether their origin was predicted to be plant (i.e. X. humilis derived; 18,534), or 

fungal (203). The transcript sets were independently grouped into expression paths using k-

means clustering within Multi-Experiment Viewer (MeV).  X. humilis transcripts were 

grouped into a set of 16 expression paths across the five stages of dehydration (Fig. 3.13). 

 

 

Figure 3.13: X. humilis gene expression clusters. K-means clustering of all 18,534 DE X. humilis 

transcripts (FDR < 0.01; FPKM > 1, FC > 2) using normalised rlog expression values. 
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Furthermore, GO enrichment analysis for Biological Processes of the selected expression 

clusters was performed using the Cytoscape plugin BINGO, which produces a network of 

related GO terms (nodes). Nodes with an adjusted p-value less than 0.01 were removed, 

resulting in the retention of only well-supported sub-networks of GO terms. Due to the large 

changes in gene expression that occurred during desiccation, many of these networks were 

far too vast to include in this chapter, and thus only selected sub-networks of interest are 

given here. Where possible, all nodes within a network are shown; however, superfluous 

nodes or edges may have been trimmed for the sake of visual clarity. In cases where the 

network of GO terms was too large to display, the lowest-level GO terms of the network 

were isolated and grouped based on their position within their local sub-network. 

Up-regulated genes 

The first two clusters contained genes that were transiently up-regulated at 80% RWC. Both 

contained few enriched GO networks. Cluster 1 had only one, relating to cell wall 

biogenesis, whereas Cluster 2 had networks related to ABA catabolism, flowering, 

skotomorphogenesis (seedling growth without light) and seed development (Fig. 3.14). 

In comparison to the first two clusters, Clusters 3 and 4 both consisted of genes that were 

highly expressed at 80% and also 40% RWC.  Despite their similar expression profiles, the 

GO networks enriched in each cluster were quite different. Cluster 3 was enriched for 

numerous terms related to abiotic stress response, including response to light, heat, cold, 

hyperosmolarity, water deprivation and hydrogen peroxide, as well as response to 

signalling molecules abscisic acid, jasmonic acid and carbohydrate stimulus. A smaller 

network related to the release of seed dormancy (Fig. 3.14). Cluster 4, which contained fewer 

genes, had only a single enriched network related to flavonol synthesis (Fig. 3.15). 
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Cluster 5 contained genes that were transiently up-regulated at 60% RWC, before returning 

to the levels seen in hydrated tissue. Although this cluster consisted of a comparatively 

small number of genes (286), it contained a large and diverse assortment of enriched GO 

networks. The two largest related to response to various biotic, abiotic and signalling factors: 

response to triglyceride, ABA, jasmonic and salicylic acids, ethylene and auxin; response to 

wounding, herbicide, cold, salt and water deprivation/desiccation, and various defence 

responses, including response to bacteria, nematodes, insects and fungi. The second large 

GO network related to growth and development, particularly of reproductive structures: 

pollen, seed and fruit development, as well as root growth. A third network consisted of GO 

terms to do with cell wall biogenesis and thickening, and synthesis of cell wall-related 

polysaccharides, such as xylans. Additionally, a small but significantly enriched network 

was present that related to nucleosome assembly (Fig. 3.16). 

Cluster 6 consisted of genes that were also slightly up-regulated at 60% RWC, but heavily 

down-regulated thereafter. The vast majority of these enriched GO terms were concerned 

with regulation of gene expression, such as histone lysine methylation, post-transcriptional 

gene regulation (mRNA splicing, ta-siRNA and miRNA interference) and translation (rRNA 

and tRNA maturation). GO terms related to DNA replication and DNA repair were also 

enriched (Fig. 3.17). 

Clusters 7 and 8 correspond to genes that are transiently or permanently up-regulated at 

40% RWC respectively. Both clusters produced networks that shared a large number of GO 

terms, including large networks relating to stress response and hormone signalling, 

chlorophyll degradation and the release of seed dormancy (Fig. 3.18). 
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Cluster 9 consisted of genes that were progressively induced between 40% and 5% RWC, 

and contained the largest number of enriched GO terms of all up-regulated clusters. The 

largest group of GO terms pertained to chemical biosynthesis processes, including synthesis 

of carbohydrates, lipids, hormones and pigments (Fig. 3.19A), and the second largest 

contained terms related to stress response, both biotic and abiotic (Fig. 3.19B). GO terms 

associated with signalling pathways, particularly sugars, jasmonic acid, ethylene and 

abscisic acid were also enriched (Fig. 3.19C). Lastly, GO terms related to development of 

reproductive structures and cell division/death (Fig. 3.19D), protein 

ubiquitination/degradation (Fig. 3.19E) and regulation of transcription (Fig. 3.19F) were also 

present. 

The last of the up-regulated genes were present in Cluster 10, which contained genes that 

were induced specifically at 5% RWC. Despite the large number of genes (1332), 

comparatively few GO terms were enriched in this cluster. The largest network related to 

lipid biosynthesis, particularly triterpenoids, galactolipids and jasmonic acid. Two other 

networks contained terms associated with ER to Golgi vesicle-mediated transport and the 

targeting of proteins to peroxisomes, as well as catabolism of misfolded proteins (Fig. 3.20). 

Down-regulated genes 

Clusters 11-16 consisted of genes that were down-regulated in desiccated versus hydrated 

tissues. Despite containing 22% fewer total genes, these clusters contained nearly 15% more 

enriched GO terms than the previous clusters (1-10), resulting in large, functionally diverse 

networks. 
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Clusters 11, 12, 13 and 14 contained genes down-regulated to some degree at 80% RWC. 

Despite the large differences in overall expression pattern between these clusters, they 

shared numerous terms within their respective GO networks. These enriched terms could be 

loosely grouped into four processes: 1) response to hormones/endogenous signals, 

particularly jasmonic acid, auxin, ABA, GA and brassinosteroids (Fig. 3.21), 2) response to 

exogenous signals and stress, such as bacteria, desiccation or high light (Fig. 3.22), 3) 

chemical biosynthesis processes, particularly of flavonols, chlorophyll and carbohydrates 

involved in cell wall biogenesis (Fig. 3.23), 4) growth and development, particularly of the 

roots and reproductive structures, such as seeds and flowers (Fig. 3.24). 

Clusters 15 and 16 had very similar expression profiles, and both contained genes that were 

strongly down-regulated after 60% RWC. Unlike Clusters 11-14, GO terms related to stress 

response, endogenous signalling and synthesis were not enriched. A network containing GO 

terms associated with growth and development, predominantly those related to 

flowers/seeds, leaves and leaf vasculature was found in Cluster 15 (Fig. 3.24). Cluster 15 also 

contained a network with GO terms associated with photosynthesis and photosynthetic 

apparatus, many of which were shared with a similar, smaller network found in Cluster 12 

(Fig. 3.25A). Lastly, networks related to the regulation of gene expression were found in 

Cluster 13 (H3K9 methylation, mRNA stability and splicing), Cluster 15 (RNA interference 

by miRNA and ta-siRNA) and Cluster 16 (nonsense-mediated decay, mRNA splicing) (Fig. 

3.25B). 

Seed genes 

GO terms associated with seed development, particularly the processes of seed dormancy 

and release of dormancy, were over-represented in multiple clusters of both up- and down-
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regulated genes. A summary of the top protein hits of these X. humilis genes associated with 

enriched seed-related GO terms, based on BLASTX analysis against known proteins in the 

Swissprot database, is shown in Supplementary Table 3.2. The presence of many seed-

related genes, such as those with similarity to the antioxidant 1-CYS PERODOXIN (PER1), 

oil-body related genes such as oleosins and caleosins (PEROXYGENASE 1/ATS1 and other 

peroxygenases), and desiccation-induced LEAs, were to be expected based on previous 

literature on X. humilis and resurrection plants. Genes predicted to play a general role in 

ABA biosynthesis and signalling but that are not necessarily seed specific, such as 

transcripts with similarity to 9-CIS-EPOXYCARETENOID DIOXYGENASE 1, ABSCISIC 

ACID 8’-HYDROXYLASE 1 and PP2C protein phosphatases were also present across 

numerous clusters, as well as various other enzymes or transcription factors involved in 

general development or signalling. 

Fungal genes 

Despite the large number of predicted fungal transcripts compared to total transcripts (17%, 

Fig. 3.8C), only 203 predicted fungal gene clusters were determined to be DE using our cut-

offs. Due to their small number they could be clustered into only four expression profiles. 

For the most part, fungal genes that were detected were upregulated in response to 

dehydration of X. humilis. These clusters are available in the supplementary data (Fig. S3.2). 
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Figure 3.14. Enriched GO term networks of genes transiently up-regulated at 80% RWC. Networks 

of significantly enriched GO terms (FDR < 0.01) as determined using BINGO, visualised using 

Cytoscape. Node size correlates with the number of input genes containing that term; node colour 
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represents the level of significance (darker nodes are more significant). 
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Figure 3.15. Enriched GO term networks of genes transiently up-regulated at 80% and 40% RWC. 

Networks of significantly enriched GO terms (FDR < 0.01) as determined using BINGO, visualised 

using Cytoscape. Node size correlates with the number of input genes containing that term; node 

colour represents the level of significance (darker nodes are more significant). 
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Figure 3.16. Enriched GO term networks of genes up-regulated at 60% RWC. Networks of 

significantly enriched GO terms (FDR < 0.01) as determined using BINGO, visualised using 

Cytoscape. Node size correlates with the number of input genes containing that term; node colour 

represents the level of significance (darker nodes are more significant). 

 

Figure 3.17. Lowest-level terms within the enriched GO networks of Cluster 6. Networks of 

significantly enriched GO terms (FDR < 0.01) as determined using BINGO, visualised using 

Cytoscape. Node size correlates with the number of input genes containing that term; node colour 

represents the level of significance (darker nodes are more significant). 
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Figure 3.18. Enriched GO networks of genes up-regulated at 40% RWC. Networks of significantly 

enriched GO terms (FDR < 0.01) as determined using BINGO, visualised using Cytoscape. Node size 

correlates with the number of input genes containing that term; node colour represents the level of 

significance (darker nodes are more significant). 
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Figure 3.19. Lowest-level terms of the enriched GO network of genes up-regulated between 40% 

and 5% RWC. Nodes containing no outgoing edges from were isolated from sub-networks of 

significantly enriched GO terms (FDR < 0.01) determined using the Cytoscape plugin, BINGO. Node 

size correlates with the number of input genes containing that term; node colour represents the level 

of significance (darker nodes are more significant). 
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Figure 3.20. Enriched GO networks of genes up-regulated at 5% RWC. Networks of significantly 

enriched GO terms (FDR < 0.01) as determined using BINGO, visualised using Cytoscape. Node size 

correlates with the number of input genes containing that term; node colour represents the level of 

significance (darker nodes are more significant). 
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Figure 3.21. Enriched GO terms related to endogenous signalling in down-regulated gene clusters. 

Nodes containing no outgoing edges were isolated from sub-networks of significantly enriched GO 

terms (FDR < 0.01) determined using the Cytoscape plugin, BINGO. Node size correlates with the 

number of input genes containing that term; node colour represents the level of significance (darker 

nodes are more significant). 
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Figure 3.22. Enriched GO terms related to abiotic and biotic stress responses in down-regulated 

gene clusters. Nodes containing no outgoing edges were isolated from sub-networks of significantly 

enriched GO terms (FDR < 0.01) determined using the Cytoscape plugin, BINGO. Node size correlates 

with the number of input genes containing that term; node colour represents the level of significance 

(darker nodes are more significant). 
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Figure 3.23. Enriched GO terms related to chemical biosynthesis in down-regulated gene clusters. 

Nodes containing no outgoing edges were isolated from sub-networks of significantly enriched GO 

terms (FDR < 0.01) determined using the Cytoscape plugin, BINGO. Node size correlates with the 

number of input genes containing that term; node colour represents the level of significance (darker 

nodes are more significant). 
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Figure 3.24. Enriched GO terms related to growth and development in down-regulated gene 

clusters. Nodes containing no outgoing edges were isolated from sub-networks of significantly 

enriched GO terms (FDR < 0.01) determined using the Cytoscape plugin, BINGO. Node size correlates 

with the number of input genes containing that term; node colour represents the level of significance 

(darker nodes are more significant). 
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Figure 3.25. Other GO terms enriched in down-regulated gene clusters. Groups of GO terms related 

to photosynthesis (A) and gene regulation (B) in Clusters 11-16. Nodes containing no outgoing edges 

from were isolated from sub-networks of significantly enriched GO terms (FDR < 0.01) determined 

using the Cytoscape plugin, BINGO. Node size correlates with the number of input genes containing 

that term; node colour represents the level of significance (darker nodes are more significant). 
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3.3.4 Gene expression analysis of desiccating X. humilis leaves 

Using the transcriptome annotation and differential expression data, I investigated the 

changes in expression of key genes or gene families in the desiccating leaves of X. humilis. 

3.3.4.1 LEA genes are upregulated in response to dehydration in X. humilis 

Putative LEA transcripts were some of the most highly upregulated genes in response to 

dehydration in X. humilis. Nearly 150 gene clusters were predicted through sequence 

similarity and the presence of known LEA Pfam domains to be LEA or LEA-like gene 

transcripts (Fig. 3.26A), and many of the top most highly-expressed genes at 5% RWC were 

transcripts that were annotated as LEA protein-encoding sequences (Fig. 3.26B). The total 

number of predicted LEA transcripts found is far in excess of the number of LEA genes from 

each family currently identified in the genome of A. thaliana and other DS plant species, let 

alone expressed at any one time (Fig. 3.26C). In order to ascertain whether the observed 

increase in LEA-encoding transcripts was due to an expansion in the number of LEA genes 

in X. humilis or due to extensive splicing of individual LEA genes, each transcript was 

aligned to the draft X. humilis genome (Stephen Schlebusch, personal correspondence) using 

BLASTN. Transcripts that shared sequence from the same genomic scaffold coordinates 

were considered to be isoforms derived from the same gene for the sake of this study. This 

resulted in the collapsing of the 150 LEA gene clusters into 124 putative X. humilis LEA 

genes (Fig. S3.4) a still greater number than that found in A. thaliana and other DS species 

(Fig. 3.26C). 

LEA protein transcripts were identified from all known LEA protein families (Fig. 3.26A). 

Although the majority of identified X. humilis LEA protein transcripts were up-regulated in 
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response to desiccation, a number were either down-regulated or not differentially 

expressed across the selected RWCs - most of which could be found in the LEA-8 family 

(Fig. 3.26A; Fig. S3.3). The degree to which LEA transcripts are generally upregulated in 

desiccating X. humilis tissues is highlighted when analysing the reads that map to these 

contigs. In total, over 15% of sequenced reads in the 40% and 5% RWC libraries were 

derived from LEA transcripts, compared to just 1% at 100% RWC (Fig. 3.26D). After 

normalising for transcript length, this could imply that as many as 1 in 5 transcripts present 

during the later stages of desiccation could code for LEA proteins. One particular X. humilis 

LEA-3 transcript alone, with similarity to the A. thaliana LEA protein At1g52690/F6D8.9, 

accounted for over 2% of all sequenced reads across the 5% RWC RNA libraries (Fig. 3.26B). 

The increase in expression of many LEA transcripts appeared to peak (albeit at different 

magnitudes) in two separate stages, 80% and 40% RWC, giving their expression profiles a 

distinct appearance (Fig. 3.26E). This trend was not seen in the unrelated 80% and 60% RWC 

“B” samples, however (Fig. 3.26D). In general, LEA expression was far higher during late 

desiccation (after 60% RWC) than during earlier RWCs (Fig. 3.26E). 
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Figure 3.26: LEA gene expression in desiccating X. humilis. A) Transcripts from each LEA family up-

regulated (green), down-regulated (red) or NDE (yellow) in the X. humilis transcriptome during 

desiccation. B) Ten of the most highly-expressed genes at 5% RWC; cell values correspond to FPKM, 

whereas colour denotes the distance from the expression level at 100% RWC. C) Comparison of the 

number of identified LEA genes in each family in X. humilis and four DS plant species. D) The 

percentage of RNA-Seq reads mapped to LEA transcripts in each sequencing library. E) Normalised 

gene expression profile of up-regulated LEA genes. 
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3.3.4.2 Seed maturation master regulators, with the exception of ABI3, are not differentially 

expressed during desiccation 

I aimed to determine whether DT in X. humilis vegetative tissue evolved from the activation 

of the LEC1/ABI3/FUS3/LEC2 (LAFL) seed maturation transcription factor cascade. Four 

identified X. humilis transcripts had similarity to key regulators of the LAFL pathway, 

namely XhABI3.1, XhABI3.2, XhABI3.3 and XhLEC1.1 (Fig. 3.27A). Only one of these 

transcripts, XhABI3.1, was differentially expressed in response to desiccation in X. humilis 

based on our selected cut-offs. By relaxing the requirements for a minimum 2-fold 

expression change, the XhABI3.2 transcript was also statistically DE based on the FDR value, 

but total fold change and maximum expression level for both genes was still very low (FC ≈ 

2, FPKM ≈ 5). The XhABI3.3 and XhLEC1 transcripts were not DE and, when present, were 

generally expressed at a level below 1 FPKM. Phylogenetic and sequence analysis of the 

proteins encoded by the three identified X. humilis ABI3 transcripts revealed that all three 

clustered together with the ABI3 protein sequences of other monocots. XhABI3.1 and 

XhABI3.2 appeared to be splice variants of the same gene, and so encoded proteins more 

similar to each other than they were to the NDE XhABI3.3 (Fig. 3.27B). Both XhABI3.1 and 

XhABI3.2 were enriched for acidic residues at the N-terminal domain to a similar degree as 

the AtABI3 protein. Interestingly, all three of the identified Xerophyta ABI3 transcripts 

encoded a truncated protein that contained a stop codon shortly after the B2 domain, and 

thus would lack the seed motif-binding B3 domain that is the defining feature of the gene 

family (Fig. 3.27C). 

The LAFL gene network, including ABI3, regulates the expression of multiple seed-specific 

genes, including LEAs and SSPs, during embryogenesis. Multiple LEA transcript were up-
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regulated, as previously discussed, and a search for seed nutrient storage-related protein 

transcripts in X. humilis resulted in the identification of a number of such transcripts, 

including those related to oleosins, caleosins, globulins and bifunctional inhibitor/lipid-

transfer protein/seed storage 2S albumin family genes. With the exception of one 

bifunctional 2S albumin, all were induced in vegetative tissue during desiccation (Fig. 3.28). 

Interestingly, all up-regulated oleosin, caleosin and bifunctional 2S albumin genes were 

induced as early as 80% RWC, whereas all predicted globulin SSP genes were only up-

regulated during late desiccation. 
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Figure 3.27. Two ABI3 transcripts are differentially expressed in desiccating X. humilis leaves. A) 

Heatmap showing expression changes of the only identified LAFL network gene transcripts, 

XhABI3.1, XhABI3.2, XhABI3.3 and XhLEC1. Only two, the transcript isoforms XhABI3.1 and 

XhABI3.2, are DE during desiccation. B) Neighbour-joining phylogenetic tree of aligned ABI3 protein 

sequences from multiple plant species, including those DE in X. humilis (green circles) and NDE (red 

circle). C) Conservation of B1 and B2 domains (blue) across A. thaliana and X. humilis ABI3 protein 

sequences. The B3 domain is absent from all XhABI3 sequences due to a stop codon shortly after the 

B2 domain. A region enriched for acidic residues, but with little other similarity to A1 or A2 from 

AtABI3, is found only in XhABI3.1 and XhABI3.2. 

 

 

Figure 3.28. Predicted nutrient storage related genes identified in desiccating X. humilis leaves. 

Various genes associated with nutrient or lipid storage, usually found abundantly in seeds, were 

expressed in vegetative tissues during desiccation in X. humilis. Cell value is the FPKM, whereas cell 

colour denotes the difference in FPKM relative to 100% RWC. Entirely yellow rows denote genes that 

are not significantly DE. 
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3.3.4.3 Components of the ABA-signalling pathway are activated during desiccation 

I aimed to explore the role of ABA signalling during desiccation in X. humilis by 

investigating the genes involved in ABA metabolism, ABA response and ABRE-mediated 

gene expression. 

In plants, ABA is synthesised through a series of intermediate reactions controlled by a 

specific set of enzymes (Figure 3.29; Milborrow 2001; Nambara & Marion-poll 2005; Baron et 

al. 2012). The ABA biosynthesis pathway is controlled through both transcriptional and 

post-transcriptional regulation, and is proposed to be carefully regulated during 

development (e.g. seed maturation) and in response to stress (Milborrow, 2001; Nambara 

and Marion-Poll, 2005). For example, most of the transcripts of genes involved in ABA 

biosynthesis are up-regulated during drought or salt stress in A. thaliana (Xiong and Zhu, 

2003). Active ABA can also be glycosylated to form ABA-glucose ester (ABA-GE), the 

predominant inactive form of the hormone, and can be converted back to the active form by 

glucose hydrolases such as AtBG1 in A. thaliana (Lee et al., 2006). ABA catabolism is 

controlled by ABA hydroxylases, such as AtCYP707A1-4 in A. thaliana (Nambara and 

Marion-Poll, 2005). 

Orthologues of all of these genes, with the exception of AtBG1, could be identified in the X. 

humilis transcriptome. The biosynthesis genes ABA1 and ABA2 appeared to have only a 

single expressed homologue each in X. humilis, XhABA1.1 and XhABA2.1, whereas there 

were four transcripts with high similarity to ABA4. Six X. humilis transcripts had similarity 

to the NCED/CCD family of carotenoid cleavage dioxigenases. However, only three of these 

(XhNCED2, 5 and 6) were most similar to the NCED genes believed to be involved in ABA 
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biosynthesis in A. thaliana or O. sativa (Fig. 3.30A; Tan et al. 2003; Zhu et al. 2009). Three X. 

humilis transcripts had similarity to the A. thaliana xanthine dehydrogenase family, only two 

of which (XhAAO1 and XhAAO2) were in the acetaldehyde oxidase (AAO) clade that 

contains AtAAO3, the enzyme that catalyses the final step of ABA synthesis in A. thaliana 

(Fig. 3.30B; Baron et al. 2012). However, a phylogenetic comparison of the protein sequences 

of this family was not sufficient to determine if the identified XhAAO genes were necessarily 

functionally equivalent to XhAAO3. Lastly, twelve X. humilis transcripts encoded proteins 

that were highly similar to the A. thaliana CYP707A ABA hydroxylases based on 

phylogenetic analysis (Fig. 3.30C). Three (XhCYP707A4, 10 and 12) were orthologous to 

AtCYP707A4, while the remainder were most similar to AtCYP707A1 and AtCYP707A3. 

Changes in gene expression were not consistent across all X. humilis genes predicted to be 

involved in ABA metabolism. XhABA1.1 and XhABA2.1, which catalyse the first and fourth 

steps of the ABA biosynthesis pathway, respectively, were both down-regulated during late 

desiccation (after 60% RWC; Fig. 3.29 and Fig. 3.30D). However, both of these genes were 

also expressed at a very high level compared to other genes in the pathway (>60 FPKM) 

during early desiccation. The three X. humilis NCED genes predicted to function during 

ABA biosynthesis (XhNCED2, 5 and 6) were up-regulated in leaves during both early and 

late desiccation (Fig. 3.30D), as were the X. humilis ABA4 orthologues (Fig. 3.30D). XhAAO1 

and XhAAO2, which are similar to the ABA biosynthesis gene AtAAO3, were highly up-

regulated only during late desiccation (40% and 5% RWC; Fig. 3.30D). X. humilis CYP707A-

related ABA hydroxylase genes were generally down-regulated after 80% RWC, but those 

orthologous to AtCYP707A4 (XhCYP707A4, 10, and 12) were highly up-regulated during late 

desiccation.  
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Figure 3.29. The expression changes of key ABA biosynthesis pathway genes in X. humilis leaves 

during desiccation. During ABA biosynthesis, zeaxanthin is converted to ABA via a series of 

intermediate reactions controlled by specific enzymes (given in coloured circles; green = up-regulated 

in X. humilis during desiccation, red = down-regulated). ABA can also accumulate through conversion 

of inactive glycosylated ABA to the active form by glucosyl hydrolases such as AtBG1; however, no 

orthologue of this gene could be found in the X. humilis transcriptome. ABA catabolism is achieved 

via ABA 8’- and 9’-hydroxylases (CYP707A1-4 in A. thaliana), transcripts of which were both up- and 

down-regulated in X. humilis during desiccation. Modified from Baron et al., 2012. 
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Figure 3.30. Differentially expressed genes involved in ABA metabolism in X. humilis leaves 

during desiccation. A-C) Unrooted Neighbour-Joining phylogenetic trees showing the evolutionary 

relationship between X. humilis NCED carotenoid cleavage dioxigenase genes (A), abscisic aldehyde 

oxidase (AAO) genes (B) and ABA 8’-hydroxylase genes (C) compared to A. thaliana (purple) and/or 

O. sativa (light blue) protein sequences. Gene homologues known to be involved in ABA biosynthesis 

are marked with an empty blue square. Bootstrap values for each branch were calculated from 1000 

replicate trees, and those with a bootstrap value less than 50 were collapsed. A) Only XhNCED6 falls 

within the same clade as the NCED genes thought to be involved in ABA biosynthesis in A. thaliana 

(AtNCED2,3,5,6 and 9), although XhNCED2 and XhNCED5 group with the rice ABA-biosynthetic 

genes OsNCED1 and OsNCED2. B) XhAAO1 and XhAAO2 group non-specifically with all four A. 

thaliana AAO gene homologues; XhXDH1 is more similar to the related A. thaliana xanthine 

dehydrogenase (XDH) genes, and so is unlikely to be involved in ABA biosynthesis. C) Of the X. 

humilis CYP genes with significant sequence similarity to AtCYP707A1-4, only 12 cluster within the 

same clade (black bar) when compared to all A. thaliana CYPA protein sequences. The full tree can be 

found in the supplementary data (Fig. S3.5). D) Expression changes of the identified ABA metabolism 

genes in the X. humilis transcriptome during desiccation, related to ABA biosynthesis (top half) and 

ABA catabolism (bottom half). Values are FPKM, whereas cell colour denotes the difference in FPKM 

relative to 100% RWC. 

 

The response to endogenous ABA is controlled by multiple families of ABA receptors and 

response factors. Group A bZIP proteins (ABRE binding factors; ABFs) are important 

activators of many ABA response genes downstream of ABA signalling during both seed 

development/germination and vegetative stress. Although no transcript encoding a protein 

that was directly orthologous to AtABI5 was found in the desiccation transcriptome of X. 

humilis, four transcripts were identified with similarity to ABI5-like the group A bZIP TFs 

(XhABF1, XhABF2, XhABF3 and XhABF4) all of which were differentially expressed in leaf 

tissue during desiccation based on our cut-offs (Fig. 3.31A). XhABF1 was strongly induced 

by desiccation at nearly all stages, whereas XhABF2 and XhABF3 were transiently induced at 

low levels at 80% RWC, followed by decreased expression in dry tissue. XhABF4 was 

present at very low levels in hydrated tissue, and decreased further in transcript abundance 

at later stages. A comparison of the predicted X. humilis ABF protein sequences with those of 
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A. thaliana, as well as the seed-specific ABI5 orthologues of O. sativa and T. aestivum, 

revealed that with the exception of XhABF4 they were more similar to ABF proteins 

expressed during vegetative stress than those involved in seed development (Fig. 3.31B). 

Several ABI5 binding proteins (AFPs), which are predicted to negatively regulate ABF 

protein function, were also differentially expressed during desiccation (Fig. 3.31C). The 

majority of AFPs were present at low levels in hydrated tissue, but increased in abundance 

at the later stages of desiccation. 
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Figure 3.31. ABF proteins expressed in X. humilis. A) Expression change of four identified X. humilis 

ABF-encoding transcripts. B) Phylogenetic comparison of predicted X. humilis ABF protein sequences 

with those of A. thaliana, as well as known seed-specific ABI5 sequences of O. sativa and T. aestivum. 

C) Expression of predicted X. humilis ABF-binding AFP protein transcripts. 

 

Upstream components of the ABA signal transduction pathway were also differentially 

expressed during desiccation in X. humilis. With the exception of XhPYL1, XhPYL5 and 

XhPYL12, multiple transcripts predicted to encode PYL-class ABA receptors were strongly 

induced during late desiccation (Fig. 3.32A; Fig. S3.6). Additionally, sixty-one transcripts 

encoding PP2C protein phosphatases were identified in the X. humilis transcriptome, most of 
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which were up-regulated. Phylogenetic comparison of the predicted X. humilis PP2C 

proteins with those from A. thaliana showed that just under half (26/61) could be clustered 

with the group A PP2C proteins, which are involved in ABA signalling (Fig 3.32B; Fig. S3.7). 

Finally, multiple SnRK2 protein kinase genes were expressed during desiccation. 

Comparison of the predicted protein sequences of these genes with the known SnRK2 

proteins from A. thaliana and O. sativa showed that three clustered with the Group 3 SnRK2 

proteins (strongly ABA activated; XhSnRK2.4, XhSnRK2.5 and XhSnRK2.6) and three 

clustered with those from Group 2 (weakly activated by ABA; XhSnRK2.1, XhSnRK2.2 and 

XhSnRK2.11) (Fig. 3.32C; Fig. S3.8). 
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Figure 3.32. Genes involved in ABA signal transduction in desiccating X. humilis leaves. A) PYL-

family ABA receptors. B) Predicted group A PP2C genes based on similarity to A. thaliana PP2C 

protein sequences. C) SnRK2 protein kinase genes. Those predicted to encode group 2 SnRK2 proteins 

based on similarity to A. thaliana and O. sativa protein sequences are marked with an arrow; predicted 

group 3 SnRK2s are marked with an asterisk. 

 

3.3.4.4 Distinct transcription factors and TF families are regulated throughout desiccation 

Out of the 42,958 putative X. humilis genes clusters (ignoring fungal transcripts), 18,534 

(43%) were differentially expressed during a cycle of dehydration. These massive changes in 

transcript abundance imply the existence of massive transcriptional re-programming during 

desiccation. The potential changes in transcriptional activity was investigated via two 

related routes: transcription factors (TFs), and chromatin epigenetic modifications of the 

promoters on which they act. 

Transcription factors expressed in desiccating X. humilis 

Over 3,000 gene clusters were identified as putative TFs based on the presence of the GO 

molecular functions “sequence-specific DNA binding” (GO:0043565) and “sequence-specific 
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DNA transcription activity” (GO:0003700). Nearly 1,300 of these genes were also 

differentially expressed during desiccation in X. humilis, of which slightly over 1,000 could 

be grouped into one of the recognised plant transcription factor families based on Interpro 

binding domains or annotation (Table 3.3; H. Zhang et al. 2011). Those that could not be 

classified were dropped from further analysis to reduce errors due to possible 

misclassification of non-TF genes. 

The majority of TFs in the desiccation transcriptome of X. humilis were from the 

APETALA2/ethylene-responsive binding factor (AP2/ERF), MYB, Homeobox, Zinc-finger C3H 

and WRKY transcription factor families, but a significant number could also be found from 

the basic-helix-loop-helix (bHLH), NAM/ATAF/CUC2 (NAC), zinc-finger C2H2, AUXIN-

RESPONSE FACTOR (ARF), basic leucine-zipper (bZIP) and heat-stress factor (HSF) families 

(Table 3.3). TFs from all of these families have been implicated as significant players in both 

stress response and seed development. To further dissect the role that the detected TFs 

might play during desiccation, TFs from known families were clustered into expression 

profiles using the MeV k-means algorithm. In total six expression clusters were selected (Fig. 

3.33). The identified TFs displayed consecutive waves of expression as desiccation 

progressed: clusters U1 and U2 were induced during early dehydration (80% and 60% RWC 

respectively), whereas clusters U3 and U4 predominantly had peak expression at 40% and 

5% RWC. Gene down-regulation was most prominent at 80% RWC and 40% RWC (cluster 

D1 and D2). For the most part, the distribution of the top ten TF families within each cluster 

was similar to that for the dataset as a whole, with AP2/ERF, Myb and homeobox-domain 

TFs being the most common (Fig. 3.33).  
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Table 3.4: Distribution of transcription factor (TF) gene families in the X. humilis transcriptome. 

Putative TFs were identified based on the presence of the GO terms “sequence-specific DNA binding” 

(GO:0043565) and “sequence-specific DNA transcription activity” (GO:0003700) . TF gene transcripts 

were then further categorised by the presence of common plant TF motifs or binding domains 

(Interpro), or by similarity to known plant TFs in the NCBI Swissprot/Uniref90 databases. 
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Figure 3.33: Expression profiles and distribution of TF families in the X. humilis desiccation 

transcriptome. TF gene transcripts were clustered into expression profiles by MeV k-means 

clustering. The numbers of genes from each plant TF family were tallied, and the top 10 families in 

each cluster are displayed in this figure (bar graphs; x-axis is number of transcripts). 

 

In an attempt to characterise the diversity of TF functions during desiccation in X. humilis, 

GO enrichment analysis was performed on the predicted TF expression clusters. A very 

large number of GO terms were enriched across and between clusters. For example, all six 

clusters were enriched for GO terms associated with positive and negative regulation of 

DNA-templated transcription compared to the rest of the transcriptome, as would be 

expected for TF genes. However, numerous other terms were also shared between all 
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clusters, irrespective of expression profile (Fig. 3.34). These included terms related to 

defence response (regulation of defence response and plant-type hypersensitive response; 

respiratory burst, and response to bacteria/fungi), signalling (response to chitin, 

cyclopentane, cytokinin, auxin, ABA and far-red light; GA and ethylene signalling 

pathways; jasmonic and salicylic acid induced systemic resistance), and growth and 

development – particularly of reproductive structures (regulation of flower/seed 

development, regulation of seed dormancy/germination; regulation of photomorphogenesis 

and leaf senescence). Due to the very large number of significantly-enriched GO terms (even 

after accounting for the above shared GO terms) further analysis focused largely on the 

lowest-level GO terms that were uniquely found in each cluster (Table 3.5). However, a list 

of terms shared by two or more TF expression clusters is also given in Table 3.6. 
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Figure 3.34. Enriched GO terms shared between all TF expression profiles. Only the lowest-level 

GO terms within the network are labelled (large blue nodes), although all visible nodes were 

significantly enriched in each respective cluster (adjusted p-value < 0.01). 
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GO Code Biological Process U1 U2 U3 U4 D1 D2

GO:0001666 response to hypoxia 1 0 0 0 0 0

GO:0009615 response to virus 1 0 0 0 0 0

GO:0009648 photoperiodism 1 0 0 0 0 0

GO:0009785 blue light signaling pathway 1 0 0 0 0 0

GO:0009880 embryonic pattern specification 1 0 0 0 0 0

GO:0010160 formation of organ boundary 1 0 0 0 0 0

GO:0010358 leaf shaping 1 0 0 0 0 0

GO:0050826 response to freezing 1 0 0 0 0 0

GO:0006333 chromatin assembly or disassembly 0 1 0 0 0 0

GO:0006346 methylation-dependent chromatin silencing 0 1 0 0 0 0

GO:0006366 transcription from RNA polymerase II promoter 0 1 0 0 0 0

GO:0007155 cell adhesion 0 1 0 0 0 0

GO:0008285 negative regulation of cell proliferation 0 1 0 0 0 0

GO:0009410 response to xenobiotic stimulus 0 1 0 0 0 0

GO:0009555 pollen development 0 1 0 0 0 0

GO:0009624 response to nematode 0 1 0 0 0 0

GO:0009691 cytokinin biosynthetic process 0 1 0 0 0 0

GO:0009911 positive regulation of flower development 0 1 0 0 0 0

GO:0010048 vernalization response 0 1 0 0 0 0

GO:0010080 regulation of floral meristem growth 0 1 0 0 0 0

GO:0010220 positive regulation of vernalization response 0 1 0 0 0 0

GO:0010413 glucuronoxylan metabolic process 0 1 0 0 0 0

GO:0010440 stomatal lineage progression 0 1 0 0 0 0

GO:0010492 maintenance of shoot apical meristem identity 0 1 0 0 0 0

GO:0010500 transmitting tissue development 0 1 0 0 0 0

GO:0016246 RNA interference 0 1 0 0 0 0

GO:0016573 histone acetylation 0 1 0 0 0 0

GO:0017055 negative regulation of RNA polymerase II transcriptional preinitiation complex assembly 0 1 0 0 0 0

GO:0019375 galactolipid biosynthetic process 0 1 0 0 0 0

GO:0019432 triglyceride biosynthetic process 0 1 0 0 0 0

GO:0031048 chromatin silencing by small RNA 0 1 0 0 0 0

GO:0032107 regulation of response to nutrient levels 0 1 0 0 0 0

GO:0042631 cellular response to water deprivation 0 1 0 0 0 0

GO:0043457 regulation of cellular respiration 0 1 0 0 0 0

GO:0045010 actin nucleation 0 1 0 0 0 0

GO:0045492 xylan biosynthetic process 0 1 0 0 0 0

GO:0045723 positive regulation of fatty acid biosynthetic process 0 1 0 0 0 0

GO:0060772 leaf phyllotactic patterning 0 1 0 0 0 0

GO:0060774 auxin mediated signaling pathway involved in phyllotactic patterning 0 1 0 0 0 0

GO:0070918 production of small RNA involved in gene silencing by RNA 0 1 0 0 0 0

GO:0071249 cellular response to nitrate 0 1 0 0 0 0

GO:0071345 cellular response to cytokine stimulus 0 1 0 0 0 0

GO:0006990 positive regulation of gene-specific transcription involved in unfolded protein response 0 0 1 0 0 0

GO:0009220 pyrimidine ribonucleotide biosynthetic process 0 0 1 0 0 0

GO:0009745 sucrose mediated signaling 0 0 1 0 0 0

GO:0010218 response to far red light 0 0 1 0 0 0

GO:0010286 heat acclimation 0 0 1 0 0 0

GO:0034605 cellular response to heat 0 0 1 0 0 0

GO:0055062 phosphate ion homeostasis 0 0 1 0 0 0

GO:0071236 cellular response to antibiotic 0 0 1 0 0 0

GO:0071499 cellular response to laminar fluid shear stress 0 0 1 0 0 0

GO:0000398 nuclear mRNA splicing, via spliceosome 0 0 0 1 0 0

GO:0001510 RNA methylation 0 0 0 1 0 0

GO:0002237 response to molecule of bacterial origin 0 0 0 1 0 0

GO:0009741 response to brassinosteroid stimulus 0 0 0 1 0 0

GO:0009749 response to glucose stimulus 0 0 0 1 0 0

GO:0009834 secondary cell wall biogenesis 0 0 0 1 0 0

GO:0009965 leaf morphogenesis 0 0 0 1 0 0

GO:0010047 fruit dehiscence 0 0 0 1 0 0

GO:0010072 primary shoot apical meristem specification 0 0 0 1 0 0

GO:0010199 organ boundary specification between lateral organs and the meristem 0 0 0 1 0 0

GO:0010353 response to trehalose stimulus 0 0 0 1 0 0

GO:0010449 root meristem growth 0 0 0 1 0 0

GO:0010602 regulation of 1-aminocyclopropane-1-carboxylate metabolic process 0 0 0 1 0 0

GO:0010618 aerenchyma formation 0 0 0 1 0 0

GO:0010896 regulation of triglyceride catabolic process 0 0 0 1 0 0

GO:0016567 protein ubiquitination 0 0 0 1 0 0

GO:0019915 lipid storage 0 0 0 1 0 0

GO:0042991 transcription factor import into nucleus 0 0 0 1 0 0

GO:0048504 regulation of timing of organ formation 0 0 0 1 0 0

GO:0051301 cell division 0 0 0 1 0 0

GO:0051457 maintenance of protein location in nucleus 0 0 0 1 0 0

GO:0051782 negative regulation of cell division 0 0 0 1 0 0
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Table 3.5. Lowest-level GO terms unique to each TF expression cluster GO network. The ID and 

description of each of the lowest-level child GO terms within the networks of enriched GO terms for 

each TF expression clusters were isolated, and those found uniquely in a single cluster were grouped. 

Columns U1 to D2 correspond to TF clusters U1 to D2. 

 

GO Code Biological Process U1 U2 U3 U4 D1 D2

GO:0006979 response to oxidative stress 0 0 0 0 1 0

GO:0009595 detection of biotic stimulus 0 0 0 0 1 0

GO:0009697 salicylic acid biosynthetic process 0 0 0 0 1 0

GO:0009816 defense response to bacterium, incompatible interaction 0 0 0 0 1 0

GO:0010114 response to red light 0 0 0 0 1 0

GO:0010193 response to ozone 0 0 0 0 1 0

GO:0046621 negative regulation of organ growth 0 0 0 0 1 0

GO:0048498 establishment of petal orientation 0 0 0 0 1 0

GO:0080125 multicellular structure septum development 0 0 0 0 1 0

GO:0006281 DNA repair 0 0 0 0 0 1

GO:0006808 regulation of nitrogen utilization 0 0 0 0 0 1

GO:0006826 iron ion transport 0 0 0 0 0 1

GO:0006857 oligopeptide transport 0 0 0 0 0 1

GO:0009585 red, far-red light phototransduction 0 0 0 0 0 1

GO:0009590 detection of gravity 0 0 0 0 0 1

GO:0009637 response to blue light 0 0 0 0 0 1

GO:0009759 indole glucosinolate biosynthetic process 0 0 0 0 0 1

GO:0009805 coumarin biosynthetic process 0 0 0 0 0 1

GO:0009938 negative regulation of gibberellic acid mediated signaling pathway 0 0 0 0 0 1

GO:0009944 polarity specification of adaxial/abaxial axis 0 0 0 0 0 1

GO:0009959 negative gravitropism 0 0 0 0 0 1

GO:0010052 guard cell differentiation 0 0 0 0 0 1

GO:0010091 trichome branching 0 0 0 0 0 1

GO:0010233 phloem transport 0 0 0 0 0 1

GO:0010311 lateral root formation 0 0 0 0 0 1

GO:0010345 suberin biosynthetic process 0 0 0 0 0 1

GO:0015706 nitrate transport 0 0 0 0 0 1

GO:0016226 iron-sulfur cluster assembly 0 0 0 0 0 1

GO:0032527 protein exit from endoplasmic reticulum 0 0 0 0 0 1

GO:0034976 response to endoplasmic reticulum stress 0 0 0 0 0 1

GO:0035304 regulation of protein amino acid dephosphorylation 0 0 0 0 0 1

GO:0042744 hydrogen peroxide catabolic process 0 0 0 0 0 1

GO:0043433 negative regulation of transcription factor activity 0 0 0 0 0 1

GO:0045036 protein targeting to chloroplast 0 0 0 0 0 1

GO:0048446 petal morphogenesis 0 0 0 0 0 1

GO:0048497 maintenance of floral organ identity 0 0 0 0 0 1

GO:0048573 photoperiodism, flowering 0 0 0 0 0 1

GO:0052545 callose localization 0 0 0 0 0 1
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GO Code Biological Process U1 U2 U3 U4 D1 D2

GO:0009736 cytokinin mediated signaling pathway 1 1 1 1 0 1

GO:0009738 abscisic acid mediated signaling pathway 1 1 1 1 0 1

GO:0009910 negative regulation of flower development 1 1 1 1 0 1

GO:0048825 cotyledon development 1 1 1 1 0 1

GO:0042538 hyperosmotic salinity response 1 1 1 1 0 0

GO:0030968 endoplasmic reticulum unfolded protein response 1 1 0 1 1 0

GO:0010093 specification of floral organ identity 1 1 0 1 0 1

GO:0048527 lateral root development 1 1 0 1 0 0

GO:0010582 floral meristem determinacy 1 1 0 0 1 1

GO:0048510 regulation of timing of transition from vegetative to reproductive phase 1 1 0 0 1 1

GO:0031537 regulation of anthocyanin metabolic process 1 1 0 0 0 1

GO:0000436 positive regulation of transcription from RNA polymerase II promoter by carbon catabolites 1 1 0 0 0 0

GO:0010262 somatic embryogenesis 1 1 0 0 0 0

GO:0034059 response to anoxia 1 0 1 1 0 1

GO:0010105 negative regulation of ethylene mediated signaling pathway 1 0 1 1 0 0

GO:0015996 chlorophyll catabolic process 1 0 1 0 1 1

GO:0009933 meristem structural organization 1 0 1 0 0 0

GO:0010084 specification of organ axis polarity 1 0 0 1 0 0

GO:0010182 sugar mediated signaling pathway 1 0 0 1 0 0

GO:0010228 vegetative to reproductive phase transition of meristem 1 0 0 1 0 0

GO:0048829 root cap development 1 0 0 1 0 0

GO:0009630 gravitropism 1 0 0 0 1 0

GO:0009269 response to desiccation 1 0 0 0 0 1

GO:0009734 auxin mediated signaling pathway 1 0 0 0 0 1

GO:0009788 negative regulation of abscisic acid mediated signaling pathway 1 0 0 0 0 1

GO:0010167 response to nitrate 1 0 0 0 0 1

GO:0009718 anthocyanin biosynthetic process 0 1 1 1 1 0

GO:0009961 response to 1-aminocyclopropane-1-carboxylic acid 0 1 1 1 1 0

GO:0052542 defense response by callose deposition 0 1 1 1 1 0

GO:0000303 response to superoxide 0 1 1 1 0 1

GO:0010119 regulation of stomatal movement 0 1 1 1 0 1

GO:0048576 positive regulation of short-day photoperiodism, flowering 0 1 1 1 0 1

GO:0080113 regulation of seed growth 0 1 1 1 0 1

GO:0009407 toxin catabolic process 0 1 1 1 0 0

GO:0010380 regulation of chlorophyll biosynthetic process 0 1 1 1 0 0

GO:0080022 primary root development 0 1 1 1 0 0

GO:0010082 regulation of root meristem growth 0 1 1 0 0 1

GO:0009611 response to wounding 0 1 1 0 0 0

GO:0048574 long-day photoperiodism, flowering 0 1 1 0 0 0

GO:0010310 regulation of hydrogen peroxide metabolic process 0 1 0 1 1 1

GO:0009641 shade avoidance 0 1 0 1 0 1

GO:0009686 gibberellin biosynthetic process 0 1 0 1 0 1

GO:0010018 far-red light signaling pathway 0 1 0 1 0 1

GO:0010050 vegetative phase change 0 1 0 1 0 1

GO:0010161 red light signaling pathway 0 1 0 1 0 1

GO:0010223 secondary shoot formation 0 1 0 1 0 1

GO:0048572 short-day photoperiodism 0 1 0 1 0 1

GO:0048579 negative regulation of long-day photoperiodism, flowering 0 1 0 1 0 1

GO:0080060 integument development 0 1 0 1 0 1

GO:0009625 response to insect 0 1 0 1 0 0

GO:0009744 response to sucrose stimulus 0 1 0 1 0 0

GO:0009846 pollen germination 0 1 0 1 0 0

GO:0009942 longitudinal axis specification 0 1 0 1 0 0

GO:0010229 inflorescence development 0 1 0 1 0 0

GO:0030010 establishment of cell polarity 0 1 0 1 0 0

GO:0042762 regulation of sulfur metabolic process 0 1 0 1 0 0

GO:0043620 regulation of transcription in response to stress 0 1 0 1 0 0

GO:0070370 cellular heat acclimation 0 1 0 1 0 0

GO:0009800 cinnamic acid biosynthetic process 0 1 0 0 1 1

GO:0010371 regulation of gibberellin biosynthetic process 0 1 0 0 1 1

GO:0048354 mucilage biosynthetic process involved in seed coat development 0 1 0 0 1 1

GO:0048453 sepal formation 0 1 0 0 1 1

GO:0009722 detection of cytokinin stimulus 0 1 0 0 1 0

GO:0010055 atrichoblast differentiation 0 1 0 0 1 0

GO:0010090 trichome morphogenesis 0 1 0 0 1 0

GO:0016036 cellular response to phosphate starvation 0 1 0 0 1 0

GO:0048451 petal formation 0 1 0 0 1 0
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Table 3.6. Lowest-level GO terms shared by five or less TF expression cluster GO networks. The ID 

and description of each of the lowest-level child GO terms within the networks of enriched GO terms 

for each TF expression clusters were isolated, and those shared by fewer than six clusters were 

grouped. Columns U1 to D2 correspond to TF clusters U1 to D2.                          

GO Code Biological Process U1 U2 U3 U4 D1 D2

GO:0006417 regulation of translation 0 1 0 0 0 1

GO:0007263 nitric oxide mediated signal transduction 0 1 0 0 0 1

GO:0007623 circadian rhythm 0 1 0 0 0 1

GO:0009610 response to symbiotic fungus 0 1 0 0 0 1

GO:0009616 virus induced gene silencing 0 1 0 0 0 1

GO:0009658 chloroplast organization 0 1 0 0 0 1

GO:0009963 positive regulation of flavonoid biosynthetic process 0 1 0 0 0 1

GO:0010014 meristem initiation 0 1 0 0 0 1

GO:0010027 thylakoid membrane organization 0 1 0 0 0 1

GO:0010031 circumnutation 0 1 0 0 0 1

GO:0010051 xylem and phloem pattern formation 0 1 0 0 0 1

GO:0010076 maintenance of floral meristem identity 0 1 0 0 0 1

GO:0010077 maintenance of inflorescence meristem identity 0 1 0 0 0 1

GO:0010089 xylem development 0 1 0 0 0 1

GO:0010100 negative regulation of photomorphogenesis 0 1 0 0 0 1

GO:0010158 abaxial cell fate specification 0 1 0 0 0 1

GO:0010197 polar nucleus fusion 0 1 0 0 0 1

GO:0010201 response to continuous far red light stimulus by the high-irradiance response system 0 1 0 0 0 1

GO:0010227 floral organ abscission 0 1 0 0 0 1

GO:0042659 regulation of cell fate specification 0 1 0 0 0 1

GO:0045604 regulation of epidermal cell differentiation 0 1 0 0 0 1

GO:0048457 floral whorl morphogenesis 0 1 0 0 0 1

GO:0071472 cellular response to salt stress 0 1 0 0 0 1

GO:0080127 fruit septum development 0 1 0 0 0 1

GO:0080147 root hair cell development 0 1 0 0 0 1

GO:0009612 response to mechanical stimulus 0 0 1 1 1 1

GO:0009646 response to absence of light 0 0 1 1 1 1

GO:0009693 ethylene biosynthetic process 0 0 1 1 1 1

GO:0009644 response to high light intensity 0 0 1 1 0 1

GO:0010600 regulation of auxin biosynthetic process 0 0 1 1 0 1

GO:0071497 cellular response to freezing 0 0 1 1 0 1

GO:0006406 mRNA export from nucleus 0 0 1 1 0 0

GO:0009631 cold acclimation 0 0 1 1 0 0

GO:0009643 photosynthetic acclimation 0 0 1 1 0 0

GO:0009695 jasmonic acid biosynthetic process 0 0 1 1 0 0

GO:0010099 regulation of photomorphogenesis 0 0 1 1 0 0

GO:0010117 photoprotection 0 0 1 1 0 0

GO:0010224 response to UV-B 0 0 1 1 0 0

GO:0031539 positive regulation of anthocyanin metabolic process 0 0 1 1 0 0

GO:0032922 circadian regulation of gene expression 0 0 1 1 0 0

GO:0035264 multicellular organism growth 0 0 1 1 0 0

GO:0042542 response to hydrogen peroxide 0 0 1 1 0 0

GO:0045926 negative regulation of growth 0 0 1 1 0 0

GO:0048235 pollen sperm cell differentiation 0 0 1 1 0 0

GO:0070483 detection of hypoxia 0 0 1 1 0 0

GO:0071456 cellular response to hypoxia 0 0 1 1 0 0

GO:0006661 phosphatidylinositol biosynthetic process 0 0 1 0 1 0

GO:0042753 positive regulation of circadian rhythm 0 0 1 0 0 1

GO:0006612 protein targeting to membrane 0 0 0 1 1 1

GO:0043069 negative regulation of programmed cell death 0 0 0 1 1 0

GO:0043090 amino acid import 0 0 0 1 1 0

GO:0000162 tryptophan biosynthetic process 0 0 0 1 0 1

GO:0009861 jasmonic acid and ethylene-dependent systemic resistance 0 0 0 1 0 1

GO:0009956 radial pattern formation 0 0 0 1 0 1

GO:0015824 proline transport 0 0 0 1 0 1

GO:0042793 transcription from plastid promoter 0 0 0 1 0 1

GO:0046482 para-aminobenzoic acid metabolic process 0 0 0 1 0 1

GO:0048571 long-day photoperiodism 0 0 0 1 0 1

GO:0048831 regulation of shoot development 0 0 0 1 0 1

GO:0002213 defense response to insect 0 0 0 0 1 1

GO:0009835 ripening 0 0 0 0 1 1

GO:0010106 cellular response to iron ion starvation 0 0 0 0 1 1

GO:0010438 cellular response to sulfur starvation 0 0 0 0 1 1

GO:0010439 regulation of glucosinolate biosynthetic process 0 0 0 0 1 1

GO:0016132 brassinosteroid biosynthetic process 0 0 0 0 1 1

GO:0045962 positive regulation of development, heterochronic 0 0 0 0 1 1
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Transcription factors expressed during early dehydration 

Two clusters contained TFs that were expressed or upregulated during early dehydration in 

X. humilis (defined for the purposes of this section as > 40% RWC) compared to hydrated 

tissue: namely, cluster U1, at 80% RWC, and Cluster U2, at 60% RWC (Fig. 3.33). The 

majority of these genes were down-regulated after 60% RWC, although a number of TFs in 

cluster U1 were up-regulated at 40% RWC as well. Total fold change and average transcript 

abundance of the TFs in these clusters were marginal compared to many of the TFs found in 

clusters specific to late desiccation, which often underwent very large changes in expression 

levels (Fig. 3.35A&B). 

Cluster U1 contained the fewest GO terms, with only unique terms related to anther 

dehiscence, double fertilisation, blue-light signalling and leaf shaping enriched (Table 3.4). 

Cluster U2, in comparison, contained a large number of unique GO terms that were 

markedly different from U1, suggesting that the transcriptional changes at these two stages 

of dehydration involve very different physiological responses. Interestingly, GO terms 

related to negative regulation of gene expression, RNA-mediated chromatin silencing and 

regulation of translation were enriched in this cluster, which is consistent with massive 

transcriptional and epigenetic changes occurring during this stage of dehydration. Multiple 

terms associated with cell wall biogenesis, membrane lipids and cytoskeleton structures 

were also enriched (Table 3.4). 

Many of the putative X. humilis TFs in these clusters were most similar to genes with 

currently little to no direct functional characterisation in other plant species, making it 

difficult to infer their specific role (if any) in the dehydration response. The genes that show 

the highest peak fold-change in their respective clusters (at 80% and 60% RWC) are shown 
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in Figure 3.35. Of these genes, cluster U1 contained a number of AP2/ERF-domain TFs (such 

as ERF25, TINY/ERF40, APETALA2) and an AP2/B3-like TF (Fig. 3.35A). Additionally, a 

predicted DELLA protein, with similarity to the maize protein DWARF8, was found in this 

cluster, as was one of the few HsfB family HSFs identified in the X. humilis transcriptome 

(XhHSFB2, see Fig. 3.36C below). Cluster U2 was dominated by TFs from the WRKY and 

homeobox-leucine zipper (HOX) families (Fig. 3.35B). 

 

 

Figure 3.35: Most highly induced TF genes during early dehydration in X. humilis. A) Most highly 

up-regulated genes at 80% RWC (cluster U1), B) most highly up-regulated genes at 80% RWC (cluster 

U2). Gene names are the top BLASTX hit from the Swissprot database, colour coded by plant species 

of the top hit (purple: A. thaliana, blue: O. sativa; orange: Z. mays). Cell values represent FPKM, cell 

colour denotes the similarity to transcript abundance at 100% RWC. 
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Transcription factors expressed during late dehydration (40%/5% RWC) 

Clusters U3 and U4 corresponded to TFs whose expression peaked at 40% RWC and 5% 

RWC respectively. However, a large number of TFs in Cluster U3 also showed a lesser 

increase in expression at 80% RWC (Fig. 3.33). 

Cluster U3 contained only a few unique enriched GO terms, including phosphatifylinositol 

3’-kinase signalling, sucrose-mediated signalling and transcription in response to unfolded 

protein. Cluster U4 was enriched for multiple terms related to mRNA processing and 

protein ubiquitination; response to endogenous signals, such as brassinosteroid and 

trehalose, and terms associated with development, specifically root meristem and 

aerenchyma (Table 3.4). However, both clusters also specifically shared a large number of 

GO terms that were not found in any other clusters, mostly related to cellular response to 

various stresses such cold/freezing, high light and hydrogen peroxide (Table 3.5). 

An analysis of some of the individual TFs within the U3 and U4 clusters also revealed a 

large similarity in the TF families that were expressed. For example, both clusters contained 

many HSF transcription factors. However, cluster U3 contained predominantly HSFs from 

the HsfC family as defined in the literature (based on comparison to A. thaliana and O. sativa 

HSF protein sequences) whereas cluster U4 almost exclusively contained those from the 

HsfA family (Fig. 3.36A-C). ZAT/AZF family protein transcripts were also found spread 

across clusters U3 and U4 (Fig. 3.37A-C). Transcripts encoding proteins similar to 

DEHYDRATION RESPONSE-ELEMENT BINDING 2 (DREB2) TFs were present in both 

clusters, although the vast majority were found in cluster U4 (Fig. 3.37D&E). Similarly, 

gibberellin-signalling associated SCARECROW -like (SCL) TFs were present in both but more 
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abundant in cluster U4 (Fig. 3.37D&E). A phylogenetic analysis of the X. humilis DREB and 

SCL gene families can be found in Figure S3.9. 
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Figure 3.36. Heat shock transcription factors induced during late desiccation. Expression pattern of 

HSF protein coding transcripts found in cluster U3 (A; induced at 40% RWC) and cluster U4 (B; 

induced at 5% RWC). C) Bootstrap consensus tree derived from the alignment of predicted full length 

HSF protein sequences from X. humilis (black), A. thaliana (purple) and O. sativa (blue). HSF protein 

transcripts from cluster U3 (orange circles) are predominantly clustered with the C-family of HSFs, 

whereas those from cluster U4 (dark red circles) are from the A-family of HSFs. HSFs found in 

Cluster U1 and U2 are marked with a blue and yellow circle, respectively. 
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Figure 3.37. Gene families induced by desiccation stress in X. humilis. A&B) Expression pattern of 

predicted stress-related ZAT/AZF protein coding transcripts found in cluster U3 (A) and U4 (B). C) 

Bootstrap consensus tree derived from alignment of predicted full-length X. humilis and A. thaliana 

ZAT/AZF protein sequences, showing the distribution of these protein-coding transcripts between 

clusters U3 (orange circles) and U4 (brown circles). D&E) Various DEHYDRATION RESPONSE 

ELEMENT BINDING 2 (DREB2) and SCARECROW-like (SCL) transcripts are found in clusters U3 (D) 

and U4 (E). 

 

Transcription factors downregulated during desiccation 

Slightly under half of all TF coding transcripts were downregulated in response desiccation, 

split between Clusters D1 and D2. TF down-regulation occurred in two consecutive waves, 

the first occurring in the first measured stage (80% RWC; Cluster D1). Many TFs in Cluster 

D2 were also transiently downregulated at 80% RWC, but transcript levels dropped to their 

lowest only after 60% RWC (Fig. 3.33). 

Fewer GO terms were uniquely enriched in these clusters in comparison to those up-

regulated during desiccation. Cluster D1 contained a small assortment of enriched GO 

terms, including membrane and ER membrane organisation, response to ozone and salicylic 

acid biosynthesis (Table 3.4). Cluster D2 had unique GO terms related to red/far-red light 

phototransduction, negative regulation of gibberellic acid signalling, heterochromatin 

formation and DNA repair, amongst others (Table 3.4). 

Many of the TFs in these clusters currently have little to no functional characterisation. 

Nonetheless, a number of TF families seemed to occur predominantly in one or both of these 

clusters. Cluster D1 contained the fewest number of TFs of any cluster, and consequently 

fewer genes with known functions. Examples of genes with predicted functions included 
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various genes with similarity to RADIALIS-like (RAD-like) and TCP family TFs, which are 

often involved in leaf development and patterning (Fig. 3.38A; Corley et al. 2005). Cluster D2 

meanwhile contained a large proportion of ethylene-responsive RAP and CONSTANS-like 

(COL) gene homologs (Fig. 3.38B). 
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Figure 3.38: Selected transcription factor genes downregulated during dehydration in X. humilis. 

A) Genes down-regulated at 60% RWC (Cluster D1), B) genes down-regulated after 100% RWC 

(Cluster D2). Cell values represent FPKM, cell colour denotes the similarity to transcript abundance at 

100% RWC. 
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Transcription factors with seed-related functions 

GO terms related to seed development and germination were common to all transcription 

factor expression clusters (Fig. 3.34). In order to identify whether these terms were 

associated with genes that are involved specifically in seed development (as opposed to 

general development or stress response) in other species, all X. humilis TF transcripts that 

contained a seed-related GO term (specifically the seed development child GO terms 

“embryo development ending in seed dormancy; GO:0009793”, “seed coat development; 

GO:0010214”, “seed maturation; GO:0010431”, “seed dormancy; GO:0010162”, “seed 

germination; GO:0009845” and “seedling development; GO:0090351”, the only ones present 

in the set) were extracted and the top protein BLAST hits in the Swissprot database were 

identified. For each top protein hit, the absence or presence of a matching transcript in any 

of the six TF expression clusters was determined, which could account for possible gene 

isoforms expressed at different stages of dehydration (Table 3.6; references Table S3.3). 

Additionally, domains of expression and putative function of each predicted protein were 

determined from current literature, UniProt, Genevisible or GeneAtlas expression databases. 

Transcripts encoding proteins with functions outside of seed development would be 

expected to be present in tissues or developmental stages outside of the seed. 

As expected, transcripts with similarity to the same top Swissprot proteins were generally 

found in the same expression clusters. A few, such as those similar to the TF DIVARICATA 

(Table 3.7, first row), could be found in multiple up- and down-regulated clusters, and so 

likely encode similar proteins with diversified functions. The majority of identified proteins 

with similarity to X. humilis TF genes containing seed-related GO terms were expressed in 
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tissues outside of the seed, and had functions associated with stress response or 

developmental processes in seed and vegetative tissues. 
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3.3.4.5 Desiccation in Xerophyta is associated with broad changes in chromatin regulation 

Epigenetic regulation of gene expression is one of the key methods for regulating transitions 

between developmental states, which generally involve transcriptional re-programming of a 

large number of genes simultaneously (Wollmann and Berger, 2015). GO terms associated 

with epigenetic gene regulation were shown to be enriched in multiple X. humilis expression 

clusters for both DE genes in general and TF-coding genes. We chose to further investigate 

gene transcripts that were involved in epigenetic activation or silencing of chromatin, to 

better understand the role this may play during the desiccation response.  

Histones 

Over forty transcripts annotated as histones were differentially expressed during desiccation 

in X. humilis. Based on sequence similarity and Interpro domain identification, these could 

be grouped into 10 H1, 8 H2A, 11 H2b, 3 H3 and 10 H4 protein-encoding transcripts. The 

vast majority of putative differentially expressed histones had a similar expression profile: 

varying degrees of induction at 60% RWC, followed by a drop in expression to generally 

well below that seen in hydrated tissue (Fig. 3.39A-F). Only a handful of histone transcripts 

had expression profiles that differed from the general trend. An H1 variant (XhH1.9) was the 

only histone that showed constant robust upregulation in response to desiccation, increasing 

nearly 8-fold from 100% to 5% RWC (Fig. 3.39A). A comparison of the predicted protein 

sequences of the X. humilis and A. thaliana H1 family revealed that XhH1.9 was most similar 

to the A. thaliana drought-inducible histone variant, H1.3 (Fig. 3.39F). Two H2A-coding 

transcripts showed slightly increased expression during late desiccation: XhH2A.2 at 40% 

RWC, and XhH2A.1 at 5% RWC; similarly, an H3-encoding transcript (XhH3.1) was induced 
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to a low level at 5% RWC (Fig. 3.39B-D). Lastly, an H4 transcript, XhH4.1, had increased 

expression at 40% RWC (Fig. 3.39E). 

 

 

Figure 3.39: Differentially expressed histone-coding transcripts in X. humilis. A-E) Expression 

changes of histone-coding transcripts during desiccation in X. humilis. Cell values are FPKM, whereas 

cell colour denotes the difference in expression compared to 100% RWC. F) Phylogenetic tree showing 

the evolutionary relationship between X. humilis and A. thaliana H1 protein sequences. The clade 

consisting of the drought inducible AtH1.3 and desiccation-induced XhH1.9 is marked with an arrow. 
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Histone-modifying enzyme genes: HAT, HDAC, HMT and HDM 

The transition from embryogenesis to seed maturation, and the later transition from 

quiescent embryo to vegetative growth, are both mediated by epigenetic regulation of gene 

expression. Of particular importance is PRC2, a PcG complex that inhibits the expression of 

seed maturation genes through deposition of the repressive H3K27me3 epigenetic mark 

with the aid of PRC1 (Müller et al., 2012; Yang et al., 2013). In order to investigate the 

possible roles of PRC2 and other histone modifying enzymes during desiccation, known 

chromatin-modifying genes were identified in the X. humilis transcriptome. Because histone 

modification factors tend to be large complexes of multiple proteins with various functions, 

further analysis was focused on genes associated with histone acetylation/methylation 

directly, with further emphasis on the PRC2 and PRC1 complexes themselves.  

Histone modifying enzymes that were identified as differentially expressed in X. humilis 

could be grouped into four classes, with a varying number of different gene transcripts for 

each class: histone methyltransferases (HMT; 21), demethylases (HDM; 4), acetyltransferases 

(HAT; 7) and deacetylases (HDAC; 10). Interestingly, the majority of all histone modifying 

enzyme classes displayed a similar expression profile - a sudden decrease in transcript 

abundance after 60% RWC - irrespective of histone or modification specificity (Fig. 3.40 & 

3.41). Only a few up-regulated genes displayed an expression profile that did not follow this 

trend. 

Predicted HMTs were the most abundant of the identified histone-modifying enzyme genes. 

However, only one was slightly up-regulated during desiccation (XhHMT20), while the 

remainder were expressed in hydrated leaves and consistently down-regulated after 60% 

RWC (Fig. 3.40A). A phylogenetic analysis of the X. humilis and A. thaliana full-length HMT 
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protein sequences suggests that XhHMT20 is most similar to the Class V SET-domain group 

HMTs (e.g. the SUVH group of A. thaliana), which mediate deposition of the H3K9 

methylation epigenetic mark (Fig. S3.10A). Similarly, only one of the four identified HDM-

encoding transcripts was up-regulated during desiccation (XhHDM3; Fig. 3.40C). XhHDM3 

was found to be similar to HDMs of the JMJD2/KDM4 family, which preferentially target 

H3K9 sites for demethylation (Fig. S3.10B). 

Fewer HAT protein genes were identified in X. humilis, although a greater number were up-

regulated in desiccating tissue (Fig. 3.41A). In total, four HAT gene transcripts were induced 

to varying degrees during late desiccation. Three of these (XhHAT5, XhHAT6 and XhHAT7) 

were predicted to encode CPB family HAT proteins based on similarity to A. thaliana HAT 

protein sequences, whilst the fourth (XhHAT4) encoded a MYST family HAT protein, similar 

to AtHAM1 and AtHAM2 (Fig. 3.41B). Two of the ten identified HDAC genes were likewise 

up-regulated (XhHDA3 and XhHDA4). Both encoded RPD3/HDA1-family HDAC proteins:  

XhHDA3 had similarity to class I RPD3/HDA1 proteins, such as AtHDA19 and AtHDA6, 

whereas XhHDA4 had similarity to those from class II, such as AtHDA5 and AtHDA18 (Fig. 

3.41C&D). 
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Figure 3.40. Differentially expressed histone methyltransferase and demethylase enzyme genes in 

X. humilis. A) Expression of 21 putative HMT genes, as well as their predicted specificity as based on 

a phylogenetic comparison to known HMTs from other species (see Supplementary Figure S3.10A). 

C) Expression of X. humilis HDM proteins. 
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Figure 3.41. Differentially expressed histone acetyltransferase and deacetylase enzyme genes in X. 

humilis. A) Predicted HAT genes, B) Phylogenetic analysis of predicted X. humilis and A. thaliana 

HAT proteins. The major families in A. thaliana are identified by fully coloured circles (blue: CPB; 

pink: MYST; green: GNAT). Open circles represent predicted X. humilis HDACs that cluster with one 

of these families. HAT genes up-regulated in X. humilis are marked with an arrow, whereas those up-

regulated by stress or ABA in other species are marked with an asterisk. C) HDAC proteins, D) 

Phylogenetic analysis of predicted X. humilis and A. thaliana HDAC proteins. The major HDAC 

families in A. thaliana (red: RPD3/HDA1 class I; green: RPD3/HDA1 class II; blue: RPD3/HDA1 class 

III; pink: HD2; brown diamonds: non-functional HDACs). Open circles represent predicted X. humilis 

proteins that cluster with one of these families, and those that are further up-regulated during 

desiccation are marked with an arrow. 

 

PRC1 and PRC2 gene expression 

Genes corresponding to each of the major plant PRC1 and PRC2 subunits could be identified 

in X. humilis based on BLASTX and BLASTP analysis. Several transcripts encoded proteins 

with similarity to the known plant PRC1 components (LHP1, BMI1/DRIP and RING1; Fig. 

3.42A). With the exception of XhLHP1, which was slightly down-regulated during 

desiccation, all PRC1-related transcripts were not differentially expressed (Fig. 3.42B).  

I also identified multiple transcripts with similarity to PRC2 subunit genes. Su(z) and ESC 

were represented by only a single gene each, XhEMF2 and XhFIE. Three gene clusters 

(XhHMT8, XhHMT10 and XhHMT11) were predicted to code for E(z) orthologues, and seven 

had similarity to PRC2 p55-subunit MSI proteins (Fig. 3.42C; Fig. S3.11). With the exception 

of XhFIE and XhMSI4, all identified PCR2 gene transcripts were heavily downregulated 

during late desiccation (Fig. 3.42D). 
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Figure 3.42. PRC1- and PRC2-related genes expressed in X. humilis. A&B) X. humilis gene clusters 

with similarity to A. thaliana PRC1 and PRC2 protein sequences in the Swissprot database. The 

putative PRC1 component gene XhLHP1 also shows the comparison to the rice LHP1 orthologue. The 

X. humilis HMT genes XhHMT8, XhHMT10 and XhHMT11 were equally similar to all three A. thaliana 

E(z) homologues (e-value = 0).  C) Expression of X. humilis PRC1 subunit transcripts during 

desiccation; only the putative XhLHP1 gene is DE. D) With the exception of XhFIE and XhMSI4, all 

PRC2 subunit genes were significantly down-regulated after 60% RWC. 

 

3.3.4.6 Response of co-sequenced fungi to desiccation in Xerophyta humilis 

Despite the large proportion of initial putative transcripts that were predicted to be fungal, 

only 203 were found to be DE at our selected cut-offs. Due to the low levels of fungal 

sequence contamination in comparison to the plant tissue (Fig. 3.10A), and the uncontrolled 
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nature of these sequences (sample and library size are inconsistent, and not accounted for by 

DESeq2 testing), these values should be considered statistically unreliable. Nonetheless, they 

were analysed out of interest.  

Fungal genes were clustered into four expression profiles via k-means clustering, three of 

which would be classified as up-regulated during desiccation and contained the vast 

majority of transcripts (Fig. S3.2). Nearly half of the DE fungal sequences (80/203) coded for 

40S- and 60S-ribosomal proteins, which were for the most part upregulated in the later 

stages of desiccation (Fig. 3.43A). A large portion of the remaining sequences could not be 

matched to known proteins (46/203). At least one of these could be classified as a putative 

LEA/dehydrin based on an Interpro domain search and, as would be expected, was highly 

upregulated at various stages of desiccation. Other upregulated transcripts included those 

with similarity to heat shock proteins and a trihydrophobin (Fig. 3.43A). Downregulated 

genes included tubulin-α and elongation factor-α, and various other ribosomal proteins (Fig. 

3.43A). 

There were no DE genes detected that were obviously involved in fungal pathogenesis. 

However, a number of X. humilis DE genes were associated with response to infection, 

fungal or otherwise. Transcripts encoding proteins similar to common plant anti-fungal 

proteins, such osmotin, defensin, zeamatin, various chitinases, pathogenesis-related 

proteins, and plant defence transcription factors - such genes similar to WRKY6 - were 

upregulated in X. humilis during desiccation (Fig. 3.43B). However, transcripts of similar 

genes were often down-regulated as well (Fig. 3.43B), and many of these genes serve dual 

functions as general stress response factors. 
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Figure 3.43: Fungal contamination of wild X. humilis plants. Some differentially expressed genes of 

fungal origin (A) and plant-derived anti-fungal genes (B), as determined by the top protein hit for 

these genes in the Swissprot BLAST database, in the X. humilis desiccation transcriptome assembled 

in this study. Cell values are FPKM, whereas cell colour corresponds to difference in transcript 

abundance relative to 100% RWC. 
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3.3.5 Discussion 

3.3.5.1 De novo assembly of an X. humilis reference transcriptome 

A reference transcriptome of the coding sequences of the poikilochlorophyllous resurrection 

plant, X. humilis was successfully assembled. The transcriptome was assembled using 

pooled strand-specific RNA-Seq reads sequenced from total RNA extracted at five stages of 

dehydration: 100%, 80%, 60%, 40% and 5%. As such, it is likely that most of the transcripts 

that are expressed in leaves during a desiccation cycle in this species have been identified.  

Using a combination of multiple assemblers and assembly parameters, the Evidential Gene 

pipeline, and Corset, 76,868 putative gene clusters (genomic loci that are likely to represent a 

single “gene”) were identified. The common assembly merging approach, represented by 

the Transabyss-merge pipeline, resulted in a massive increase in transcript numbers when 

used on X. humilis data, rather than the expected decrease due to removal of transcripts that 

had assembled multiple times. This suggests a higher than expected rate of SNP or 

insertion/deletions in the assembly, which prevented the merging of similar transcripts. It is 

unclear whether this is due to accumulated assembly errors or whether it represents a 

biological characteristic unique to X. humilis, such as a higher than average mutation rate. 

The latter explanation is partially supported by data derived from a draft X. humilis genome 

assembly, and is possibly related to the repeated cycles of desiccation and associated DNA 

damage encountered by these plants over the course of their lifespan (Schlebusch & Illing, 

personal correspondence). This problem was largely alleviated by using the EviGene 

merging pipeline which focuses on merging transcripts based on shared coding sequence, 

indicating that the errors were likely concentrated in non-coding/chimeric regions or contig 
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ends. As with any de novo assembly, it is nonetheless important to verify that the assembled 

transcripts exist in a biological system, for example by PCR. 

Approximately 80% of sequencing reads could be mapped back to the reference 

transcriptome using Bowtie2, indicating that the sequencing reads were well represented 

within the reference assembly. Annotation was achieved using a combination of a local 

installation of NCBI blast and the Swissprot/Uniref90/nr/nt databases and the Blast2Go Pro 

package. Approximately 60% of the transcriptome could be confidently annotated using 

Blast2GO, and another 21% was partially annotated based on homology to known proteins 

in the Swissprot or Uniref90 databases. Only 19% of the transcriptome had no match to 

known proteins, suggestive of a good quality dataset. X. humilis gene clusters that were 

differentially expressed during desiccation were identified using DESeq2, and those that fell 

within our selected cut-offs (FDR < 0.01, FPKM >= 1, FC >= 2) accounted for 24% of the 

transcriptome (18,534 gene clusters). 

Differentially expressed genes were clustered into 16 total expression clusters using MeV. 

Gene expression during desiccation could be divided into four main profiles: 1) A 

comparatively small proportion of genes (2,380) were responsive (either down- or up-

regulated) to the initial stages of desiccation, and thus may contain genes important for the 

early dehydration response (80% RWC; Clusters 1, 2, 3, 4 and 11); 2) A very large number of 

genes (8, 810; 47.5% of all DE genes) were heavily down-regulated after 60% RWC compared 

to their levels in hydrated leaves (Clusters 6, 12, 13, 15 and 16), suggesting that many of 

these genes are not important for the late-stage desiccation response, or act as repressors of 

the desiccation response. 3) Another large subset of genes (6, 385; 34.5% of all DE genes) 

were subsequently up-regulated after 60% RWC (Clusters 7, 8, 9 and 10) and may be 
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important for stress response at low water contents, or accumulated for rehydration. 4) 

Lastly, a small number of genes (760) showed a “biphasic” response in this dataset, as they 

were up-regulated during early (80% RWC) and late (40% and 5% RWC) desiccation, but did 

not show highly elevated expression levels at 60% RWC (Clusters 3 and 4). This subset 

contained many genes that are associated with drought and desiccation tolerance in other 

plant species. 

The measured changes in gene expression were validated by comparison to a previous 

microarray study that investigated the changes in transcripts abundance during a 

desiccation cycle in X. humilis leaves at 100%, 80%, 60%, 40%, 20% and 5% RWC (Shen, 

2014). This ultimately facilitated the comparison of the expression of 1,337 transcripts 

between the two studies. Although there was in general a positive correlation in gene 

expression between this study and the microarray study, as expected, the gene expression of 

transcripts at 60% RWC was not correlated between the two studies (Fig. 3.11A). A PCA plot 

does not reveal any irregularities with these samples: the RNA-Seq 60% RWC libraries 

cluster together, and are clearly more similar to samples from hydrated tissues than 

desiccated tissues (Fig. 3.10). This is similar to the PCA analysis of the microarray biological 

replicates, although they are arguably more equidistant from samples derived from 

hydrated and desiccated tissues (Shen, 2014). There is some evidence that this could be due 

to differences in the measured RWC of leaves at 60% RWC in each study. As described in 

Figure 3.12, many of the expression differences between the transcripts can be explained by 

reasoning that the leaves measured to be 60% RWC in this study are at a higher RWC than 

those measured as 60% RWC in the Shen study (Fig. 3.12A&B). This is further supported by 

the inter-RWC sample correlation values, which show that the measured gene expression at 
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60% RWC in this RNA-Seq study most closely correlates to gene expression at 100% and 

80% RWC in the microarray (i.e. higher than 60% RWC), whereas gene expression at 60% 

RWC in the Shen microarray study most closely correlates with the gene expression at 40% 

RWC in this study (Fig. 3.11B). This effect would be predicted to be enhanced if many genes 

undergo a massive switch in gene expression near or at 60% RWC, which is borne out by the 

expression clustering data which shows nearly 70% of genes have a large shift (either 

upwards or downwards) in expression at this RWC (Clusters 5-9, 13, 15-16; Fig. 3.13). 

This explanation is consistent with the results obtained but does have some weaknesses. 

Although a lot of the data matches a scenario in which the leaves measured at 60% RWC in 

this study were at a higher RWC than in the previous microarray study, there are still 

expression profiles that do fit this prediction (Fig. 3.11B).  This could be due to general 

underlying differences between the datasets, or variables unrelated to desiccation. It is also 

difficult to compare RNA-Seq and microarray data, due to the differing methods of 

analysing expression changes and the expression scales. The two technologies also have 

different biases in terms of technical artefacts. For example, microarrays generally compare 

well with NGS count-based studies, especially for genes that show large, robust changes in 

expression. However, microarray studies show poorer correlation when transcripts are 

expressed at particularly low or high levels, due to masking by background noise or signal 

saturation at high concentrations, respectively, which could affect downstream comparisons 

(Richard et al., 2014). Because this present work and the Shen, 2014 study are the only two 

large-scale investigations into gene expression changes in X. humilis during desiccation, it is 

impossible at the current time to tell which measured RWC is closer to a putative “true” 60% 

RWC without external validation. 
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It is important to note here that this study only looked at direct changes in mRNA transcript 

abundance, which may not necessarily correlate with either resultant protein levels or 

protein activity (for example, activation by post-translational modifications). Additionally, 

resurrection plants often accumulate long-lived mRNA transcripts to be transcribed during 

rehydration, which can complicate inferences into gene function as not all up-regulated 

genes can be assumed to necessarily be translated during desiccation. 

3.3.5.2 Multiple classes of LEA genes are upregulated during desiccation in X. humilis 

A very large proportion of expression Clusters 3 and 4 (the genes that showed a biphasic 

expression pattern) consisted of LEA protein transcripts. Nearly 150 transcripts were 

annotated as LEA protein-coding genes, the majority of which (69%) were up-regulated 

during desiccation. As would be expected, LEA gene transcripts were some of the most 

abundantly expressed genes in response to desiccation in X. humilis. The LEA-3 XhLEA3.22 

transcript, with highest similarity to the A. thaliana At1g52690/F6D8 gene, was by far the 

most highly expressed of all Xerophyta transcripts in the dry leaf, accounting for over 2% of 

all sequencing reads alone in the 5% RWC libraries. Assuming that the abundance of this 

transcript equates to protein levels, it could suggest that this LEA-3 protein may be 

particularly widespread within the cells of desiccated X. humilis tissue, or is an essential 

component of the cytoplasmic glassy state during desiccation. Many of the identified LEA 

genes were also expressed at comparatively high levels even in hydrated tissues (>300 

FPKM). Thus, LEA proteins or the transcripts that encode them may be accumulated to 

some degree even in unstressed tissue. 
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The biphasic induction pattern observed for many LEA genes in this study has not been 

previously observed to our knowledge; a recently-published microarray study in X. humilis 

identified over 40 differentially expressed LEA transcripts, which were generally up-

regulated in leaves at 60% and 40% RWC, as determined by that study (Shen, 2014). The 

observed biphasic expression pattern is seen across all identified LEAs from all families in 

this dataset, and is not due to the presence of LEA genes from specific groups or families. It 

is possible that this is an artefact of our experimental setup - for example, if some of the 

selected leaves were not truly at the calculated RWC; and may also be a consequence of the 

variability in the 80% RWC libraries, as seen in the PCA plots of both the Shen study and the 

data presented in this study (Fig. 3.10). This result could also represent an error in the 

assumptions of RNA-Seq about transcriptome uniformity across samples in this particular 

study. If substantially more transcripts are expressed in desiccating leaves at 60% compared 

to 80% and 40% RWC, the proportion of LEA transcripts will decrease irrespective of their 

absolute level, resulting in proportionally fewer reads during sequencing. However, this 

explanation is unlikely as the observed biphasic expression was found in only a minority of 

up-regulated genes. Alternatively, the expression profile may be the result of a biologically 

relevant physiological response. It has been well established that even desiccation-sensitive 

plant species induce LEA proteins in response to drought and other abiotic stresses, which 

would presumably need to occur prior to their cells reaching lethal water content levels (59-

30% RWC; Höfler et al. 1941). Thus, an alternative hypothesis is that the 80% RWC LEA 

induction represents a stage of drought or stress responsiveness that is separate from the 

desiccation response seen at the later stages of desiccation in X. humilis (after 60% RWC), 

and may perhaps be analogous to the acute response seen in DS plant species during the 

first stages of drought. Additionally, in poikilochlorophyllous resurrection plants, 
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chloroplast and mitochondria can undergo structural changes during the initial stages of 

dehydration, particularly dismantlement of the inner membrane structures (thylakoids and 

cristae). In Xerophyta scabrida, the disappearance of internal chloroplast and mitochondrial 

membranes is visible between 100% and 60% RWC (Tuba, 1993a). In X. humilis, 

photosynthetic rate rapidly decreases below 80% RWC and has ceased entirely by 60% RWC 

(Beckett et al., 2012), consistent with chloroplast-xeroplast transformation also occurring 

during this stage in this species. LEA proteins may be important for membrane and 

macromolecule protection and stabilisation during this process, and could accumulate in 

these organelles during the early stages of dehydration. A similar process may occur in 

mitochondria, although it has yet to be investigated whether X. humilis mitochondrial cristae 

are lost during desiccation as is seen in X. scabrida and X. villosa (Tuba, 2008; Tuba et al., 

1993). However, although specific LEA proteins have been found to be targeted to both 

chloroplasts and mitochondria in other plant species (Candat et al., 2014; Mueller et al., 

2003), it is unlikely that the early, simultaneous induction of so many LEA genes in X. 

humilis relates solely to plastid or mitochondrial membrane protection. Instead, their 

increased expression may be as a general consequence of an ABA-induced abiotic stress 

response pathway. 

By aligning the nearly 150 X. humilis LEA gene transcripts to the draft X. humilis genome, it 

was possible to determine that they were derived from 124 putative X. humilis “genes” – 

defined here as distinct, non-overlapping genomic regions – suggesting that at least some 

LEA gene families have been duplicated in X. humilis or Xerophyta when compared to other 

DS plant species (Fig. 3.26C). This analysis is not entirely confirmative, due to the 

fragmented nature of the current X. humilis draft genome assembly. Similar transcripts 
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derived from recently-duplicated genes, for example, may be collapsed into a single “gene” 

if one copy of the duplicated genes is missing from the genome assembly. In contrast, a 

partially-assembled LEA gene sequence split across multiple scaffolds may incorrectly result 

in the classification of diverse isoforms of that gene as coming from different genomic 

regions. 

With the exception of the LEA-7 group, nearly all LEA families were expanded to some 

degree in X. humilis when compared to other plants. The functional significance of these 

gene expansions is not yet clear. LEA-3 is the largest LEA family in many DS plants, 

including A. thaliana, O. sativa and V. vinifera, and LEA-3 proteins display the largest variety 

of subcellular localisations (Candat et al., 2014; Hundertmark and Hincha, 2008). The LEA-3 

gene family was noticeably expanded in X. humilis, and all LEA-3 transcripts were up-

regulated in response to desiccation. A LEA-3 gene transcript, XhLEA3.22, was also the most 

highly-expressed of all transcripts in the dry leaf. Overall, this suggests that the LEA-3 

protein family may be of general importance to the response to dehydration stress, and the 

XhLEA3.22 protein may be highly abundant throughout the leaves of desiccated X. humilis 

plants. By far the most obviously expanded class of LEAs were those belonging to the LEA-8 

family, which contained 42 members compared to the 3 found in A. thaliana. Interestingly, 

only eight LEA-8 gene transcripts were up-regulated in response to desiccation; 24 were not 

differentially expressed (NDE), and a further 16 were down-regulated. Both the 

constitutively expressed and down-regulated LEA-8 genes were present at a low level in 

hydrated tissue (generally well below 20 FPKM), which could suggest that the massive 

expansion of genes containing the LEA-8 motif is unrelated to VDT directly, or that the LEA-

8 motif is not specific to genes that have been previously classified as LEAs. The LEA-8 
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family is atypical in that it contains the most hydrophobic of the LEA proteins (Battaglia et 

al., 2008). The three A. thaliana LEA-8 proteins have been found to be present in the cytosol 

and nucleus, and as a whole the class may be associated with both membrane protection 

(e.g. LEA26 in A. thaliana) or enzyme protection and prevention of protein aggregation (e.g. 

MtPM25 in M. truncatula; Boucher et al. 2010; Candat et al. 2014), thus LEA-8 proteins have 

been predicted to constitute both a protection and repair mechanism during desiccation in 

other plant species. The various NDE/down-regulated LEA-8 transcripts could perhaps be 

induced during rehydration to facilitate protein de-aggregation, similar to the proposed role 

of some rehydrins in lower plants (Oliver et al., 2005). Alternatively, they may function 

during specific stages of development or are only induced beyond low background levels in 

response to abiotic stresses that were not encountered during our experimental conditions, 

such as extreme temperatures. Also of interest is the identification of 21 LEA-6 (seed 

maturation protein; SMP) protein-coding transcripts in X. humilis, all but four of which are 

induced in leaves during desiccation. A. thaliana encodes six LEA-6 genes that are expressed 

specifically during seed development and not in response to stress in vegetative tissues 

(Hundertmark and Hincha, 2008; Illing et al., 2005). Five LEA-6 genes are also found in the 

genome of O. sativa, only a few of which appear to be weakly inducible in vegetative tissue 

(Wang et al., 2007). The expansion of the LEA-6 family and subsequent expression of these 

genes in the vegetative tissues of X. humilis may thus represent further evidence of the 

importance of seed-specific DT expression pathways during VDT. 

Apart from the aforementioned NDE/down-regulated LEA-6 and LEA-8 genes, only four 

other LEA gene transcripts were NDE during desiccation (XhLEA1.5, XhLEA2.14, XhLEA10.5 

and XhLEA10.6), and a further three were down-regulated (XhLEA2.15, XhLEA7.2 and 
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XhLEA10.7). Thus, with the exception of the LEA-8 family, nearly 95% of the identified LEA 

protein transcripts were up-regulated during vegetative desiccation in X. humilis. This is in 

contrast to A. thaliana, where the majority of LEA proteins are either expressed exclusively 

during vegetative stress or seed development (such as the seed-specific LEA-1 and LEA-6 

families), with little overlap between the two types (Hundertmark and Hincha, 2008; Illing et 

al., 2005). This separation of LEAs also occurs during the reacquisition of DT in germinating 

A. thaliana seedlings, where only seed-specific LEAs are re-induced (Maia, 2014). Assuming 

that the large number of LEA transcripts identified in this study constitutes the majority of 

LEA genes within the X. humilis genome, this suggests that VDT in X. humilis may be 

associated with simultaneous induction of both the vegetative stress and seed development 

repertoire of LEA proteins, rather than the expression of only seed-specific LEAs - as would 

be expected if VDT is inherited from the window of seedling DT. However, this would need 

to be verified against a complete list of X. humilis LEA genes obtained from the genome, 

when a full draft becomes available. 

3.3.5.3 Various seed specific genes are activated in desiccating leaves 

As has been reported previously, desiccation of X. humilis leaves induced accumulation of 

transcripts generally associated with seed maturation-specific functions (Illing et al., 2005; 

Shen, 2014). These included seed-specific LEA families (e.g. LEA-1 and LEA-6), multiple 

transcripts associated with nutrient or energy storage in seeds, such as oleosins, caleosins 

and globulins, as well as seed-specific antioxidants, such as PER1 (Fig. 3.28; Table 3.2). 

Orthologues of these genes are generally inactive in non-reproductive vegetative tissues in 

plants, and are regulated by ABA and the LAFL network during seed development (Haiyan 

Jia et al., 2013; Jia et al., 2014). They likely play a role in desiccated leaves that is similar to 
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the one they have in seeds, such as protein and membrane protection (LEAs), regulators of 

or direct sources of energy and amino acids during leaf rehydration (SSPs, 

oleosins/caleosins) and antioxidant activity (PER1). Their presence in the transcriptome of 

desiccating X. humilis is further confirmation that at least some aspects of vegetative DT are 

similar to the processes seen in seed maturation. Intriguingly, oleosin and caleosin genes 

showed an expression pattern similar to that of the LEA genes, and were up-regulated early 

during dehydration (80% RWC) and again during late desiccation (< 60% RWC). In contrast, 

globulin SSP genes were specifically induced only after 60% RWC. This very early 

expression phase is indicative that some seed-specific genes are activated rapidly during 

desiccation, and was also observed in X. humilis in a previous microarray study (Shen, 2014). 

It is unclear for what reason oil-body related genes are induced during early dehydration, 

although the similar expression profile to that of the LEAs suggests that they could be 

induced via the same abiotic stress pathway. Oleosin proteins have been found to be 

targeted to chloroplast plastoglobuli (plastid oil bodies) in seeds, tapetum cells and pollen 

(Parthibane et al., 2012; Wang et al., 1997). Additionally, plastoglobuli accumulate in 

chloroplasts during their conversion into xeroplasts in both X. scabrida and X. humilis, where 

they likely contain lipid storage materials necessary for reconstitution of thylakoids during 

rehydration, and additionally may play a role in photoprotection (Bréhélin et al., 2007; 

Solymosi et al., 2013; Tuba et al., 1993). Thus, oil-body related genes may play a role in the 

process of dismantling internal chloroplast membranes in X. humilis, as well as lipid storage 

related functions in the cell throughout desiccation. On the other hand, the globulin SSPs 

appear to be important only during late desiccation and likely correspond to the 

accumulation of storage proteins in the final stages of water loss. 
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Despite the induction of a number of well-characterised LAFL target genes, only transcripts 

with similarity to the seed master regulators ABI3 (XhABI3.1, XhABI3.2 and XhABI3.3) and 

LEC1 (XhLEC1.1) were identified in the X. humilis transcriptome; none with significant 

similarity to FUS3 or LEC2 appeared to be expressed in hydrated or dehydrating tissues. Of 

these identified putative LAFL gene transcripts, only two X. humilis ABI3 orthologue splice 

variants (XhABI3.1 and XhABI3.2) were slightly but significantly DE during desiccation. This 

refutes our working hypothesis that VDT in resurrection plants involves re-activation of the 

central gene networks that control seed development. ABI3 is vital for desiccation response 

during maturation drying in angiosperms and VDT in some lower plants (Santos-Mendoza 

et al., 2008; Yotsui et al., 2013). The very low induction of the two DE ABI3 transcripts in X. 

humilis (barely 2-fold increase, maximum FPKM < 5) makes it unlikely that ABI3 is acting as 

a master regulator of VDT; additionally, maximal XhABI3 expression occurs during late 

desiccation, whereas many desiccation-related genes, such as LEAs, are strongly induced as 

early as 80% RWC. Furthermore, all three X. humilis ABI3 transcripts encoded proteins that 

lacked the B3 domain, which binds to the seed-specific RY motif. The ABI3 gene is 

alternatively spliced in other plant species, and has been investigated in some detail in 

developing pea embryos (Gagete et al., 2009). Although none of the PsABI3 isoforms lacked 

the B3 domain, the authors identified an A. thaliana EST (AU238055) that would code for a 

truncated ABI3 protein that lacked the B3 domain due to a stop codon within a retained 

intron. The fact that all three identified X. humilis ABI3 transcripts encoded proteins that 

lacked this domain suggests that this result is not an assembly artefact, and may represent 

an ABI3 variant that is expressed in the vegetative tissues of X. humilis. Genomic scaffolds to 

which these sequences mapped in the current draft X. humilis genome likewise did not 

contain sequence for a B3 domain (Stephen Schlebusch, personal correspondence). Due to 
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the fragmented nature of the current genome assembly, it is possible that a corresponding 

B3 domain may be found on a genomic contig that was not completely assembled, but no 

evidence for its existence has been found in either the transcriptomic or genomic assemblies 

so far. Because the B3 domain mediates the interaction of ABI3 with the seed-specific RY 

motif, it appears unlikely that the function of the proteins produced by these transcripts 

involves gene activation via this CRE. In A. thaliana, ABI3 interacts with bZIP transcription 

factors, such as ABI5, to mediate expression of some embryogenesis genes, including LEAs 

and SSPs, via the ABRE (Lara et al., 2003; Suzuki and Mccarty, 2008). This interaction is 

independent of the B3 domain, and does not require ABI3 to be anchored to an RY element 

(Sakata et al., 2010); thus, it is tempting to hypothesise that the role of ABI3 during late 

desiccation in X. humilis could involve cooperative interaction with other transcription 

factors, including ABA-responsive TFs of the bZIP family. 

3.3.5.4 ABA metabolism and an ABA-signalling pathway is activated by desiccation 

ABA signalling is known to play an important role in both drought and desiccation 

tolerance in plants. In the X. humilis transcriptome, there is evidence for the up-regulation of 

many ABA biosynthesis genes as well as activation of ABA-signalling pathway genes during 

desiccation. 

X. humilis orthologues of the ABA biosynthesis genes ABA4 and NCED were up-regulated 

throughout desiccation, most prominently at 80% and 40% RWC (Fig. 3.30D). Two X. humilis 

genes with similarity to AtAAO3 (XhAAO1 and XhAA02) were also up-regulated specifically 

during late desiccation. However, it is unclear based on a phylogenetic analysis whether 

these genes might perform a function equivalent to AtAAO3 (oxidation of abscisic aldehyde 



  

225 
 

to abscisic acid), or are perhaps orthologous to one of the other closely-related A. thaliana 

AAO genes, which are not believed to be involved in ABA metabolism (Fig. 3.30B; Seo et al. 

2004). Interestingly, the predicted X. humilis orthologues of ABA1 and ABA2 were not up-

regulated during desiccation and were both down-regulated after 60% RWC in X. humilis 

leaves (Fig. 3.30D). ABA1 expression does not appear to be consistently responsive to stress 

in leaves across plant species. ABA1 transcripts are not responsive to drought in tobacco and 

tomato leaves - although they are differentially expressed in roots - but are differentially 

expressed in A. thaliana leaves in response to drought, salt and PEG (Audran et al., 1998; 

Thompson et al., 2000; Xiong et al., 2002). ABA2 transcript levels, on the other hand, are not 

differentially expressed in response to stress in A. thaliana (Cheng et al., 2002; González-

Guzmán et al., 2002). Both ABA1 and ABA2 were expressed at a very high level during early 

dehydration in X. humilis compared to other genes involved in ABA metabolism (60-90 

FPKM) before they were down-regulated, and so it is possible that the baseline levels of 

their corresponding proteins are sufficient to prevent limitation of ABA production during 

stress despite their lack of up-regulation, as is presumably the case in tomato and tobacco 

(Xiong and Zhu, 2003). Furthermore, in A. thaliana, the NCED family of proteins are believed 

to be the rate-limiting enzymes in ABA production (Iuchi et al., 2001), so the up-regulation 

of three putative NCED genes suggests that ABA biosynthesis is likely increased during 

desiccation. Conversely, the majority of genes predicted to be involved in ABA catabolism 

by similarity to A. thaliana CYP707A ABA hydroxylases showed a very slight increase in 

expression at 80% RWC, but were down-regulated thereafter. However, three XhCYP707A 

genes were up-regulated during late desiccation (40% and 5% RWC; Fig. 3.30D), and as such 

could play a role in attenuating ABA biosynthesis at low water contents or upon 

rehydration. In general, these results are consistent with increased ABA levels during 
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desiccation through both an increase in biosynthetic gene expression levels (ABA4, NCED 

and AAO genes) and downregulation of the majority of predicted XhCYP707A ABA 

catabolism genes. Additionally, ABA levels (as predicted by ABA biosynthesis gene 

transcript abundance) appear to peak during both early dehydration (80% RWC) and late 

desiccation, a pattern similar to the expression profile of most LEAs (Fig. 3.26) and seed 

genes (Fig. 3.28). This profile is also comparable to the measured changes in ABA 

concentration in desiccating X. humilis leaves in a previous study, where ABA levels  were 

maximal at ≈70% RWC, with a secondary, smaller peak in concentration at ≈50% RWC 

(Beckett, 2011). Measured ABA levels were much reduced after 40% RWC, which may be 

due to the action of ABA catabolysis enzymes, such as those encoded by the XhCYP707A4, 

XhCYO707A10 and XhCYP707A12 genes identified in this study.  

Concomitant with a predicted increase in ABA hormone concentrations, a large number of 

genes involved in ABA signalling were also up-regulated in desiccating X. humilis leaves at 

various stages. These included PYL/PYR-family ABA receptors, SnRK2 and PP2C protein 

kinases/phosphatases, and ABRE-binding TF factors (ABFs). ABFs are a related family of 

group A bZIP transcription factors that act as important regulators of the ABA response in 

plants downstream of ABA signalling (Fujita et al., 2013). In A. thaliana, different ABF 

proteins are important for seed development (e.g. AtABI5, AtEEL) and vegetative stress 

response (e.g. ABF1-4; Fujita et al. 2013; Yoshida et al. 2015). X. humilis and X. viscosa 

seedlings display VDT from the earliest stages of germination (see Chapter 2), the same 

developmental stages at which AtABI5 regulates seedling growth arrest and DT re-

acquisition in A. thaliana (Lopez-Molina et al., 2002; Maia, 2014). Based on our earlier 

hypothesis that VDT in Xerophyta involves de-repression of the central seed maturation 
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regulatory network, an ABI5 orthologue seemed an ideal candidate as a seed TF that could 

be an important regulator of the VDT response. Four genes that encoded proteins with 

similarity to ABFs were identified in the X. humilis transcriptome, three of which were up-

regulated during desiccation. Surprisingly, phylogenetic analysis revealed that all three up-

regulated ABF gene protein sequences were most similar to AtABF1-4, the “master 

regulators” of vegetative stress response in A. thaliana, whereas XhABF4, the only predicted 

ABF to belong to the seed development clade, was expressed at a very low level and down-

regulated during desiccation. This suggests that components of the vegetative stress 

response, rather than seed maturation factors, may be more important in regulating VDT in 

X. humilis. Of particular interest is the gene XhABF1, which was very strongly induced 

during both the early (10-fold at 80% RWC) and late (over 20-fold at 40/5% RWC) 

desiccation response, and has an expression pattern that matches that of many desiccation-

induced genes, including most LEAs (Fig. 3.26E) and seed nutrient storage genes (Fig. 3.28). 

Further consistent with a role for ABF proteins during VDT in X. humilis, several ABI FIVE-

binding PROTEIN (AFP) genes were also significantly DE in the dataset. AFP proteins are 

induced by ABA and stress, and are predicted to fine-tune ABF function by acting as 

negative regulators that target them for ubiquitination and degradation (Garcia et al., 2008). 

The ABA signal in plants is mediated by cytosolic ABA receptors of the PYL/PYR/RCAR 

family, which interact with PP2CA protein phosphatases in response to ABA and ultimately 

lead to ABF activation by SnRK2 protein kinases. Multiple PYL-family ABA receptor genes 

were up-regulated during the late stages of desiccation (40% and 5% RWC). The tissue or 

temporal specificity of these genes in other species, if any, has not been thoroughly 

investigated; however, PYL mutants display both seed and vegetative mutant phenotypes, 
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suggesting they are important for ABA signalling throughout the plant life cycle (Gonzalez-

Guzman et al., 2012). PYL genes also show patterns of transcriptional regulation in response 

to abiotic stress across plant species. For example, all SlPYL genes are down-regulated by 

dehydration in tomato leaves, with the exception of SlPYL1 (up-regulated) and SlPYL8 (not 

differentially regulated) (Sun et al., 2011). Similarly, in sorghum, all SbPYL genes were 

down-regulated in leaves in response to dehydration except for SbPYL1 and SbPYL7 (Dalal 

and Inupakutika, 2014). In maize ZmPYL4, ZmPYL7 and ZmPYL8 were significantly up-

regulated in response to dehydration stress in leaves and the remaining ZmPYL genes were 

downregulated (Fan et al., 2016). An investigation into the role of PYL receptors in ABA-

sensitivity during stress-induced growth arrest in A. thaliana seedlings identified three PYL 

genes that were either up-regulated (AtPYL7 and AtPYL9) or down-regulated (AtPYL5) in 

response to growth arrest by PEG treatment (Maia, 2014). In contrast, we see the majority of 

X. humilis PYL genes are up-regulated during vegetative desiccation (as much as 200-fold, in 

the case of XhPYL11), although a handful of PYL genes were also down-regulated, 

suggesting a possible non-redundant role in ABA signal transduction amongst different X. 

humilis PYLs (Fig. 3.32A). For the most part, up-regulated PYL genes were highly induced 

during late rather than early desiccation (40% and 5%). Thus, X. humilis may possibly 

become more sensitive to ABA as desiccation progresses, despite the apparently low levels 

of ABA in leaves at this stage (Beckett, 2011). The up-regulation of more PYL gene 

transcripts during VDT than during dehydration in DS plants may be due to underlying 

regulatory differences between these two stresses, or is a response associated with X. humilis 

or Xerophyta in particular that may be unrelated to VDT. 
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Group-A PP2C proteins are induced by ABA, but negatively regulate ABA-signalling in 

higher plants. They inhibit SnRK2 protein kinases in the absence of ABA, but are themselves 

inhibited by PYL proteins in the presence of ABA. The A. thaliana genome contains nine 

PP2CA genes, which often show a separation in tissue and developmental stage specificity 

(Bhaskara et al., 2012). In contrast, nearly all predicted X. humilis group-A PP2C protein 

genes (based on similarity to A. thaliana and O. sativa PP2CA protein sequences) were up-

regulated during the late stages of desiccation (Fig. 3.32B; Fig. S3.7). Many PP2CA genes 

were up-regulated during both early and late desiccation, although transcript abundance 

was generally higher at 40% RWC than at other time points. In X. humilis PP2CAs likely 

serve to attenuate the ABA response throughout desiccation, and have been proposed to act 

as an “off switch” for VDT in the case that water stress is removed prior to commitment to 

complete desiccation. 

Lastly, multiple genes predicted to encode SnRK2-family protein kinases were also 

identified in the X. humilis desiccation transcriptome. In higher plants, these proteins are 

classified into three groups: Group 1, those that are not activated by ABA; Group 2, those 

that are weakly activated by ABA; and Group 3, those that are highly activated by ABA 

(Kobayashi et al., 2005). A phylogenetic analysis of predicted X. humilis SnRK2 protein 

sequences could confidently assign genes to all three of these groups, with the exception of 

XhSRK2.3, XhSRK2.9 and XhSRK2.10 (Fig. S3.8). Interestingly, all three putative X. humilis 

group 3 SnRK2 genes (XhSRK2.4, XhSRK2.5 and XhSRK2.6) were down-regulated in 

desiccating tissue, whereas those from group 2 (XhSRK2.1, XhSRK2.2 and XhSRK2.11) were 

up-regulated after 60% RWC (Fig. 3.32C). There is precedence for SnRK2 gene repression in 

response to ABA, as two group 3 SnRK2 genes in rice, SAPK9 and SAPK10, are down-
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regulated specifically in the roots by ABA treatment (Kobayashi et al., 2004b). Additionally, 

both group 2 and 3 SnRK2 kinases have been implicated in abiotic stress response, including 

drought and dehydration, and can activate expression of downstream stress response genes 

(Fujita et al., 2013; Kulik et al., 2011; Mizoguchi et al., 2010). Proteins from both groups have 

also been shown to both induce expression of and directly activate ABF proteins to regulate 

ABA-mediated gene expression (Mizoguchi et al., 2010). Thus, our results could suggest that 

group 2 SnRK2-mediated signalling is important for the X. humilis desiccation response, as 

opposed to that of the strongly-ABA-activated group 3 SnRK2s. Group 1 SnRK2 proteins are 

not activated by ABA, but are nonetheless believed to also be involved in abiotic stress 

response in many cases (Kulik et al., 2011). All four identified X. humilis group 1 SnRK2 

genes (XhSRK2.7, XhSRK2.8, XhSRK2.12 and XhSRK2.13) were induced by desiccation, 

further implicating the ABA-independent stress-response signalling pathways in VDT 

response. 

3.3.5.5 Dehydration in X. humilis is associated with successive waves of transcription 

factor activity 

Well over a thousand TF-coding genes were differentially expressed during desiccation in X. 

humilis, of which approximately 1000 could be grouped into known plant TF families based 

on the presence of predicted protein domains or sequence homology to known TFs. 

Unsurprisingly, the vast transcriptional changes required to halt metabolism and enter a 

quiescent, desiccated state involved the up- or down-regulation of TFs from nearly all TF 

families. Grouping TF transcripts by shared expression profiles revealed that TF genes were 

often induced in successive waves, suggesting consecutive regulation of multiple gene sets 

as dehydration progresses. For example, Clusters U1, U2, U3 and U4 represented TFs 
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upregulated predominantly at 80%, 60%, 40% and 5% RWC respectively, whereas Clusters 

D1 and D2 represented TFs down-regulated immediately upon desiccation and 

predominantly after 60% RWC, respectively. Although they shared a number of GO terms, 

the enriched GO terms and over-represented TF families often differed across expression 

clusters, consistent with distinct roles for each set of expressed TFs at each RWC. 

All differentially expressed TFs contain a shared set of regulated biological processes 

Genes from all six expression clusters shared a large number of enriched GO terms, 

suggesting some commonalities between the expressed TFs. Unsurprisingly - considering 

the sample set was composed entirely of TF-coding sequences - this included multiple terms 

related to DNA-templated transcription. The GO term “response to water deprivation” was 

found in all clusters, as would perhaps be expected considering water deprivation was the 

common variable across all samples in the dataset. Interestingly, the GO term “response to 

cold” was also shared by all TF clusters compared to the transcriptome as a whole, 

suggesting a degree of overlap between the desiccation response and genes involved in 

response to cold stress. Many TFs involved in individual stress responses display cross-talk 

in other abiotic stresses (Nakashima et al., 2014); over-expression of the cold-induced DREB1 

genes in A. thaliana, for example, can improve drought tolerance (Liu, 1998). Similarly, there 

are multiple lines of evidence for cross-talk between transcriptional networks that regulate 

abiotic and biotic stress responses (Kissoudis et al., 2014; Walley et al., 2007). The defence 

response GO terms “response to bacteria”, “defense response to fungus” and “respiratory 

burst involved in defence response” were also found in all six expression clusters, as were 

the terms “systemic acquired resistance, salicylic acid mediated signalling pathway” and 

“induced systemic resistance, jasmonic acid mediated signalling pathway” – suggesting 
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possible overlap between TFs differentially expressed during VDT and the biotic stress 

response. However, there was some evidence that the wild X. humilis plants used in this 

study were host to a fungus/fungi, based on the consistent levels of fungal sequence 

contamination, so it cannot be ruled out that some of the genes induced during desiccation 

were involved in preventing opportunistic pathogenic infection by fungi or bacteria in 

response to stress. Even the presence of benign endosymbiotic fungi could still trigger a 

transcriptomic response, for example, through response to fungal PAMPs (pathogen 

associated molecular patterns) such as chitin, which are not necessarily associated with 

pathogenesis. Additionally, resurrection plants accumulate secondary metabolites to protect 

against biotic factors like herbivory while in a desiccated state (Gechev et al., 2014), and so 

may also express genes that produce antibiotic agents that prevent infection or colonisation 

by microorganisms while desiccated. 

Endogenous signalling, specifically by cytokinins, auxin, ABA, ethylene and GA were also 

found to be enriched in all six TF clusters, likely due to a coordinated response by TFs from 

multiple signalling pathways throughout the desiccation process. Finally, various GO terms 

related to growth and development were enriched across all clusters, particularly of seeds 

(“embryonic development ending in seed dormancy”, “seed dormancy”, “seed 

germination”, “negative regulation of seed germination”) and flowers (“regulation of flower 

development”, “gynoecium development”), but also noticeably “leaf senescence”. 

Prevention of senescence and programmed cell death is vital for successfully completing the 

desiccation process in resurrection plants, and is an aspect of VDT that has only recently 

begun to be investigated (Griffiths et al., 2014). Due to the preponderance of seed-related GO 

terms enriched in the TFs identified in this dataset, I attempted to analyse the putative 
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function of the predicted proteins of similar genes in other plant species. Although many 

were found to have functions during seed development or germination, the overwhelming 

majority were not specifically associated with seed development processes (Table 3.7); 

rather, they are involved in morphological or general stress responses that would be 

common in embryonic and vegetative tissues, suggesting that VDT is not associated with the 

specific up-regulation of seed-specific TFs. 

TFs expressed during early desiccation (80% RWC) may regulate the initial response to 

general stress 

Clusters U1 and D1 contained TF genes that had peak expression or were down-regulated at 

80% RWC, respectively. Both contained a comparatively small number of TFs and enriched 

GO terms compared to other clusters. A small number of stress response GO terms were 

unique to these clusters (response to hypoxia, freezing, viruses; response to ozone, oxidative 

stress), as well terms related to growth and response to light (photoperiodism, blue and 

red/far-red light signalling), but there was no overarching collection of GO terms that gave 

insight into the regulatory mechanisms that specifically occurred during this stage of 

desiccation stress response. 

It is possible that inhibition of growth plays a role during the early response to dehydration 

in X. humilis. Growth arrest during the acute response phase of drought and during 

germination is generally mediated by DELLA proteins, which inhibit GA signalling. A gene 

encoding a protein with similarity to the DELLA protein DWARF8, the only predicted 

DELLA that was differentially expressed in X. humilis, was found in cluster U1 and may 

play a role in an equivalent acute response in Xerophyta.  Analysis of the few genes with 
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similarity to proteins with known functions in these clusters also revealed that a large 

number of RADIALIS, RAD-like and TCP proteins were down-regulated, gene families that 

are often involved in leaf patterning and development (Corley et al., 2005). Amongst 

proteins similar to up-regulated genes, HAT5 is a homeodomain TF that may be involved in 

leaf growth and senescence (Aoyama et al., 1995). Over-expression of the DREB-like 

ethylene-responsive gene TINY, similar to a gene up-regulated in cluster U1, also results in 

reduced cell proliferation and growth (Wilson et al., 1996). Thus, this stage of dehydration 

may include a period of general stress response and growth arrest similar to the acute stress 

response seen in DS plants during drought. 

TFs expressed at 60% RWC are associated with large changes in gene regulation and 

chromatin modification 

Clusters U2 and D2 corresponded to TFs that were up-regulated at 60% RWC and then 

down-regulated, or prominently down-regulated immediately after 60% RWC. Both clusters 

contained a large number of genes, and a diverse range of enriched GO terms. 

By far the most noticeable group of unique GO terms in cluster U2 were those related to the 

regulation of gene expression, both epigenetic and post-transcriptionally. This suggests that 

largescale changes in regulation of gene expression occur at 60% RWC, a similar result to 

that seen in cluster 6 of all DE genes (Fig. 3.17). This is likely associated with the induction of 

many of the genes necessary for VDT, and the silencing of unnecessary developmental 

programmes during desiccation;  for example, multiple CONSTANTS (CO) and CO-like TFs, 

which control many of the aspects of reproduction and flowering in A. thaliana, were down-

regulated at this stage of desiccation (Fig. 3.38B; Putterill et al. 1995). The prevalence of GO 
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terms associated with RNA-mediated epigenetic gene regulation is also of particular 

interest. CDT-1 and CDT-2, two non-coding RNAs identified in the resurrection plant C. 

plantagineum, direct the synthesis of a 21 bp siRNA that can independently induce VDT in 

this species without the application of exogenous ABA (Hilbricht et al., 2008). The data 

observed here could indicate that siRNA-mediated gene silencing plays a similarly 

important function during desiccation in X. humilis. Cluster D2 was enriched for a diverse 

range of GO terms associated with multiple developmental and metabolic processes, 

perhaps due to the predicted epigenetic silencing of multiple unrelated gene programmes at 

this stage. 

Additionally, cluster U2 had multiple GO terms related to biosynthesis of 

xylan/glucuronoxylan and triglycerides, likely related to the numerous cell wall and 

membrane changes that occur during desiccation in resurrection plants, such as cell wall 

thickening, cell wall folding and vesicle fragmentation (Griffiths et al., 2014; Hoekstra et al., 

2001; Toldi et al., 2009). These processes may be already occurring at this state of 

dehydration, or the pathways that regulate these mechanisms may be activated at this stage. 

Multiple representative genes of stress-response TF families are induced in late desiccation 

(40% and 5% RWC) 

The last two stages of desiccation appeared to be largely involved in cellular response to 

stress. The GO terms “cellular response to heat” and “heat acclimation” were unique to 

cluster U3, and “response to high light intensity”, “cellular response to freezing”, “cold 

acclimation”, “photosynthetic acclimation”, “photoprotection”, “response to UV-B”, 

“response to hydrogen peroxide”  and “cellular response to hypoxia” were shared 
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specifically between cluster U3 and U4 (Table 3.5 & 3.6). Both clusters also shared expression 

of multiple genes from the same abiotic stress-related TF families. 

HSF-family transcription factors were found in both late-desiccation specific clusters. 

Cluster U3 contained the highest proportion of HSFs, the vast majority of which were from 

the HSFC group. In contrast, cluster U4 predominantly contained HSFs from group A. Only 

one HSFB was found in each cluster (Fig. 3.36). The functional characterisation of the HSF 

family in monocots is poor, but the expression of a different set of HSF genes at 40% and 5% 

RWC suggests that the HSFs in each group are functionally non-redundant, or HSFs from 

group C (present in U3) act upstream of group A HSFs (found in U4). HSF master regulators 

have been identified in A. thaliana (the HSFA1 family) and tomato (the HSFA1a gene), and 

there is evidence that the HSFC2b gene in barley regulates a number of downstream HSFs 

during seed development and heat stress (Reddy et al., 2014; Scharf et al., 2012). Nearly all 

predicted X. humilis HSFC proteins were most closely grouped with the HSFC2 clade, so it is 

possible that these genes also play a central regulatory function in Xerophyta. On the other 

hand, it has previously been reported that the HSF and DREB2 transcriptional cascades may 

converge during stress response, as the AtHSFA3 gene in A. thaliana is activated by both 

AtDREB2a and AtDRBE2c in response to drought (H. Chen et al., 2010; Sakuma et al., 2006a; 

Schramm et al., 2008). A variety of predicted DREB2 genes were found that were up-

regulated during desiccation, predominantly below 40% RWC (Fig. 3.37E). The DREB 

protein family are important transcription factors involved in gene activation during abiotic 

stress, in a mostly ABA-independent manner (Lata and Prasad, 2011). The DREB2 subgroup, 

to which all up-regulated X. humilis DREB genes in these clusters belong, are specifically 

induced by heat, drought and hypersalinity; they are rapidly induced by stress, and activate 
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the expression of numerous downstream genes, including some LEAs (Sakuma et al., 2006b). 

Interestingly, AtDREB2a gene expression is also positively regulated by AtABF4 in A. 

thaliana, due to the presence of an ABRE within its promoter (Kim et al., 2011); XhABF1, a 

related Xerophyta ABF protein identified in this study, is strongly up-regulated during these 

same stages of desiccation, and so may be involved in DREB2 gene activation. 

As well as HSF and DREB proteins, a large number of genes with similarity to the Zn-C2H2 

ZAT/AZF family of TFs were spread across both clusters U3 and U4 (Fig. 3.37). The ZAT and 

AZF genes encode a family of related transcriptional repressors that, in A. thaliana, are 

induced by ABA and involved in repression of ABA-inhibitory and auxin-related factors, as 

well as the induction of growth arrest during drought and other abiotic stress (Drechsel et 

al., 2010; Miller et al., 2008; Sakamoto, 2004). AtZAT11 and AtZAT12 play a central role in 

the cellular response to ROS and light-inducible stresses (Davletova, 2005; X.-M. Liu et al., 

2014; Qureshi et al., 2013). AtZAT10 has also been implicated in the maintenance of seed 

quiescence: mRNA transcript abundance for this gene peaks at the end of maturation, and 

inhibition of AtZAT10 in response to imbibition is believed to be important for the initiation 

of germination (Galland et al., 2014). Similarly, AtAZF2 has been shown to be important for 

ABA-signalling in the seed and the onset of germination (Drechsel et al., 2010). The large 

number of distinct X. humilis ZAT-like transcripts, their desiccation-specific expression 

pattern and large fold-change induction (over 100-fold in many cases) suggests that these 

genes maybe play an important role during late VDT response in X. humilis, although their 

precise function is unclear. 

Lastly, multiple SCARECROW-LIKE (SCL) gene transcripts were expressed during late 

desiccation (Fig. 3.37D&E). SCL proteins are a class of GA-responsive TFs that are expressed 
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in seeds and adult plants, and make up one branch of the GRAS family of plant transcription 

factors. Many have been shown to be involved in response to biotic or abiotic stresses, 

although the function of most of them is still unclear. As positive regulators of GA 

signalling, SCL proteins often oppose ABA-induced stress responses. For example, AtSCL3 is 

a positive regulator of GA signalling that is repressed by GA, but acts as a mutual antagonist 

of ABA-induced DELLA proteins through competitive interaction at the same binding site 

(Yoshida and Ueguchi-Tanaka, 2014; Z.-L. Zhang et al., 2011).  AtSCL3 reaches peak mRNA 

abundance levels in the dry seed, but expression is reduced in response to either exogenous 

ABA or after imbibition as GA levels increase (Feurtado et al., 2011). The related protein 

AtSCL6 has been found to mediate GA-DELLA interaction during leaf growth and 

chloroplast biosynthesis in light (Ma et al., 2014). In X. humilis these genes may play an 

important role in fine-tuning the ABA-GA signalling networks during late desiccation 

and/or rehydration, similar to their proposed roles during drought stress and germination. 

3.3.5.6 VDT may be associated with large-scale chromatin remodelling 

The activation of the VDT response in X. humilis requires a massive shift in gene expression, 

as evidenced by the large number of DE genes and TF families present during the 

desiccation process. Epigenetic gene regulation is a commonly used mechanism to control 

the activation and repression of multiple gene networks during developmental processes, 

and the transition to a desiccated state in X. humilis is likely no different. 

Genes associated with chromatin rearrangement and epigenetic changes during VDT were 

centred on 60% RWC in our data. Numerous genes and TFs related to chromatin 

remodelling or epigenetic regulation were specifically induced at 60% RWC (DE clusters 5, 6 
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& 9, TF cluster U2), or specifically silenced after 60% RWC (DE clusters 13, 15 & 16, TF 

cluster D2). This suggests that chromatin changes occurring at and around 60% RWC may 

particularly important for VDT, a time-point which also coincides with the induction of 

expression of the majority of stress response genes, based on the widespread enrichment of 

stress-related GO terms in genes up-regulated between 60% and 5% RWC (DE clusters 5-9; 

Fig. 3.13 & Fig. 3.16-3.19). However, not all of the chromatin remodelling processes observed 

during VDT are necessarily related directly with specific gene regulation. Chromatin 

compaction occurs in the nuclei of maturing seeds of A. thaliana, and in the nuclei of 

desiccating leaves of the resurrection plant C. plantagineum (van Zanten et al., 2012), so it is 

likely that a similar process occurs in X. humilis. 

Histones 

I identified over 40 histone-coding genes that were DE during a cycle of dehydration, from 

each of the histone families: H1 (10 genes), H2A (8), H2B (3), H3 (3) and H4 (10). For 

comparison, A. thaliana contains 15 H3 gene variants (Okada et al., 2005), 3 H1 variants 

(Wierzbicki, 2005), 7 H4 variants (Piontkivska et al., 2002) and, based on proteins curated by 

Swissprot, 11 H2b and 13 H2a variants. The vast majority of histone protein genes showed a 

very similar expression profile: varying degrees of induction at 60% RWC, and a massive 

decrease in transcript abundance thereafter. This pattern of expression likely correlates with 

a major chromatin rearrangement process occurring at 60% RWC, followed by a substantial 

decrease or cessation of DNA replication and nucleosome assembly/reassembly at lower 

water contents, possibly to avoid an increased risk of DNA damage (Dekkers et al., 2015). A 

drought-inducible H1 variant, XvDIH1v, that was isolated from the related resurrection 
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plant X. viscosa was reported as exhibiting a similar expression profile (Holiday, 2007). Our 

data suggests that this could be a common response in the majority of histone protein genes. 

Of all the histones, only a family of H1 variants have been directly associated with water 

stress in higher plants, such H1.3 in A. thaliana and H1-S in tomato, and which likely 

function by regulating gene expression rather than overall chromatin structure (Scippa et al., 

2004, 2000; Zhu et al., 2012). I identified only one H1 variant, XhH1.9, which was strongly 

induced during desiccation in X. humilis (Fig. 3.39A). This gene was found to be most similar 

to the H1.3 histone variant in A. thaliana based on protein sequence alignment, suggesting 

that drought-inducible linker histones may accumulate in chromatin during desiccation in 

X. humilis (Fig. 3.39F). There is currently no evidence that drought-inducible H1 histones are 

important components of chromatin within maturing or dry seeds, although the level of 

canonical histone H1.1 is elevated in dry maize seed nuclei compared to the level normally 

seen in plant tissues (Bewley and Black, 1994; Groot et al., 2007). Thus, up-regulation of this 

histone variant during desiccation in X. humilis may be specific to vegetative tissues. 

Only a handful of other histone gene transcripts were up-regulated during late desiccation. 

These included two H2A genes (XhH2A.1 and XhH2A.2), an H3 gene (XhH3.3) and an H4 

gene (XhH4.1). As even less is known about the role of non-H1 histone variants during 

drought stress or seed development (Bewley and Black, 1994), it is difficult to ascertain the 

specific function of these histone variants during vegetative desiccation. They may facilitate 

DNA repair processes, result in altered epigenetic regulation of developmental or stress 

response genes, or be important for heterochromatin formation, chromatin compaction and 

chromatin protection while the cell is in a desiccated state. 
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Histone modifying enzymes 

I focused my analysis of epigenetic gene regulation on the expression of histone modifying 

enzymes, specifically those associated with histone acetylation and methylation. Consistent 

with a general decrease in chromatin remodelling or modification during the later stages of 

desiccation, the majority of histone modifying enzymes – irrespective of target histone or 

protein residue – were down-regulated after 60% RWC (Fig. 3.40 & 3.41). The global down-

regulation of chromatin modifying enzymes during late desiccation may be because a more 

limited range of genes are active during this time, requiring a less diverse range of histone 

epigenetic modifications to regulate expression. It is also likely linked to a general reduction 

in cell division and/or DNA replication as vegetative tissues enter a quiescent state, as it 

matches the down-regulation expression profile of most histone protein genes. Newly-

synthesised histones undergo a number of post-translational modifications during 

translation and prior to import into the nucleus, thus a global decrease in histone synthesis – 

as suggested by the decrease in abundance of histone-coding transcripts – could also result 

in a general reduction in the level of required histone modification complexes (Keck and 

Pemberton, 2012; Rivera et al., 2015). However, a small number of X. humilis histone-

modifying enzymes of varying specificities did show up-regulation during the desiccation 

process, and thus may be interesting candidates as mediators of the epigenetic regulation of 

VDT. 

Histone acetylation may have diverse functions during VDT 

HAT proteins are generally associated with gene activation, and have been implicated in the 

response to abiotic stress in a number of species (Fang et al., 2014; Kim et al., 2015; 

Papaefthimiou et al., 2010). In X. humilis, only MYST (XhHAT4) and CPB (XhHAT5, XhHAT6 
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and XhHAT7) family HATs were up-regulated in response to desiccation (Fig. 3.41A). Genes 

from these families are up-regulated by drought stress and ABA in other species, such as 

OsHAC703 and OsHAM701 in rice and HvMYST in barley (Fig. 3.41B). Interestingly, 

multiple predicted members of the GNAT family of HATs were down-regulated during 

desiccation stress, although members of this family have been shown to be responsive to 

drought or ABA in other species (OsHAG703, HvELP3 and HvGCN5). During stress, HAT 

proteins are predicted to lead to induction of stress response genes by acetylation of histones 

in the promoters of those genes (Kim et al., 2015). However, there is currently little 

information regarding direct targets of HAT proteins that are involved in stress response. In 

maize, the up-regulation of the ZmEXPB2 and ZmXET1 genes, which are involved in cell 

wall maintenance in response to high salinity, is associated with increased H3K9 acetylation 

of their promoters - likely mediated by two HAT genes, ZmHATB and ZmGCN5, which 

show a concomitant increase in transcript abundance (Li et al., 2014). It is probable that 

many of the genes identified as up-regulated during desiccation in X. humilis are regulated 

epigenetically, and may contain similarly acetylated promoter histones. Only three of the 

seven identified HAT-encoding genes were downregulated during desiccation in X. humilis: 

XhHAT1, which was highly similar to AtHAG1/HvGCN5/OsHAG702, as well as XhHAT2 and 

XhHAT3, which were both most similar to AtMCC1 (Fig. 3.41B). In A. thaliana, MCC1 has 

been shown to be involved in chromosome recombination and segregation during meiosis 

by histone hyperacetylation (Perrella et al., 2010). If XhHAT2 and XhHAT3 perform a similar 

function in Xerophyta, their observed reduction in transcript abundance likely correlates with 

the cessation of meiotic processes in desiccating tissues. In comparison, AtHAG1 has been 

associated with multiple processes related to development and response to external stimuli, 

and is likely involved in further as yet unidentified systems (Servet et al., 2010). 
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Histone acetylation is not only important for direct activation of gene expression. 

Acetylation of histones, particularly at H4K16, prevents the spread of heterochromatin 

formation and thus could indirectly control gene expression by preventing heterochromatin-

mediated gene silencing (Shahbazian and Grunstein, 2007; Soppe et al., 2002). Increased 

acetylation of histones is also observed in plants irradiated with UV-B (Casati et al., 2008). 

Knock-out mutants of the A. thaliana  HAT gene HAM1 and its functionally redundant 

homolog, HAM2, exhibit increased levels of DNA damage after UV treatment (Campi et al., 

2012). As one of the up-regulated X. humilis HAT genes, XhHAT4, has high similarity to both 

AtHAM1 and AtHAM2, this could suggest that it may play a role in histone acetylation-

mediated DNA repair mechanisms during desiccation and/or rehydration. 

As opposed to HATs, HDACs are associated with gene repression because they remove the 

active histone acetylation epigenetic mark. The majority of identified HDAC-coding genes 

were down-regulated in desiccating tissue below 60% RWC, a trend that is probably related 

to the global repression of histones and other classes of histone-modifying enzyme genes 

observed in the dataset. Only two X. humilis HDAC genes, XhHDA3 and XhHDA4, show 

increased expression during desiccation. XhHDA3 is likely a RPD3/HDA1 class I HDAC, 

whereas XhHDA4 is predicted to belong to the class II RPD3/HDA1 HDACs. Genes from 

both of these families as well as a large number of predicted HD2 HDACs were also down-

regulated in desiccating tissues. However, no genes with similarity to the third class of 

RPD3/HDA1 HDACs (AtHDA2) were identified (Pandey, 2002). 

XhHDA3 was induced at approximately 60% RWC, and was most similar to the A. thaliana 

proteins AtHDA19, AtHDA6 and AtHDA7 based on full-length protein sequence alignment. 

Of these three, AtHDA19 and AtHDA6 have been the most thoroughly researched, and have 
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been found to be involved in numerous developmental and physiological responses (X. Liu 

et al., 2014). AtHDA7, on the other hand, is less well-characterised, although it has been 

shown to be important for gametophyte and embryo development (Cigliano et al., 2013). 

Interestingly, both AtHDA19 and AtHDA6 together are involved in both seed development 

and abiotic stress response, where they act to repress the expression of seed maturation 

genes during germination (such as ABI3 and OLEOSIN1) and ABA-regulated stress response 

genes during vegetative drought stress (Chen and Wu, 2010; X. Liu et al., 2014). This raises 

the interesting possibility that XhHDA3 is involved in attenuating stress-related gene 

expression during desiccation, or perhaps maintains repression of a subset of seed 

maturation genes that are not expressed during VDT. Alternatively, XhHDA3 mRNA or 

protein may accumulate during desiccation and acts during rehydration to repress the ABA 

signalling network, similarly to what would occur during germination. The only other up-

regulated HDAC, XhHDA4, was found to have greatest similarity to the A. thaliana proteins 

AtHDA5 and AtHDA18. AtHDA18 is believed to have arisen from the ancestral version of 

AtHDA5 via a dicot-specific duplication event, thus XhHDA4 may represent the monocot 

orthologue of AtHDA5 in X. humilis (Pandey, 2002). Unfortunately, AtHDA5 function has 

not been extensively investigated, although it has been implicated in the regulation of 

flowering time (Luo et al., 2015). As the transcript abundance of this gene is only elevated at 

water contents below 40% RWC, it may be important for the very late stages of desiccation 

response; alternatively, this increase may represent mRNA that has been accumulated to be 

translated during rehydration. 
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H3K9 methylation may delineate activated and silenced genome regions during desiccation 

By far the largest class of histone-modifying enzyme genes identified as DE in X. humilis 

during desiccation were histone methyltransferases, with over 20 distinct transcripts present 

in the dataset. However, with the exception of XhHMT20, every single HMT gene was 

down-regulated after 60% RWC irrespective of predicted family or histone specificity. 

Additionally, although only four HDM genes were identified in the X. humilis 

transcriptome, only one – XhHDM3 – was similarly not down-regulated. Interestingly, both 

of these genes are predicted to encode proteins involved in H3K9 methylation. XhHMT20 is 

most closely related to the Class V Su(var) family of HMTs, which are important for H3K9 

deposition, whereas XhHDM3 is predicted to be a member of the JMJ2/KDM4 family of 

H3K9 demethylases, such as the rice HDM JMJ706 (Lu et al., 2008; Naumann et al., 2005; Sun 

and Zhou, 2008; Yu et al., 2009). Taken together, this suggests that H3K9 methylation may be 

of particular importance during desiccation in X. humilis. 

H3K9 methylation is important for regulation of gene expression, particularly by the linked 

processes of heterochromatin formation and DNA methylation (Yu et al., 2009). In plants, 

the SUVH family of HMTs are essential for the formation of heterochromatin and regulation 

of DNA methylation (Jackson et al., 2004). In A. thaliana, this function is controlled in a 

partially redundant fashion by SUVH1, SUVH4-6 and SUVH9; SUVH2 is believed to have a 

more central role as suvh2 is the only SUVH gene mutant to exhibit large changes in global 

H3K9 methylation patterns (Naumann et al., 2005). Antagonism of these heterochromatin 

marks by Jumonji C-domain containing (jmjC) proteins is seen in many organisms, 

including fission yeast (S. pombe), filamentous fungi (N. crassa) and A. thaliana (Tamaru, 

2010). The rice JmjC HDM, JMJ706, is constitutively expressed in vegetative tissue and is 
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involved in at least flower organ development, where it co-localises with and antagonises 

the SUVH group HMTs in heterochromatic regions of the genome (Sun and Zhou, 2008). 

Heterochromatin and DNA methylation are generally associated with silenced regions of the 

genome; for example, centromeric and telomeric regions, developmentally repressed genes 

and transposable elements (Yu et al., 2009). During seed development in A. thaliana, 

widespread heterochromatin formation and associated chromatin compaction is also 

believed to protect the genome from the stresses of maturation drying, as the more compact 

structure limits access to genomic DNA. A similar process is predicted to occur in the 

resurrection plant C. plantagineum, suggesting that this may be a common response to 

desiccation (van Zanten et al., 2012). The results reported here could thus support a model 

whereby XhHMT20 mediates H3K9 methylation deposition during dehydration stress, 

perhaps as a regulator of desiccation-related heterochromatin formation and/or DNA 

methylation. XhHDM3 could act to suppress this effect, possibly in distinct genomic regions 

associated with desiccation-specific gene expression. 

Seed-specific gene de-repression during desiccation is not associated with unique patterns of 

PRC2 or PRC1 gene expression 

In this study, I analysed transcripts coding for the various subunits of the PRC2 and PRC1 

histone-modification complexes in an attempt to confirm a role for PRC2-mediated gene 

silencing during VDT in X. humilis. 

Representatives of each of the PRC2 subunits could be found in the X. humilis transcriptome, 

including three E(z) orthologues (XhHMT8, XhHMT10 and XhHMT11), seven P55 

orthologues (XhMSI1-7), one Su(z) orthologue (XhEMF2) and one ESC orthologue (XhFIE). 
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With the exception of XhFIE and XhMSI4, which were not differentially expressed, all 

identified PRC2 subunit genes were heavily downregulated after 60% RWC in X. humilis. 

Multiple genes believed to be associated with the plant PRC1 complex were also identified, 

including an LHP1 orthologue (XhLHP1), two RING1 orthologues (XhRING1.1-2) and four 

DRIP/BMI orthologues (XhDRIP1-4). Of these genes only LHP1 was significantly down-

regulated, the remainder were not DE. These results therefore confirm and expand upon the 

original X. humilis microarray data collected by Shen et al. 2014: namely, the PRC2 methyl-

transferase SWINGER, as well as the majority of PRC2 components, is down-regulated 

during desiccation in X. humilis. However, the increased scope of an RNA-Seq experiment 

has made it apparent that the expression profile of these PRC2 subunit genes during 

desiccation is by no means unique amongst histone modifying factor genes, and is in fact 

shared by the vast majority of chromatin-modifying protein gene transcripts irrespective of 

target histone and/or modification. A similar trend is also seen for all histone protein 

transcripts and, as discussed above, may suggest a general reduction in nucleosome 

modification and re-arrangement during the later stages of desiccation. 

Although it is possible that the reduced levels of PRC2 during desiccation could still lead to 

a global reduction in genomic H3K27me3, a more in-depth analysis of the expression of all 

predicted PRC2 target genes in X. humilis (for comparison, 15% of genes in A. thaliana are 

marked by H3K27me3) is required to identify whether PRC2-silenced genes are significantly 

enriched amongst up-regulated genes during desiccation. Many seed maturation genes have 

been shown to be activated in desiccating X. humilis in this and previous studies, suggesting 

that H3K27me3-mediated gene silencing must be lifted from at least a subset of desiccation-

induced genes (Illing et al., 2005; Shen, 2014). Our results, however, suggest that this may 
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not achieved by specific global antagonism of the PCR2/PCR1 complexes. Transcript 

abundance of the PRC1/PRC2 subunits did not show a unique profile amongst histone 

modification enzymes in general, and the expression profile of these genes did not correlate 

with the up-regulation of many of the seed maturation-associated genes identified in this 

study, such as many LEAs and oleosins, which were up-regulated prior to any change in 

PRC2 subunit gene expression. The down-regulation of PRC2 subunit genes after 60% RWC 

could be associated with the increased expression of seed genes at lower water contents 

compared to 80% RWC; however, it is equally possible that the enhanced up-regulation of 

these genes during late desiccation is due to increased ABA perception and/or signalling at 

this stage (due to the very high up-regulation of PYLs, group II SnRK2 kinases and 

downstream effectors such as XhABF1). Thus, these results do not rule out the possibility 

that many of the genes specifically induced during VDT are epigenetically regulated; in fact, 

it seems likely that histone acetylation and H3K9 methylation could play an important part 

of the desiccation response. However, more evidence is required to specifically link PRC2 

and PRC1 gene activity, and by extension H3K27me3 methylation, to the induction or 

repression of desiccation-responsive genes as has been proposed previously. 

3.3.6 General conclusion 

In summary, the data presented in this chapter is not consistent with a role for seed-

maturation master regulatory TFs in the induction of VDT in X. humilis, as hypothesised at 

the outset of this study (see the Introduction, Fig. 1.8).  Gene expression analysis of the 

protein-coding desiccation transcriptome of X. humilis has strengthened support for a role 

for ABA in resurrection plant VDT, as ABA biosynthetic genes and multiple components of 

the ABA signalling network were up-regulated in desiccating leaves. However, the only up-
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regulated bZIP ABRE-binding factor (ABF) genes were most closely related to those that 

control abiotic stress response in A. thaliana – as opposed to seed development – implying 

that VDT may be regulated by vegetative stress factors. VDT is however associated with the 

up-regulation of seed-specific genes, such as oleosins, caleosins and the antioxidant PER1, as 

has been shown in previous studies; furthermore, a very large number of LEA protein genes 

were upregulated in desiccating tissue, including many from seed-specific families. This 

suggests that some seed maturation genes are de-repressed in adult tissues, but there was no 

clear evidence that this correlated with the expression of PRC2 subunit genes, which silence 

these genes in other species by deposition of the H3K27me3 epigenetic mark. PRC2 genes, 

along with the majority of other histone modification enzyme and histone protein gene 

transcripts, were heavily down-regulated in desiccating tissue. The exception to this were a 

small number of histone variants, including a desiccation-responsive H1 most closely related 

to the drought-responsive AtH1.3 found in A. thaliana, as well as several histone modifying 

enzymes: an H3K9 HMT and H3K9 HDM, which could be cooperatively involved in 

heterochromatin formation, and various HAT/HDACs. This dataset should provide valuable 

insight into many of the key processes and genes involved in regulating VDT in X. humilis. 
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3. 4 Supplementary Data 

 

 

Supplementary Table S3.1. Sample IDs and RWC for sample Xerophyta leaves at our selected 

RWC. Leaves at approximately 100%, 80%, 60%, 40% or 5% RWC were chosen for downstream total 

RNA extraction. 
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Supplementary Figure S3.1. Representative sequencing quality statistics as determined by 

FASTQC. A) The PHRED quality score distribution across each nucleotide per read in the read 

library, B) Average PHRED quality score for each read across the library, C&D) Sequence content 

(AGCT) and GC percentage distribution across the length of each read in the library, showing the 

non-random distribution of bases in the first <10 base pairs that is distinctive of RNA-Seq library 

preparation. Results shown here are for 5% RWC sample A, but are comparable to all other libraries. 
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Gene Name (BLAST subject title)
Number of Gene 

Clusters

Highest E-

value

Cluster 2 - (Seed development; GO:0048316)

50S ribosomal protein L21, chloroplastic 2 3.0E-07

50S ribosomal protein L31, chloroplastic 1 4.0E-47

ABC transporter B family member 11 1 1.0E-58

ABSCISIC ACID-INSENSITIVE 5-like protein 4 1 1.0E-66

ABSCISIC ACID-INSENSITIVE 5-like protein 5 1 1.0E-71

AP2-like ethylene-responsive transcription factor TOE3 1 1.0E-50

Abscisic acid 8'-hydroxylase 1 9 3.0E-84

Ankyrin repeat domain-containing protein, chloroplastic 1 4.0E-119

Aspartic proteinase PCS1 1 7.0E-116

Auxin-responsive protein IAA31 1 3.0E-29

Cycloartenol-C-24-methyltransferase 1 2 0.0E+00

E3 ubiquitin-protein ligase ATL59 1 2.0E-11

E3 ubiquitin-protein ligase At3g02290 1 6.0E-18

E3 ubiquitin-protein ligase Os04g0590900 1 3.0E-68

Ethylene-responsive transcription factor CRF1 1 7.0E-28

Ethylene-responsive transcription factor CRF4 1 6.0E-36

Ethylene-responsive transcription factor ERF073 1 7.0E-16

Ethylene-responsive transcription factor RAP2-13 1 5.0E-43

Eukaryotic translation initiation factor 6-2 1 7.0E-68

Growth-regulating factor 1 1 2.0E-47

MATE efflux family protein LAL5 1 6.0E-09

NAC domain-containing protein 74 2 5.0E-83

Nuclear transcription factor Y subunit A-6 1 4.0E-31

Nuclear transcription factor Y subunit A-7 1 3.0E-08

PLASMODESMATA CALLOSE-BINDING PROTEIN 3 1 2.0E-30

Pentatricopeptide repeat-containing protein At5g15010, mitochondrial 1 0.0E+00

Phosphate transporter PHO1-2 1 0.0E+00

Probable LRR receptor-like protein kinase At1g51890 1 1.0E-84

Probable LRR receptor-like serine/threonine-protein kinase At4g08850 1 0.0E+00

Probable cellulose synthase A catalytic subunit 9 [UDP-forming] 1 0.0E+00

Probable indole-3-pyruvate monooxygenase YUCCA8 2 0.0E+00

Probable prefoldin subunit 2 1 9.0E-52

Protein ROOT INITIATION DEFECTIVE 3 1 4.0E-129

Protein kinase APK1B, chloroplastic 1 5.0E-147

Pyrophosphate-fructose 6-phosphate 1-phosphotransferase subunit beta 1 1 4.0E-39

QWRF motif-containing protein 8 1 6.0E-59

Ras-related protein Rab7 1 5.0E-96

Receptor-like protein kinase At3g21340 1 5.0E-95

Serine/threonine-protein kinase PBS1 1 0.0E+00

Splicing factor U2af small subunit B 1 1.0E-112

T-complex protein 1 subunit theta 1 2.0E-35

Transcription factor DIVARICATA 1 1.0E-87

U-box domain-containing protein 33 2 4.0E-68

Ubiquitin-conjugating enzyme E2 28 1 4.0E-103

Ubiquitin-conjugating enzyme E2-17 kDa 1 2.0E-88

WD-40 repeat-containing protein MSI1 1 0.0E+00

Wall-associated receptor kinase 3 1 2.0E-103

Cluster 3 - (Seed dormancy; GO:0010162)

1-Cys peroxiredoxin 3 1.0E-123

1-Cys peroxiredoxin PER1 1 9.0E-64

E3 ubiquitin-protein ligase listerin 1 2.0E-06

Ethylene-responsive transcription factor ERF060 1 5.0E-39

Ethylene-responsive transcription factor RAP2-13 1 9.0E-35

Iron-sulfur assembly protein IscA-like 1, mitochondrial 1 8.0E-34
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LOB domain-containing protein 37 1 2.E-52

Oleosin 16 kDa 1 3.E-32

Oleosin 5 3 2.E-28

Peroxygenase 3 2.E-54

Peroxygenase 1 1 1.E-62

Probable peroxygenase 3 1 4.E-106

Probable protein phosphatase 2C 51 1 5.E-60

Probable protein phosphatase 2C 8 2 9.E-81

Probable protein phosphatase 2C 9 2 3.E-112

mRNA cap guanine-N7 methyltransferase 1 1 5.E-79

Cluster 7 - (Seed dormancy; GO:0010162)

Em protein H5 1 2.E-15

Ethylene-responsive transcription factor ERF071 1 2.E-33

Ethylene-responsive transcription factor ERF110 1 4.E-24

Late embryogenesis abundant protein B19.4 1 2.E-62

Oleosin 5 1 7.E-28

Peroxygenase 5 1.E-111

Probable protein phosphatase 2C 24 2 1.E-66

Probable protein phosphatase 2C 51 1 2.E-29

Probable protein phosphatase 2C 75 1 1.E-79

Probable protein phosphatase 2C 8 8 2.E-111

Probable protein phosphatase 2C 9 7 4.E-112

Protein REVEILLE 1 2 4.E-33

Protein phosphatase 2C 3 3 2.E-93

Cluster 8 - (Seed dormancy; GO:0010162)

21 kDa protein 1 3.E-23

29 kDa ribonucleoprotein B, chloroplastic 1 7.E-67

9-cis-epoxycarotenoid dioxygenase 1, chloroplastic 1 0.E+00

ACT domain-containing protein ACR3 1 8.E-96

ACT domain-containing protein ACR8 1 6.E-146

Adenine nucleotide transporter BT1, chloroplastic/mitochondrial 3 5.E-155

Autophagy-related protein 36 1 5.E-10

BTB/POZ domain-containing protein At5g66560 1 5.E-29

Dehydration-responsive element-binding protein 2A 4 9.E-37

Dehydration-responsive element-binding protein 2C 1 5.E-31

E3 ubiquitin-protein ligase ATL41 1 9.E-20

E3 ubiquitin-protein ligase ATL6 1 4.E-52

E3 ubiquitin-protein ligase RNF185 1 2.E-23

Em protein 1 3.E-13

Ethylene-responsive transcription factor 11 2 5.E-18

Ethylene-responsive transcription factor 4 2 7.E-19

Ethylene-responsive transcription factor 8 2 1.E-22

Ethylene-responsive transcription factor ERF010 1 3.E-33

Ethylene-responsive transcription factor RAP2-10 1 3.E-32

F-box protein PP2-A13 1 7.E-116

F-box protein PP2-B10 1 7.E-67

Ferritin-1, chloroplastic 1 8.E-17

Ferritin-3, chloroplastic 9 6.E-26

Glucan endo-1,3-beta-glucosidase 7 3.E-172

Glucan endo-1,3-beta-glucosidase 14 2 1.E-145

Glucan endo-1,3-beta-glucosidase 6 1 4.E-164

Glucose-6-phosphate/phosphate translocator 1, chloroplastic 1 2.E-157

Glucose-6-phosphate/phosphate translocator 2, chloroplastic 1 4.E-70

Glycine-rich protein 2 1 1.E-33

Late embryogenesis abundant protein B19.3 1 1.E-60

Late embryogenesis abundant protein B19.4 3 4.E-18

Lysine-specific demethylase JMJ706 2 0.E+00

Mannose-6-phosphate isomerase 1 1 2.E-135

NAC domain-containing protein 2 1 2.E-59

Nuclear transcription factor Y subunit A-7 2 1.E-44

PHD and RING finger domain-containing protein 1 1 2.E-10
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Lysine-specific demethylase JMJ706 2 0.E+00

Mannose-6-phosphate isomerase 1 1 2.E-135

NAC domain-containing protein 2 1 2.E-59

Nuclear transcription factor Y subunit A-7 2 1.E-44

PHD and RING finger domain-containing protein 1 1 2.E-10

Pentatricopeptide repeat-containing protein At1g26900, mitochondrial 1 3.E-126

Peroxygenase 3 9.E-67

Phospholipase D beta 1 3 4.E-122

Phospholipase D delta 2 0.E+00

Probable 6-phosphogluconolactonase 4, chloroplastic 3 6.E-110

Probable LRR receptor-like serine/threonine-protein kinase At3g47570 1 1.E-74

Probable WRKY transcription factor 33 3 3.E-112

Probable WRKY transcription factor 4 2 3.E-43

Probable alpha,alpha-trehalose-phosphate synthase [UDP-forming] 9 0 3.E-79

Probable histone deacetylase 19 1 2.E-171

Probable indole-3-pyruvate monooxygenase YUCCA8 1 0.E+00

Probable phospholipid hydroperoxide glutathione peroxidase 6, mitochondrial 3 4.E-94

Probable protein phosphatase 2C 24 2 1.E-42

Probable protein phosphatase 2C 68 2 8.E-72

Probable protein phosphatase 2C 75 4 2.E-82

Probable protein phosphatase 2C 8 3 7.E-67

Probable protein phosphatase 2C 9 3 7.E-30

Probable receptor-like protein kinase At5g15080 1 3.E-54

Probable receptor-like protein kinase At5g47070 1 1.E-128

Protein EARLY FLOWERING 3 1 5.E-33

Protein PHR1-LIKE 1 2 2.E-46

Protein TOPLESS 1 0.E+00

Protein TRANSPARENT TESTA 12 3 3.E-108

Protein disulfide isomerase-like 2-2 1 2.E-106

Protein phosphatase 2C 3 4 1.E-75

Protein phosphatase 2C 37 1 6.E-93

RING-H2 finger protein ATL2 1 1.E-18

RNA-binding protein CP29B, chloroplastic 1 3.E-44

Serine decarboxylase 1 1 0.E+00

Serine/threonine-protein kinase D6PKL2 1 0.E+00

Serine/threonine-protein kinase OXI1 1 2.E-112

Stem-specific protein TSJT1 1 2.E-32

Transcription factor DIVARICATA 2 9.E-16

WRKY transcription factor 6 1 1.E-112

Zinc finger CCCH domain-containing protein 2 8 4.E-46

Zinc finger protein AZF1 2 5.E-35

Zinc finger protein AZF2 1 2.E-29

Zinc finger protein ZAT10 2 3.E-34

Zinc finger protein ZAT11 6 1.E-19

Cluster 11 - (Seed dormancy; GO:0010162)

Cytochrome P450 90B1 1 0.E+00

Gibberellin-regulated protein 6 3 6.E-37

Glucan endo-1,3-beta-glucosidase 1 1 0.E+00

Leucine-rich repeat receptor-like serine/threonine-protein kinase BAM1 2 0.E+00

Mini zinc finger protein 1 1 8.E-20

Mini zinc finger protein 2 1 5.E-23

PLASMODESMATA CALLOSE-BINDING PROTEIN 3 1 3.E-29

Protein GAST1 1 3.E-31

Snakin-1 1 4.E-21

Transcription factor bHLH49 1 4.E-34

Transcription factor bHLH62 1 8.E-54

Transcription factor bHLH63 1 4.E-39

Tubulin beta-1 chain 7 0.E+00

Tubulin beta-4 chain 1 0.E+00

Tubulin beta-5 chain 2 0.E+00

Tubulin beta-6 chain 2 0.E+00

Tubulin beta-7 chain 1 2.E-152
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Tubulin beta-1 chain 7 0.E+00

Tubulin beta-4 chain 1 0.E+00

Tubulin beta-5 chain 2 0.E+00

Tubulin beta-6 chain 2 0.E+00

Tubulin beta-7 chain 1 2.E-152

Cluster 12 - (Seed dormancy; GO:0010162)

24-methylenesterol C-methyltransferase 2 1 0.E+00

ABC transporter B family member 1 2 9.E-100

ABC transporter B family member 19 1 0.E+00

ACT domain-containing protein ACR3 1 2.E-124

ARF guanine-nucleotide exchange factor GNOM 1 0.E+00

Auxin efflux carrier component 1 3 7.E-126

Auxin response factor 19 1 0.E+00

Auxin-responsive protein IAA21 1 9.E-62

Auxin-responsive protein IAA27 1 1.E-88

BEL1-like homeodomain protein 2 2 8.E-70

BTB/POZ domain-containing protein At1g67900 1 0.E+00

BTB/POZ domain-containing protein NPY1 1 0.E+00

Chloroplast stem-loop binding protein of 41 kDa b, chloroplastic 3 0.E+00

Cytochrome P450 90B1 1 0.E+00

Cytochrome P450 94A1 1 1.E-122

DELLA protein DWARF8 3 0.E+00

DNA-damage-repair/toleration protein DRT100 1 8.E-29

Disease resistance protein RFL1 1 5.E-94

E3 ubiquitin-protein ligase Os04g0590900 2 1.E-70

ETHYLENE INSENSITIVE 3-like 1 protein 1 2.E-109

Ethylene-responsive transcription factor 5 1 6.E-16

Ethylene-responsive transcription factor CRF1 1 5.E-18

Ethylene-responsive transcription factor RAP2-13 5 6.E-27

Gibberellin-regulated protein 1 1 1.E-13

Glucan endo-1,3-beta-glucosidase 13 1 0.E+00

Glucan endo-1,3-beta-glucosidase 7 1 0.E+00

Homeobox protein BEL1 homolog 1 2.E-26

LRR receptor-like serine/threonine-protein kinase EFR 1 2.E-122

LRR receptor-like serine/threonine-protein kinase ERECTA 2 5.E-62

LRR receptor-like serine/threonine-protein kinase FLS2 1 7.E-61

Leucine-rich repeat receptor-like protein kinase PXL1 1 4.E-43

Leucine-rich repeat receptor-like serine/threonine-protein kinase At1g17230 1 6.E-40

Leucine-rich repeat receptor-like serine/threonine-protein kinase BAM1 1 0.E+00

Leucine-rich repeat receptor-like serine/threonine/tyrosine-protein kinase SOBIR1 1 8.E-117

Leucine-rich repeat receptor-like tyrosine-protein kinase At2g41820 1 1.E-44

MATE efflux family protein 9 1 6.E-129

Malate dehydrogenase, glyoxysomal 2 6.E-166

Myb family transcription factor APL 1 2.E-43

NAC domain-containing protein 21/22 1 2.E-67

Obtusifoliol 14-alpha demethylase 1 0.E+00

Pentatricopeptide repeat-containing protein At1g79490, mitochondrial 1 0.E+00

Pentatricopeptide repeat-containing protein At5g46100 1 5.E-151

Polyadenylate-binding protein 2 1 0.E+00

Probable LRR receptor-like serine/threonine-protein kinase At4g08850 9 9.E-58

Probable LRR receptor-like serine/threonine-protein kinase At5g10290 1 8.E-35

Probable LRR receptor-like serine/threonine-protein kinase MRH1 2 9.E-119

Probable WRKY transcription factor 11 1 1.E-69

Probable WRKY transcription factor 65 1 3.E-46

Probable auxin efflux carrier component 1b 1 2.E-19

Probable inactive leucine-rich repeat receptor-like protein kinase At1g66830 1 2.E-174

Probable inactive leucine-rich repeat receptor-like protein kinase At3g03770 2 0.E+00
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Supplementary Table S3.2. Top protein hits of X. humilis genes associated with enriched seed-

related GO terms. Top BLASTX protein hits within the Swissprot database of X. humilis transcripts 

annotated by Blast2GO as having possible seed-related functions. Multiple transcripts with the same 

top hit within each cluster have been grouped, and the highest (least significant) e-value amongst 

those transcripts is shown. 

Probable leucine-rich repeat receptor-like protein kinase At1g35710 14 3.E-45

Probable leucine-rich repeat receptor-like protein kinase At5g63930 1 6.E-33

Probable receptor-like protein kinase At1g33260 1 4.E-74

Probable receptor-like protein kinase At5g24010 1 0.E+00

Probably inactive leucine-rich repeat receptor-like protein kinase At5g48380 1 0.E+00

Protein ETHYLENE INSENSITIVE 3 1 1.E-153

Protein GAMETE EXPRESSED 1 1 1.E-07

Protein NSP-INTERACTING KINASE 3 1 0.E+00

Protein RADIALIS-like 3 2 1.E-22

Protein RADIALIS-like 6 1 3.E-14

Protein STRUBBELIG-RECEPTOR FAMILY 1 1 4.E-102

Protein STRUBBELIG-RECEPTOR FAMILY 6 1 0.E+00

Protein TRANSPARENT TESTA 12 4 2.E-125

Protein argonaute 1A 1 0.E+00

Protein argonaute 4B 1 0.E+00

RING-H2 finger protein ATL13 1 7.E-63

RING-H2 finger protein ATL7 1 2.E-42

Receptor-like protein 12 1 6.E-46

Receptor-like protein kinase HSL1 5 5.E-158

Receptor-like serine/threonine-protein kinase ALE2 2 2.E-143

Root phototropism protein 2 1 7.E-92

Rop guanine nucleotide exchange factor 1 1 0.E+00

Serine/threonine-protein kinase D6PKL2 2 1.E-151

Serine/threonine-protein kinase KIPK 1 0.E+00

Systemin receptor SR160 1 0.E+00

TITAN-like protein 1 2.E-23

Transcription factor MYC3 1 5.E-128

Transcription factor TCP2 2 3.E-37

Transcription factor TCP5 3 5.E-39

Transcription factor bHLH25 1 8.E-51

Transcription factor bHLH82 1 3.E-38

Transcriptional corepressor SEUSS 1 3.E-27

Trihelix transcription factor ASIL2 2 2.E-08

Tubby-like F-box protein 5 1 0.E+00

Two-component response regulator ARR8 2 2.E-56

Very-long-chain 3-oxoacyl-CoA reductase 1 1 2.E-71

WD-40 repeat-containing protein MSI1 1 8.E-154

Wall-associated receptor kinase 3 1 3.E-131

Xylulose 5-phosphate/phosphate translocator, chloroplastic 3 7.E-120



  

258 
 

 

Supplementary Figure S3.2. Putative fungal gene expression clusters. K-means clustering of 203 

transcripts predicted to be fungal in origin (FDR < 0.01; FC > 2) using normalised rlog expression 

values. 
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Supplementary Figure S3.3. Expression values for all identified LEA transcripts in X. humilis. The 

top half of the figure shows LEAs that were found to be DE during desiccation, whereas the bottom 

half contains LEAs that were NDE. LEA transcripts in each half are grouped by family. Cell values 

are FPKM, whereas cell colour denotes the difference to transcript abundance at 100% RWC (yellow).  

 

 

 

Supplementary Figure S3.4. The predicted number of LEA genes in X. humilis and their associated 

transcript isoforms. In order to assess the possible expansion of LEA genes in X. humilis, the LEA 

transcripts identified in the transcriptome were compared to scaffold sequences of the draft X. humilis 

genome assembly. Any transcripts that shared scaffold sequence (and thus contained a shared exon) 

were considered to be derived from a single LEA “gene”, and were grouped accordingly. LEA genes 

with only a single isoform are coloured black, those with two or more isoforms are marked in colour 

(a single colour per gene per LEA family). 
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Supplementary Figure S3.5. Phylogenetic analysis of X. humilis cytochrome P450 (CYP) genes. An 

unrooted Neighbour-Joining phylogenetic tree of X. humilis CYP707A-like protein sequences (black) 

and those of A. thaliana (purple). Only twelve grouped with the CYP707A clade of A. thaliana (marked 

with open blue squares). Up-regulated genes in X. humilis are marked with a green circle, and those 

that were down-regulated are marked with a red circle. Bootstrap values for each branch were 

calculated from 1000 replicate trees, and those with a bootstrap value less than 50 were collapsed. 
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Supplementary Figure S3.6. Phylogenetic analysis of predicted X. humilis PYL-family ABA 

receptors. An unrooted Neighbour-Joining phylogenetic tree showing the evolutionary relationship 

between full-length predicted X. humilis PYL/PYR/RCAR protein sequences (black) and those of A. 

thaliana (purple). Up-regulated X. humilis PYL genes are marked with a green circle, and those that 

were down-regulated are marked with a red circle. Bootstrap values for each branch were calculated 

from 1000 replicate trees, and those with a bootstrap value less than 50 were collapsed. 
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Supplementary Figure S3.7. Phylogenetic analysis of predicted X. humilis PP2C proteins. An 

unrooted Neighbour-Joining phylogenetic tree showing the evolutionary relationship between full-

length predicted Xerophyta PP2C protein sequences and those of A. thaliana (purple), as well as the 

ABA-interacting group A rice PP2C proteins (light blue). Up-regulated X. humilis PP2C genes are 

marked with a green circle, and those that were down-regulated are marked with a red circle. The 

clade that likely represents ABA-interacting PP2CA protein sequences (marked by blue squares in A. 

thaliana and rice) is indicated by the black arc. Bootstrap values for each branch were calculated from 

1000 replicate trees, and those with a bootstrap value less than 50 were collapsed. 
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Supplementary Figure S3.8. Phylogenetic analysis of predicted X. humilis SnRK2 proteins. An 

unrooted Neighbour-Joining phylogenetic tree showing the evolutionary relationship between full-

length predicted Xerophyta SnRK2 protein sequences and those of A. thaliana (purple), rice (light blue) 

and the known ABA-responsive barley and wheat SnRK2 proteins (PKABA1; orange). Up-regulated 

X. humilis SnRK2 genes are marked with a green circle, and those that were down-regulated are 

marked with a red circle. The tree clearly separates the SnRK2 protein groups as defined by the 

literature: Group 3 (strongly ABA-activated), Group 2 (weakly ABA activated) and group 1 (not 

activated by ABA). Bootstrap values for each branch were calculated from 1000 replicate trees, and 

those with a bootstrap value less than 50 were collapsed. 
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Supplementary Figure S3.9. Phylogenetic analysis of predicted X. humilis DREB2 and SCL 

proteins. Unrooted Neighbour-Joining phylogenetic trees showing the evolutionary relationship 

between full-length DREB2 (A) and SCL (B) protein sequences and those of A. thaliana (purple). Genes 

present in cluster U3 are marked with an orange circle, and those from cluster U4 are marked with a 

dark red circle. Bootstrap values for each branch were calculated from 1000 replicate trees, and those 

with a bootstrap value less than 50 were collapsed. 
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Supplementary Table S3.3. Selected reference list for Table 3.7. 

 

 

 

 

 

Code Reference(s) Code Reference(s)

1 Baxter et al., 2007 32 Lai et al., 2008; Robatzek & Somssich, 2001

2 Bonke et al., 2003 33 Li et al., 2006

3 Brambilla et al., 2007 34 Li et al., 2011

4 Bustos et al., 2010 35 Liu et al., 2014

5 Chao et al., 1997 36 Mason et al., 2004

6 Chen & Chen, 2002 37 McAbee et al., 2006

7 Choi et al, 2000 38 Mengiste et al., 2003; Cui et al., 2013

8 Corley et al., 2005 39 Miao et al., 2010

9 Cui et al., 2013 40 Miura et al., 2007; Kanaoka et al., 2008 

10 Davletova et al., 2005 41 Moon et al., 2008

11 Farinas & Mas, 2011 42 Nakano et al., 2006

12 Feurtado et al., 2011 43 Ni et al., 1999

13 Furuta et al., 2014 44 Pagnussat et al., 2005

14 Galego & Almeida, 2002 45 Peng et al, 1999

15 Gao et al., 2011 46 Proveniers et al, 2007

16 Gregis et al., 2009 47 Rashotte et al., 2006

17 Gusmaroli et al., 2001 48 Rawat et al., 2009

18 Haecker et al., 2004 49 Reyes et al., 2004

19 Hagen & Guilfoyle, 2002 50 Robatzek & Somssich, 2001

20 Heim et al., 2002 51 Sakamoto et al., 2004; Mittler et al., 2006

21 Hu and Ma, 2006 52 Sakuma et al., 2002

22 Itoh et al, 2002 53 Schellmann et al., 2002

23 Jain et al, 2006 54 Smolen et al., 2002

24 Jiang & Deyholos, 2009; Mao et al., 2011 55 Song et al., 2005

25 Jin et al., 2000 56 Szecsi et al., 2006

26 Kim et al., 2003 57 Weisshaar et al., 1991

27 Kim et al., 2006 58 Willmann et al., 2011

28 Kim et al., 2008 59 Wissenbach et al., 1993

29 Kodaira et al., 2011 60 Xie et al., 2000

30 Koyama et al., 2007 61 Zhang et al., 2007

31 Kumar et al., 2007
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Supplementary Figure S3.10. Phylogenetic analysis of predicted X. humilis HMT and HDM 

proteins. Unrooted Neighbour-Joining phylogenetic trees showing the evolutionary relationship 

between predicted X. humilis histone methyltransferase (HMT) (A) and histone demethylase (HDM) 

(B) protein sequences and those of A. thaliana (blue) and rice (purple). A) Many sequences could be 

grouped into recognised HMT protein classes (I-V). HMT proteins with known specificity are marked 

by a coloured circle, and X. humilis HMTs that may share specificities with a closely-related A. thaliana 

orthologue are marked with an open circle of that colour (H3K4 = green, H3K9 = purple, H3K27 = red, 

H3K36 = blue). B) HDM protein sequences that belong to a known HDM family are marked by the 

coloured bars and/or circles (see labels at right). X. humilis HDMs that are predicted to belong to one 

of these families are marked with an open circle of that colour. Bootstrap values for each branch were 

calculated from 1000 replicate trees, and those with a bootstrap value less than 50 were collapsed. 
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Supplementary Figure S3.11. Phylogenetic analysis of predicted X. humilis MSI proteins. Unrooted 

Neighbour-Joining phylogenetic trees showing the evolutionary relationship between predicted X. 

humilis MSI proteins and those of A. thaliana (blue). Bootstrap values for each branch were calculated 

from 1000 replicate trees, and those with a bootstrap value less than 50 were collapsed. 
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Read Quality Assessment (FASTQC v0.10.1) 

 

#!/bin/bash  

 

directory=( "005A" "005B" "005C" "040A" "040B" "040C" "060A" "060B" "060C" "080A" 

"080B" "080C" "100A" "100B" "100C" ) 

 

files=( "L3" "L4" "L6" "L8" ) 

 

for i in "${directory[@]}" 

        do 

        for j in "${files[@]}" 

                do 

                inputdir='../unprocessed_reads/*'$i'*/*'$j'*.fq'   

                output='./'$i'_bgiclean_fastqc_output/' 

                fastqc -o $output -t 8 -f fastq $inputdir 

                done 

        done 

 

 

Read trimming (Trimmomatic v0.32) 

 

#!/bin/sh  

 

directory=( "005A" "005B" "005C" "040A" "040B" "040C" "060A" "060B" "060C" "080A" 

"080B" "080C" "100A" "100B" "100C" ) 

 

files=( "L3" "L4" "L6" "L8" ) 

 

for i in "${directory[@]}" 

 do 

 mkdir  './'$i'_bgiclean_trimmed_phred20/' 

 for j in "${files[@]}" 

  do  

  input1='../unprocessed_bgi_clean/*'$i'*/*'$j'*_1.fq' 

  input2='../unprocessed_bgi_clean/*'$i'*/*'$j'*_2.fq' 

  java -jar ~/software/Trimmomatic-0.32/trimmomatic-0.32.jar  PE -

threads 8 -phred33 -trimlog 

'./'$i'_bgiclean_trimmed_phred20/log_'$i'_'$j'_bgiclean_trimmed_phred20.logfile' 

$input1 $input2 

'./'$i'_bgiclean_trimmed_phred20/'$i'_'$j'_bgiclean_phred20trim_paired_1.fastq' 

'./'$i'_bgiclean_trimmed_phred20/'$i'_'$j'_bgiclean_phred20trim_unpaired_1.fastq' 

'./'$i'_bgiclean_trimmed_phred20/'$i'_'$j'_bgiclean_phred20trim_paired_2.fastq' 

'./'$i'_bgiclean_trimmed_phred20/'$i'_'$j'_bgiclean_phred20trim_unpaired_2.fastq' 

ILLUMINACLIP:/vol1/rafe/xerophyta/rna-seq-

2014/trimmed_bgi_clean/illumina_barcodes.list:2:40:15 SLIDINGWINDOW:4:20 MINLEN:25 

  done 

done 

 

 

Read error correction (SEECER v1.0.3) 

 

#!/bin/sh  

 

files=( "005A" "005B" "005C" "040A" "040B" "040C" "060A" "060B" "060C" "080A" 

"080B" "080C" "100A" "100B" "100C" ) 

 

for i in "${files[@]}" 

        do 

  output_dir="/vol1/rafe/xerophyta/rna-seq-

2014/raw_cleaned_reads/seecer_corr_phred20/" 

  pair1=$input_dir'xh_trimmed_P20_'$i'_pair1.fq' 

        pair2=$input_dir'xh_trimmed_P20_'$i'_pair2.fq' 

        stderrout='out_seecer_corr_phred20_'$i'.log' 

        run_seecer.sh -k 25 -t $output_dir $pair1 $pair2 

        done 
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Read in silico normalisation (Trinity v2.0.6) 

 

#!/bin/bash 

 

left='xh_trimmed_phred20_seecer-corrected_merged_pair1.fa' 

right='xh_trimmed_phred20_seecer-corrected_merged_pair2.fa' 

kmer=25 

cov=50 

 

~/software/trinityrnaseq-2.0.6/util/insilico_read_normalization.pl --seqType fa --

JM 300G --max_cov $cov --left $left --right $right --pairs_together --SS_lib_type 

RF --CPU 24 --KMER_SIZE $kmer > out_normalise_reads_k25_C50_pcts200.log 2>&1 

 

 

Merging reads (BBMerge v6.2) 

 

#!/bin/bash 

 

read1="xh_phred20_seecer_insilico_pair1.fasta" 

read2="xh_phred20_seecer_insilico_pair2.fasta" 

outmerged="bbmerged_singles.fq" 

outpair1="bbmerged_pair1.fq" 

outpair2="bbmerged_pair2.fq" 

 

bbmerge.sh in1=$read1 in2=$read2 out=$outmerged outu1=$outpair1 outu2=$outpair2 > 

out_bbmerging.log 2>&1 

 

 

Transcriptome de novo assembly (Trinity v2.0.6) 

 

#!/bin/bash 

 

left="bbmerge_cat_pair1_and_singles.fa" 

right="bbmerged_pair2.fa" 

output_dir="trinity_bbmerge-postnorm_devel_default" 

stderrout='out_trinity_bbmerged-postnorm_devel_default.log' 

 

/home/rafe/software/trinityrnaseq-devel/Trinity --output $output_dir --seqType fa -

-max_memory 350G --SS_lib_type RF --left $left --right $right --CPU 8 --

bflyGCThreads 4 --bflyHeapSpaceMax 50G --bflyHeapSpaceInit 50G > $stderrout 2>&1 

   

 

Transcriptome de novo assembly (Trinity v2014-04-12) 

 

#!/bin/bash 

 

left="bbmerge_cat_pair1_and_singles.fa" 

right="bbmerged_pair2.fa" 

output_dir="trinity_bbmerge-postnorm_devel_default" 

stderrout='out_trinity_bbmerged-postnorm_devel_default.log' 

 

Trinity --output $output_dir --seqType fa  --JM 350G --SS_lib_type RF --left $left 

--right $right --CPU 8 --bflyGCThreads 4 > $stderrout 2>&1   

   

   

Transcriptome de novo assembly (Bridger v2014-12-1) 

 

#!/bin/bash 

 

kmers=(21 25 31 19) 

gap_len=500 

 

left="seecer_norm_pair1.fasta" 

right="seecer_norm_pair2.fasta" 

 

for j in ${kmers[@]} 

 do 

 outdir=$j'mer_bridger_BAT_seecer_norm_gap'$gap_len'_v1' 
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 stderrout='out_bridger_BAT_seecer_norm_k'$j'_gap'$gap_len'_v1.log' 

 Bridger.pl --seqType fa --left $left --right $right --CPU 8 --SS_lib_type RF 

-k $j --pair_gap_length $gap_len --output $outdir > $stderrout 2>&1 

 done 

 

  

Transcriptome de novo assembly (TransABYSS v1.5.2) 

   

#!/bin/bash 

 

kmers=(25 41 61 81 19 31 35 45 51 55 65) 

 

left="bbmerged_pair1.fa" 

right="bbmerged_pair2.fa" 

singles="bbmerged_singles.fa" 

 

for j in ${kmers[@]} 

 do 

 out_name='transabyss_'$j'mer_bbmerge_postnorm_K25C50' 

 output_dir=$j'mer_bbmerge_postnorm/' 

 stderrout='out_transabyss_'$j'k_bbmerge_postnorm.log' 

 transabyss --kmer $j --pe $left $right --se $left $right $singles --SS --

name $out_name --outdir $output_dir --threads 8 --length 200 > $stderrout 2>&1 

 done 

   

   

TransABYSS-merge (TransABYSS v1.5.2) 

 

#!/bin/bash 

 

assembly_dir="/vol1/rafe/xerophyta/rna-seq-

2014/final_Assemblies_2015/Abyss_assemblies/Assemblies_for_EviGene/" 

 

fa25=$assembly_dir'abyss_1.5.2_default_k25_forEvigene.fasta' 

fa31=$assembly_dir'abyss_1.5.2_default_k31_forEvigene.fasta' 

fa35=$assembly_dir'abyss_1.5.2_default_k35_forEvigene.fasta' 

fa41=$assembly_dir'abyss_1.5.2_default_k41_forEvigene.fasta' 

fa45=$assembly_dir'abyss_1.5.2_default_k45_forEvigene.fasta' 

fa51=$assembly_dir'abyss_1.5.2_default_k51_forEvigene.fasta' 

fa55=$assembly_dir'abyss_1.5.2_default_k55_forEvigene.fasta' 

fa61=$assembly_dir'abyss_1.5.2_default_k61_forEvigene.fasta' 

fa65=$assembly_dir'abyss_1.5.2_default_k65_forEvigene.fasta' 

fa71=$assembly_dir'abyss_1.5.2_default_k71_forEvigene.fasta' 

fa81=$assembly_dir'abyss_1.5.2_default_k81_forEvigene.fasta' 

 

output="transabyss_merged_k25-k81_NAT.fasta" 

 

transabyss-merge $fa25 $fa31 $fa35 $fa41 $fa45 $fa51 $fa55 $fa61 $fa65 $fa71 $fa81 

--prefixes k25_ k31_ k35_ k41_ k45_ k51_ k55_ k61_ k65_ k71_ k81_ --mink 25 --maxk 

81 --SS --out $output --threads 8 --length 200   

 

 

Evidential Gene (EVIGENE) 

   

trformat.pl -input $assemblies.fa -output $assemblies.tr > out_trformat.log 2>&1 

tr2aacds.pl -mrnaseq $assemblies.tr -NCPU 16 -MAXMEM 500000 -logfile > 

out_tr2aacds.log 

 

 

Read mapping (Bowtie2 v2.2.4) 

 

#!/bin/bash 

 

samples=( "005A" "005B" "005C" "040A" "040B" "040C" "060A" "060B" "060C" "080A" 

"080B" "080C" "100A" "100B" "100C") 

 

max_insert_size=500 
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read_type="-f" 

 

db_index_name="combined_eviGene" 

 

for j in ${samples[@]} 

 do 

 left='/vol1/rafe/xerophyta/rna-seq-

2014/raw_cleaned_reads/seecer_corr_phred20/xh_phred20_seecer-

corrected_reads/xh_trimmed_P20_'$j'_pair1.fq_corrected.fa' 

 right='/vol1/rafe/xerophyta/rna-seq-

2014/raw_cleaned_reads/seecer_corr_phred20/xh_phred20_seecer-

corrected_reads/xh_trimmed_P20_'$j'_pair2.fq_corrected.fa' 

 bam_file='bowtie2_combined_assembly_'$i'_reads_aligned_all_PE.bam' 

 errout=$i'_evigene_align_stats.log' 

 bowtie2 --fr --nofw --threads 8 --no-mixed --no-discordant --all --end-to-

end $read_type -X $max_insert_size -x $db_index_name -1 $left -2 $right 2> $errout 

| samtools view -S -b -o $bam_file - 

done 

 

 

Gene cluster creation (CORSET v1.03) 

 

#!/bin/bash 

 

bam_dir="/vol1/rafe/xerophyta/rna-seq-

2014/final_Assemblies_2015/EviGene_assemblies/Corset_map_biologicals/mapping_biolog

icals/" 

 

x005A=$bam_dir'bowtie2_combined_assembly_005A_reads_aligned_all_PE.bam' 

x005B=$bam_dir'bowtie2_combined_assembly_005B_reads_aligned_all_PE.bam' 

x005C=$bam_dir'bowtie2_combined_assembly_005C_reads_aligned_all_PE.bam' 

x040A=$bam_dir'bowtie2_combined_assembly_040A_reads_aligned_all_PE.bam' 

x040B=$bam_dir'bowtie2_combined_assembly_040B_reads_aligned_all_PE.bam' 

x040C=$bam_dir'bowtie2_combined_assembly_040C_reads_aligned_all_PE.bam' 

x060A=$bam_dir'bowtie2_combined_assembly_060A_reads_aligned_all_PE.bam' 

x060B=$bam_dir'bowtie2_combined_assembly_060B_reads_aligned_all_PE.bam' 

x060C=$bam_dir'bowtie2_combined_assembly_060C_reads_aligned_all_PE.bam' 

x080A=$bam_dir'bowtie2_combined_assembly_080A_reads_aligned_all_PE.bam' 

x080B=$bam_dir'bowtie2_combined_assembly_080B_reads_aligned_all_PE.bam' 

x080C=$bam_dir'bowtie2_combined_assembly_080C_reads_aligned_all_PE.bam' 

x100A=$bam_dir'bowtie2_combined_assembly_100A_reads_aligned_all_PE.bam' 

x100B=$bam_dir'bowtie2_combined_assembly_100B_reads_aligned_all_PE.bam' 

x100C=$bam_dir'bowtie2_combined_assembly_100C_reads_aligned_all_PE.bam' 

 

 

corset -p corset_output -g 

005,005,005,040,040,040,060,060,060,080,080,080,100,100,100 -n 

005A,005B,005C,040A,040B,040C,060A,060B,060C,080A,080B,080C,100A,100B,100C "$x005A" 

"$x005B" "$x005C" "$x040A" "$x040B" "$x040C" "$x060A" "$x060B" "$x060C" "$x080A" 

"$x080B" "$x080C" "$x100A" "$x100B" "$x100C" > out_corset_clustering.out 2>&1 

  

  

Differential gene expression testing (DESeq2) 

 

> library(DESeq2) 

> counts<-read.delim(input,header=TRUE,row.names=1) 

> samples<-

data.frame(row.names=c(colnames(counts)),condition=as.factor(c(rep("RWC100",3),rep(

"RWC80",3),rep("RWC60",3),rep("RWC40",3),rep("RWC5",3)))) 

> cds<-DESeqDataSetFromMatrix(countData=counts,colData=samples,design=~condition) 

> source("plotPCAWithSampleNames.R") 

> plotPCAWithSampleNames(cds) 

> rcds=rlog(cds) 

> decds<-DESeq(cds,test="LRT",full=~condition,reduced=~1) 

> res=results(decds,alpha=0.01) 

> resSig=res[which(res$padj < 0.01),] 
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Supplementary Figure S3.12. Example scripts to run the programs used to generate the 

transcriptomic data in this study. An overview of the scripts and commands used during various 

steps of the transcriptome assembly pipeline (see Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

274 
 

Chapter 4: Conclusion and Future Work 

4.1 Conclusion 

The broad aim of the research presented in this thesis was to investigate the hypothesis that 

vegetative desiccation tolerance (VDT) in angiosperm resurrection plants was derived from 

the mechanisms that control desiccation tolerance (DT) in mature orthodox seeds. Particular 

emphasis was given to the theory that angiosperm VDT could be related to the brief window 

seen during angiosperm seed germination within which seedlings are able to re-induce 

embryonic traits, including DT, in response to imposed stress. These questions were 

approached in two ways. A seed germination system was used to compare the ability of the 

seeds and seedlings of the desiccation sensitive (DS) model plant Arabidopsis thaliana and the 

resurrection plants Xerophyta humilis and Xerophyta viscosa to re-induce DT in response to 

severe osmotic stress. The point of no return (the developmental stage at which germinating 

seedlings lose the ability to re-establish DT) of these three species was investigated by 

priming seeds or seedlings with PEG, sucrose or slow drying. The sequencing, de novo 

assembly and expression analysis of the desiccation transcriptome of X. humilis leaves at 

varying stages of water loss was characterized to identify the transcription factors networks 

and their downstream target genes active during the desiccation programme. Expression 

analysis was focused on the expression of LEA genes, transcription factors (TFs) and 

regulators of epigenetic gene regulation, in order to test the hypothesis that VDT results 

from the de-repression of seed maturation genes in X. humilis due to relaxation of PRC2-

mediated H3K27me3 gene silencing of various seed master regulatory TFs. 
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Analysis of the germination and window of DT in Xerophyta seedlings has not been reported 

previously. An experimental protocol was developed to efficiently track seedling growth 

and development under normal or stress conditions, and various optimisations were also 

attempted to improved germination synchronicity. The results obtained show strong 

support for a link between seedling DT and VDT in Xerophyta. Seedlings of X. humilis and X. 

viscosa exhibited only a transient decline in DT during early seedling development, although 

DT was never lost completely, and which could be rescued by PEG, sucrose or slow drying 

at all stages. In contrast, A. thaliana swiftly lost the ability to induce DT in seedlings during 

germination under standard growth conditions, and priming with PEG or sucrose could 

improve survival rate during only early development but not at later stages. PEG priming 

has been shown to improve DT in various DS plant species during germination, thus it is not 

surprising that it had a similar effect on Xerophyta seedlings. Improvement of seedling DT by 

the addition of exogenous sucrose has not so far been reported; however, the experiments 

performed here were insufficient to determine how sucrose has this effect. Two possibilities 

include the activation of a sugar- or sucrose-mediated signalling pathway that results in 

activation of VDT-related stress response pathways (e.g. via ABA), or that the extra carbon 

source provision due to high levels of exogenous or endogenous sucrose improves the 

seedling response to desiccation. Further analysis is required to unravel the mechanism by 

which applied sucrose improves DT in germinating seedlings. 

Interestingly, seedlings of both X. humilis and X. viscosa, which are poikilochlorophyllous 

resurrection plants, exhibited the ability to induce chlorophyll degradation from the earliest 

stages at which chlorophyll was present in seedling tissues. This suggests that the 

mechanisms that control poikilochlorophylly are indelibly tied to the desiccation response 
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during both seedling and adult developmental stages. There is also evidence, however, that 

the acquisition of DT occurs much more rapidly than those that control poikilochlorophylly 

in seedlings, and chlorophyll loss is likely uncoupled from the DT acquisition pathways. 

Many seedlings could still survive desiccation despite retaining chlorophyll, while some 

seedlings that lost chlorophyll nonetheless failed to survive rehydration. Although the 

seedling data presented in this chapter supports a link between seedling and adult DT in 

Xerophyta, the genetic relationship between seedling/adult DT and embryonic DT regulatory 

mechanisms remains to be elucidated. 

As a first step in understanding the molecular mechanisms underpinning adult VDT, the 

transcriptome of X. humilis was assembled from leaves  across five RWC (100%, 80%, 60%, 

40% and 5%), resulting in the identification of 76,868 gene clusters – transcripts derived from 

a single genomic locus that likely represent a single gene. Contamination of X. humilis leaf 

samples by a fungus or fungi was observed – accounting for 17% of all identified genes, 

although only 1% of sequencing reads – but was determined to not negatively impact the 

sequencing or expression results. Approximately 80% of the transcriptome was successfully 

annotated against known proteins. Gene expression analysis at varying stages of RWC 

revealed that 18,534 genes were differentially expressed during desiccation at a fold-change 

> 2 and FPKM > 1 (24% of all transcripts). Gene expression, with the exception of the 60% 

RWC sample, positively corresponded with the gene expression observed in a previous 

microarray study (Shen, 2014). These differences may be due to variation in the measured 

RWC of the leaves used between the two studies. We then analysed the expression of genes 

known or suspected to be involved in VDT in X. humilis and other resurrection plant species. 
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LEA and LEA-like proteins are important for desiccation in most known DT organisms and 

tissues. Consequently, many individual LEA proteins have been identified as being 

differentially expressed during desiccation in VDT plants. In this study, nearly 150 gene 

clusters were annotated as coding for X. humilis LEA proteins, and most of the X. humilis 

LEA gene families were massively expanded compared to those of other DS species. This 

included the LEA-6 family of seed-specific LEAs, but also those from LEA-4, LEA-8 and, to a 

lesser extent, LEA-1 and LEA-10 families. LEA gene expression during desiccation was 

induced at two stages: transiently at 80% RWC, and again at 40% and 5% RWC. 

Additionally, the simultaneous induction of nearly all identified LEA proteins in X. humilis, 

including many usually involved in seed development (e.g. LEA-1, LEA-6 families), is 

particularly notable. In A. thaliana, there is little overlap between LEA genes highly 

expressed in seeds (or stressed seedlings) and vegetative tissues, suggesting that they are 

controlled by different pathways. This appears to be different in X. humilis and has 

important implications regarding the evolution of VDT in this species, as it implies that 

either both signalling pathways (vegetative drought response or seed maturation) are active 

simultaneously during desiccation of adult tissues, or that one pathway has evolved the 

ability of activating both stress-specific and seed-specific LEAs in vegetative tissues.  

A comprehensive examination of TFs differentially expressed during desiccation was 

undertaken in order to identify classes of transcriptional regulators that may be important 

for VDT. TFs from nearly all of the major plant TF families were identified, consistent with 

broad changes in gene regulation and expression. Dehydration in X. humilis was associated 

with consecutive waves of TF induction, suggesting that VDT is regulated by a 

transcriptional cascade that coordinates gene expression as water is lost from the cell. 
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Unexpectedly, the analysis of the TFs induced during desiccation in X. humilis found little to 

support the hypothesis of seed maturation-derived transcriptional regulation of VDT. Only 

genes with similarity to two predicted seed maturation master regulators were expressed in 

X. humilis during desiccation, ABI3 and LEC1. However, the LEC1 transcript was expressed 

at a very low level and was not differentially expressed during desiccation; two 

alternatively-spliced XhABI3 transcripts were only slightly but significantly up-regulated as 

desiccation progressed, although their expression was also low. Furthermore, the predicted 

proteins of the XhABI3 genes lacked the B3 domain which binds to the seed-specific RY 

motif, suggesting that they may function cooperatively with other TFs rather than interact 

with seed gene CREs. Although GO terms related to seed development, particularly 

maintenance of seed dormancy and germination, were enriched in a number of TF clusters, 

closer investigation revealed that nearly all of these TFs functioned during biotic or abiotic 

cellular stress response during both seed development and vegetative growth, and virtually 

none were seed-specific. 

The initial hypothesis outlined at the start of this study predicted that de-repression of seed 

maturation genes would involve down-regulation of PRC2 component genes, particularly 

SWINGER, resulting in in a switch from silencing H3K27 methylation to activating 

epigenetic marks in VDT gene promoters. Although this study could confirm that virtually 

all PRC2 component genes were downregulated during desiccation, the expression profile of 

these genes was mirrored by the majority of genes encoding histones and histone 

modification enzymes, irrespective of target histone or residue. This change is likely 

indicative of a global reduction in histone modification during desiccation, possibly due to a 

massive reduction in genome replication and increase in heterochromatin formation and 
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chromatin compaction as water is lost. Additionally, although many seed genes were up-

regulated during early dehydration (80% RWC), PRC2 subunit gene down-regulation only 

occurred after 60% RWC. This study has no data linking PRC2 gene levels with protein 

levels or PRC2 complex activity, however, and a general reduction in H3K27me3 during late 

desiccation is at least consistent with the greater up-regulation multiple classes of genes at 

this stage. Additional analyses, such as ChIP analysis to identify epigenetic modifications 

significantly enriched or depleted in desiccation-related genes, are required to test the role of 

PRC2 and other epigenetic complexes in regulating VDT. 

Recently it has become clear that the ABA-signalling pathway present in land plants is 

highly conserved, particularly amongst higher plants. Common elements in this pathway 

include cytosolic ABA receptors of the PYL family, group-A PP2C phosphatases and group-

2 SnRK protein kinases which activate downstream ABRE-binding bZIP TFs (ABFs) in 

conjunction with other proteins, ultimately resulting in ABA-induced gene expression. Early 

seedless vascular plants, for example ferns, likely inherited the components of this pathway 

from ancestral non-vascular plants (such as mosses), where it controlled VDT in concert 

with an ancestral variant of ABI3. Many of these component genes have since diversified in 

seed-bearing plants, resulting in two distinct variants of the original ABA-signalling 

pathway: one that controls seed maturation via ABI3 and the bZIP protein ABI5 and its 

homologs, and a separate pathway that controls ABA responsiveness during vegetative 

stress via a related set of bZIP transcription factors (such as ABF1-4 in A. thaliana) in an ABI3 

independent manner. 

Many genes associated with ABA metabolism, particularly biosynthesis, and genes involved 

in the ABA signal transduction pathway were significantly up-regulated in X. humilis during 
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desiccation, including multiple PYL genes, group-A PP2Cs, SnRK2s and bZIP transcription 

factors. Additionally, a group of AFP genes, a recently-discovered class of proteins that bind 

ABFs and target them for degradation, were likewise up-regulated (Garcia et al., 2008). This 

is thus strong evidence for a central role for ABA signalling during VDT in X. humilis. 

However, the X. humilis bZIP TFs up-regulated during desiccation encoded proteins most 

similar to the ABFs that control the response to vegetative drought stress in A. thaliana rather 

than those from the seed maturation pathway. This finding was unexpected based on the 

hypothetical model of VDT induction proposed at the start of this study (see Chapter 1, 

Figure 1.7). Coupled with the observed absence of seed-maturation master regulatory gene 

transcripts – with the exception of a lowly-expressed, truncated version of ABI3 – it instead 

appears that VDT may be regulated by vegetative stress response factors, with XhABF1 

being the most promising candidate in relation to ABA signalling and initiating the response 

to water loss. 

An alternative model of VDT induction in Xerophyta seedlings and plants is outlined in 

Figures 4.1 and 4.2, which highlights key regulators and their downstream targets identified 

in this study and provides testable hypotheses that could guide future work. 

In many angiosperms, DT can be re-established in germinating seedlings during a short 

developmental window. This process is controlled by ABI3 and ABI5, which are not present 

in unstressed seedlings, and requires ABI5 protein activation by SnRK2-mediated 

phosphorylation downstream of the ABA signalling pathway (Lopez-Molina et al., 2002; 

Maia, 2014). Activation of ABI5 results in growth arrest, expression of seed-specific LEAs, 

seed maturation proteins and antioxidant systems and, ultimately, desiccation tolerance 

(Fig. 4.1A, right). The existence of a similar ABI3/ABI5-mediated pathway specific to the 
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seedlings of X. humilis is not inconsistent with the results of this study (Fig. 4.1B, “window 

of seedling DT”), but evidence for such a pathway is outside the scope of thesis. However, it 

is clear that in vegetative tissues VDT is not controlled by ABI3/ABI5 orthologues – which 

are absent or expressed at low levels in desiccating leaves – but is instead activated by a 

separate pathway mediated by vegetative stress response factors, such as the XhABF1 gene 

identified in this study (Fig. 4.1A, left). As the seedling develops, either one or both of these 

pathways are activated in response to drought stress, resulting in the re-establishment of DT 

(Fig. 4.1B). Evidence for the early activation of a vegetative VDT pathway in seedlings is 

given by the observation that Xerophyta seedlings of all developmental stages are technically 

capable of inducing poikilochlorophylly, a trait not usually associated with seedling DT re-

establishment in DS angiosperm species – but one that is found in adult X. humilis and X. 

viscosa plants. By the time the seedling has committed to vegetative growth, however, the 

vegetative pathway is sufficient to induce VDT (Fig. 4.1B, bottom). In this way, DT can be re-

established in seedlings even after any putative ABI3/ABI5-mediated pathway has been 

permanently silenced (the “point of no return” in DS species, Fig. 4.1B), explaining why such 

a phenomenon was not observed in Xerophyta seedlings. The transient decline in survival 

rate of rapidly dried X. humilis and X. viscosa seedlings during development, and the 

presence of poikilochlorophylly only in X. viscosa seedlings of the developmental stage after 

this decline, could be associated with a switch from a seedling-specific ABI3/ABI5-mediated 

DT pathway to a vegetative stress-associated VDT pathway. However, there is currently 

insufficient evidence to say if this is the case. Multiple classes of seed-specific genes (many 

LEAs, SSPs, oleosins, caleosins; Fig. 4.1B) are activated in desiccating leaves despite the 

absence of seed maturation TFs/ABFs. Assuming expression of these genes is controlled via 

ABA and the ABRE, as during seed development, this suggests that the vegetative ABF(s) 
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identified in this study are capable of activating seed genes in adult tissues, either alone or in 

a complex with other proteins, in addition to activating classically drought-responsive genes 

(Fig. 4.1A). For example, even though the ABI3 transcripts expressed in desiccating X. 

humilis would produce a protein that lacked the seed RY motif-binding B3 domain, a 

putative ABI3/ABF complex could still target and activate gene expression at ABREs present 

in seed gene promoters, which would not require the B3 domain (Bensmihen, 2002; 

Nakamura et al., 2001). With this interpretation, VDT thus represents the synergistic 

activation of both the abiotic stress response and a subset of seed maturation genes (Fig. 

4.1A). The simultaneous up-regulation of nearly all identified LEA protein genes, consisting 

of both seed-specific and abiotic stress-related LEA families, is evidence of the shared 

expression pattern of genes from these two pathways. 

The proposed model is thus consistent with both the physiological seedling results 

discussed in Chapter 2 and the gene expression analysis performed in Chapter 3. However, 

it should be noted that this model assumes that the separation of seed maturation and 

vegetative stress ABA-signalling pathways that has been found in other angiosperms (for 

example, AtABI5-related bZIPs and AtABF1-4 during seed development and abiotic stress, 

respectively, in A. thaliana) is conserved in X. humilis, and that the clustering of the identified 

X. humilis ABFs (XhABF1-3) with the vegetative clade of A. thaliana ABFs implies that they 

are associated with abiotic stress in Xerophyta. However, because only adult leaves were 

sampled in this study, there is no direct evidence that this is the case. An alternative 

hypothesis is that the gene networks that control seed development and maturation in 

Xerophyta have diverged from those found in DS plants, and that XhABF1-3 are in fact 

functionally equivalent to the ABI5-related seed maturation-specific ABFs that control seed 
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maturation in A. thaliana and other plants. If this is the case, the conclusion presented herein 

that VDT is not activated by a seed maturation related gene network would be erroneous. 

No study so far has investigated the gene networks that control seed development and 

maturation in X. humilis or any other resurrection plant; such an investigation would be a 

good first step in verifying or disproving the model described above. 

A general overview of the proposed mechanisms and processes that occur as water is lost 

from desiccating X. humilis leaves is given in Figure 4.2, based on the gene expression 

analysis performed in this study. 

X. humilis orthologues of the ABA biosynthetic genes ABA4 and NCED are first up-regulated 

at 80% RWC, suggesting an increase in ABA levels at or after this stage – consistent with a 

previous investigation into ABA levels of desiccating X. humilis leaves (Fig. 4.2.1; Beckett 

2011). The initial response to drought-induced ABA signalling occurs via at least three ABF 

proteins, XhABF1-3, which are activated by group II or III SnRK2 kinases. Although XhABF1 

is active at both early (80% RWC) and late (40% and 5% RWC) stages of the desiccation 

response, XhABF2 and XhABF3 are specifically induced during this early stage and so may 

be involved in general stress response (e.g. growth arrest, repression of GA signalling) as 

opposed to desiccation (Fig. 4.2.6). Various TFs are up-regulated at this stage, including a 

DELLA protein gene, an orthologue of the DREB-like TF gene TINY, and a subset of HSF 

genes, which may all play a role in the initial drought response (Fig. 4.2.7) The first wave of 

seed gene expression also occurs at this stage, including all LEAs, oleosins, caleosins and 

PER1 – but not globulin SSPs (Fig. 4.2.7). As XhABF1 is the only ABF with an expression 

profile that matches the identified seed genes, it is a likely candidate as central coordinator 

of this response. By 60% RWC photosynthesis has ceased and chloroplast-xeroplast 
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transformation has likely occurred or is occurring (Fig. 4.2.3; Beckett et al. 2012). The 

expression of histone and chromatin-remodelling gene transcripts is severely curtailed after 

60% RWC, possibly associated with H3K9-mediated chromatin compaction and 

heterochromatin formation which serves to protect the genome while desiccated (Fig. 4.2.7). 

Certain histone variant transcripts are specifically up-regulated during late desiccation, and 

may be associated with structural or epigenetic changes to the chromatin state that are 

important for VDT (Fig. 4.2.6). Gene expression does not cease, however, possibly because of 

maintenance of actively-transcribed euchromatin regions by the action of the H3K9 

demethylase, XhHDM3, and several CPB and MYST family histone acetyltransferases (4.2.4). 

A very large number of genes were specifically up-regulated after 60% RWC, and the 

expression of abiotic stress response genes and TFs (LEAs/seed genes/SSPs, most HSFs, 

DREB2, ZAT/AZF, SCL TFs) increases dramatically (Fig. 4.2.7). ABA levels have been found 

to be low in X. humilis leaves after 40% RWC compared to earlier RWCs (Fig. 4.2.1), however 

ABA sensitivity at these stages might also be heightened due to the very high induction of 

PYL-family ABA receptors and downstream components of the ABA signalling pathway, 

such as group 2 (but not group 3) SnRK2 kinases (Fig. 4.2.5). Late desiccation is probably 

associated with the accumulation of protective molecules (secondary metabolites, LEAs, 

other proteins), storage reserves (SSPs, lipids) and factors necessary for rehydration (Fig. 

4.2.7). Sucrose accumulates throughout the final stages of desiccation, and is probably vital 

for the formation of a sugar/LEA cellular glass (Fig. 4.2.1; McDonald 2008). The late 

desiccation response is likely controlled by ABA (via XhABF1) and/or the TFs mentioned 

above, some of which may be directly regulated by XhABF1 (Fig. 4.2.6). This could indicate 

that X. humilis leaves are not completely desiccation tolerant until sometime after 60% RWC, 
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although VDT competence/longevity may increase over time between 60% and 5% RWC 

rather than requiring a critical concentration of these gene products (Fig. 4.2.8). 

In conclusion, the data presented herein disputes the hypothesis that desiccation tolerance in 

vegetative tissue evolved by the activation of the seed maturation regulatory network in 

leaves. Although seed-specific factors, such as many LEAs, SSPs, oleosins and antioxidants 

were strongly induced, none of the upstream TFs that specifically activate their expression 

in seeds were up-regulated in X. humilis during desiccation. Additionally, the simultaneous 

pattern of LEA gene up-regulation is consistent with the induction of genes from both the 

seed maturation and vegetative stress networks, rather than just one of these pathways. An 

alternative model is proposed, whereby many of the ABA-responsive LEAs and seed genes 

are activated by the vegetative stress response regulatory network. 
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Figure 4.1. Proposed model of the processes governing seed gene expression and VDT acquisition 

during desiccation in X. humilis. A) Only three ABF genes were up-regulated during desiccation in 

X. humilis, all related to those involved in vegetative stress response in A. thaliana. Only XhABF1 was 

expressed throughout desiccation, including all stages at which seed maturation genes were induced. 

The XhABF1 protein may be capable of activating expression of ABRE-containing seed-specific genes, 

either alone or in cooperation with other TFs (e.g. ABI3) similar to what occurs during seed 

maturation. This would allow activation of a subset of ABA-responsive seed genes required for DT by 

the vegetative stress response network. B) Proposed model of VDT induction in Xerophyta seedlings 

and adult plants. In DS angiosperms, seedlings can re-establish DT in response to stress during a 

small window controlled by ABI3 and ABI5 (“window of seedling DT”). A similar pathway may exist 

in X. humilis, although evidence for such a pathway is out of the scope of this thesis. However, adult 

plants likely induce VDT via a vegetative stress response pathway, as described in the first part of this 

figure. This pathway may be active in Xerophyta seedlings as well, resulting in poikilochlorophylly 

and the lack of a point of no return in seedlings of all developmental stages from these species. 
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4.2 Future work 

The results presented in this thesis, despite providing an internally consistent model of VDT 

induction in the resurrection plant X. humilis, are based only on an RNA-Seq transcriptome 

analysis of a single tissue type – leaf – and thus require further work to test and confirm the 

models proposed here. 

Firstly, evidence of the in vivo existence of the transcripts highlighted within this work, as 

well as independent verification of their expression profiles, is necessary to confirm these 

results. For gene transcripts for which their assembled sequence deviates from the 

orthologous sequences in other species – for example, the lack of a region encoding a B3 

domain in the identified X. humilis ABI3 transcripts – it may be necessary to perform 3’/5’ 

RACE (Rapid Amplification of cDNA Ends) on RNA samples form the corresponding 

tissues to verify the assembled sequences (Frohman, 1993). Functional characterisation of the 

described genes and transcripts is also warranted, as it cannot be taken for granted that 

orthologous genes across two distantly-related species necessarily perform the same 

function. As a non-model organism, transgenic studies involving knock-out or over-

expressing mutant lines of X. humilis are likely not possibly in the near future; however, 

complementation studies using X. humilis genes in a model plant, such as A. thaliana, could 

provide important information about their function. Studies utilising RNA interference, or 

the recently-developed CRISPR technologies, could also potentially be used to great effect in 

this regard. 

Because Xerophyta seedlings exhibit a desiccation response remarkably similar to adult 

plants, a seedling model could be viably used to study VDT in this species in a more 
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controlled manner than vegetative tissue in many instances. The visible cue of chlorophyll 

loss could be leveraged to assess seedlings that have successfully or unsuccessfully acquired 

DT through pre-treatment, and further tease apart the genetic networks that are related 

specifically to VDT as opposed to general stress response. A much neglected aspect of the 

seed-derived model of VDT in resurrection plants is an in-depth investigation into seed 

maturation in these species, and precise identification of the important TFs that control this 

process. For example, as a preliminary experiment, it would be interesting to assess the 

expression of the X. humilis ABI3 and ABF genes identified in this study in dry seeds and 

during seedling development. If, as in DS plants, levels of orthologues of XhABI3 and 

XhABI5 are high in seeds and during germination, but drop as development progresses – 

despite the retention of DT in Xerophyta seedlings – it would provide clear evidence for a 

regulatory disconnect between the angiosperm window of seedling DT and resurrection 

plant VDT. Alternatively, if the desiccation-induced XhABI3 isoforms and ABF genes 

identified in this study are highly expressed in seeds, it would suggest that they are in fact 

associated with the seed maturation regulatory network rather than with a vegetative 

response. 

The rise in prominence and decrease in cost of Next Generation Sequencing (NGS) 

technologies make them ideal tools to explore the phenomenon of VDT in resurrection 

plants. Although this study made use of RNA-Seq to investigate the desiccation 

transcriptome of adult leaves, it could similarly be used to examine the transcriptomes of 

rehydrating leaves, or X. humilis seedlings subjected to stress. A draft genome of X. humilis is 

currently under assembly, which should massively expand the available genomic sequence 

information of this plant. A complete draft of the X. humilis genome could be leveraged to 
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investigate the mechanism of the apparent LEA gene diversification in Xerophyta – for 

example, tandem duplication – or enable the use of bioinformatics approaches to statistically 

analyse cis-regulatory elements and TF binding within the promoters of selected 

desiccation-induced genes, which could reveal important patterns of regulatory motifs 

relevant to VDT. For example, a prediction of the model proposed in the previous section is 

that the ABRE motif should be enriched in the promoters of many genes (especially seed-

specific genes) that are up-regulated during desiccation. Related to this, it would be 

informative to determine whether the ABF gene proteins identified in this study, 

particularly XhABF1, can bind to these promoter regions in vivo; for example, via yeast one-

hybrid analysis or ChIP-Seq using antibodies raised to these proteins in desiccating leaves. 

Lastly, the activation of VDT-related mechanisms during desiccation is likely associated 

with changes in the epigenetic landscape of the X. humilis genome, affecting both gene 

expression and chromatin structure. ChIP/ChiP-Seq or similar approaches could be used to 

characterise the epigenetic state of the genome during desiccation, and identify histone 

modifications enriched in down- or up-regulated gene sets that may be important in 

regulating VDT. 
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Appendix 

Some of the data pertaining to the desiccation tolerance of X. viscosa seedlings as shown in 

Chapter 2 was included in an earlier publication on which I was first author (Lyall R, Ingle 

RA, Illing N (2014) The Window of Desiccation Tolerance Shown by Early-Stage Germinating 

Seedlings Remains Open in the Resurrection Plant, Xerophyta viscosa. PLoS ONE 9(3): e93093), 

which has been reproduced here. 
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Abstract

Resurrection plants are renowned for their vegetative desiccation tolerance (DT). While DT in vegetative tissues is rare in
angiosperms, it is ubiquitous in mature orthodox seeds. During germination, seedlings gradually lose DT until they pass a
point of no return, after which they can no longer survive dehydration. Here we investigate whether seedlings of the
resurrection plant Xerophyta viscosa ever lose the capacity to establish DT. Seedlings from different stages of germination
were dehydrated for 48 hours and assessed for their ability to recover upon rehydration. While a transient decline in the
ability of X. viscosa seedlings to survive dehydration was observed, at no point during germination was the ability to re-
establish DT completely lost in all seedlings. Pre-treatment of seedlings with PEG or sucrose reduced this transient decline,
and improved the survival rate at all stages of germination. Additionally, we observed that the trait of poikilochlorophylly (or
loss of chlorophyll) observed in adult X. viscosa leaves can be induced throughout seedling development. These results
suggest that the window of DT seen in germinating orthodox seeds remains open in X. viscosa seedlings and that
vegetative DT in Xerophyta species may have evolved from the ability to retain this program through to adulthood.
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Introduction

Desiccation tolerance (DT) is the ability of an organism to revive

unharmed after almost complete loss of cellular water from its

tissues [1]. While vegetative DT is relatively common in mosses

and liverworts, it is extremely rare in angiosperms, having been

reported from only 135 taxonomically diverse species from 44

genera collectively known as resurrection plants [2]. Though rare

in vegetative tissue, DT is common in the reproductive tissues of

angiosperms, with the overwhelming majority of species surveyed

to date producing DT (orthodox) seed embryos and pollen [2].

Vegetative DT is a polyphyletic trait in the angiosperms, having

evolved independently at least thirteen times [2], with some species

retaining chlorophyll (homoiochlorophyllous), whilst other species

break chlorophyll down (poikilochlorophyllous) during dehydra-

tion. It has been argued that vegetative DT in resurrection plants

arose through co-option of the genetic network responsible for the

acquisition of DT in orthodox seeds [3–5], however the

mechanism by which this might have occurred is unknown.

In orthodox seeds, embryonic DT is acquired late in the

development process, during seed maturation. Maturation occurs

subsequent to embryo and endosperm morphogenesis, and is

characterised by embryo growth arrest, reserve accumulation and

the acquisition of stress tolerance [6]. In many angiosperm species

seed maturation is not required for the generation of a viable

embryo: excised, un-matured seeds will still germinate under

favourable conditions [7,8]. Rather, the process of maturation

prepares the seed for survival in unfavourable conditions outside of

the parent plant by inducing a stress-tolerant, quiescent state.

Embryonic DT occurs as a pre-programmed event rather than

as a physiological response to water loss [9,10]. The exact

mechanisms by which orthodox seeds become DT are not yet fully

understood, however a number of factors have been shown to

correlate strongly with the ability of a seed to survive desiccation.

These include the up-regulation of LEA (late embryogenesis

abundant) proteins, and the accumulation of sucrose and several

oligosaccharides. The appearance of LEA proteins in maturing

seeds coincides with the acquisition of DT, and their levels fall

once germination has been initiated and tolerance is lost [11].

LEA proteins are hypothesised to function, at least in part, as a

‘‘water replacement’’ mechanism: as water is lost from the cell, the

hydrophobic LEAs form a protective layer around exposed

chemical groups, preventing potential damage or loss of confor-

mation [11–13]. Carbohydrates - primarily sucrose, but also

oligosaccharides such as raffinose and stachyose - show a marked

increase in concentration in embryonic tissues during maturation

[14]. In addition to acting as a readily-available energy source for

the embryo during germination, these sugars are thought to

function in a similar fashion to LEAs by acting as water

replacement molecules [12,15].

Mature orthodox seeds can remain quiescent and DT for

extremely long periods of time until growth is re-initiated by

imbibition. Germination is induced in non-dormant imbibed seeds

by gibberellin-regulated gene networks which reduce ABA
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concentrations in the seed and silence maturation-specific genes,

thereby reversing the maturation-induced embryo quiescence

[16]. DT is progressively lost during the germination of orthodox

seeds, until the seedlings reach a so-called ‘‘point of no return’’

past which they can no longer survive dehydration [17]. For many

species, including Arabidopsis thaliana, this point is reached early

during the imbibition stage prior to visible protrusion of the radicle

through the testa [18,19]. In other species, however, the point of

no return can be extended until well after radicle emergence. This

phenomenon is often seen in desert plant species, where the ability

for a seedling to survive sudden and unexpected drought

conditions unharmed would confer a significant selective advan-

tage [20–22].

Exposure to moderate osmotic stress, such as incubation in high

molecular weight polyethylene glycol (PEG), can extend the

developmental window during which DT can be re-established in

germinating seedlings of many species [23], albeit narrowly in

many cases. For example, in Medicago truncatula DT is rapidly lost

following germination; only 20% of seedlings with radicles

.2 mm and 0% with .3 mm in length were able to re-establish

DT [24]. However, following pre-treatment with -1.7 MPa PEG

these values increased to 100% and 72% respectively [24].

Notably, the survival rate of seedlings with radicles .4 mm in

length remained at 0%. Similarly, in Tabebuia impetiginosa,

untreated seedlings are unable to re-establish DT once radicle

length reaches 2.5 mm, while .50% of seedlings pre-treated with

-1.7 MPa PEG can do so at this developmental stage [25]. In A.

thaliana, while loss of DT occurred at the time of testa rupture in

untreated seedlings, pre-treatment with -2.5 MPa PEG allowed re-

establishment of DT in .95% of seedlings with radicles 0.3–

0.5 mm in length, and in 38% of seedlings displaying root hair

formation [18].

Transcriptome analysis of M. trunculata seedlings undergoing re-

establishment of DT following PEG treatment revealed a

significant overlap with changes in gene expression observed

during the establishment of DT during seed maturation [26].

Similarly, analysis of gene expression in A. thaliana seedlings

revealed that genes encoding LEA, seed storage and dormancy

related proteins were strongly up-regulated following PEG

treatment, while those involved in energy metabolism and cell-

wall modification were repressed [18]. Together these data suggest

that re-establishment of DT in seedlings involves a return to a

quiescent state similar to that occurring in mature orthodox seeds.

If vegetative DT has indeed evolved in resurrection plants via

co-option of the genetic network responsible for the acquisition of

DT in seeds, one possible mechanism by which this may have

occurred is through extension of the developmental window

during which seedling re-establishment of DT can occur. If this is

so, we would predict that the seedlings of resurrection plants would

not display a point of no return, and would instead be able to re-

establish DT throughout germination and beyond. In order to test

this prediction, we characterised the germination process of seeds

of the resurrection plant Xerophyta viscosa (Velloziaceae), and

compared the ability of seedlings of X. viscosa and the model plant

A. thaliana to re-establish DT following germination.

Materials and Methods

Plant material
X. viscosa (Baker) seeds were obtained from Silverhill seeds

(http://www.silverhillseeds.co.za/default.asp), from a batch of

seeds collected from Witsieshoek (Free State province, South

Africa). Seeds were stored in the dark at room temperature.

Arabidopsis thaliana seeds of the Columbia (Col-0) ecotype were

obtained from the European Arabidopsis Stock Centre (http://

arabidopsis.info) and stored at 4uC in the dark.

Germination and growth conditions
Seeds of both species were surface sterilised with 75% (v/v)

ethanol for 2 min and air-dried in a laminar flow hood. Seeds

were germinated on half-strength Murashige and Skoog (MS)

medium containing 0.7% (w/v) bacteriological agar. Unless

specified otherwise, seeds of X. viscosa were germinated immedi-

ately while A. thaliana seeds were cold-stratified at 4uC for 48 h in

the dark prior to germination. Plants were grown under a long-day

photoperiod (16 h light, 8 h dark) at 22uC, and cool white

fluorescent light of 250 mmol m22s21.

Photography and seedling measurements
Seed and seedling photographs were obtained using a digital

colour camera (JVC) mounted on a dissecting stereomicroscope

(Olympus). Seedlings were photographed on a single piece of

damp filter paper in order to prevent premature dehydration of

their tissues due to strong lighting. Cotyledon, root and seed

measurements were determined for each seedling using the ImageJ

imaging software (http://rsbweb.nih.gov/ij/). High resolution

photographs of seeds and seedlings were obtained using a Nikon

Stereoscope Zoom Microscope (SMZ1500) and NIS-Elements

(Nikon) digital 3D imaging software.

Response of X. viscosa seeds to various dormancy-
breaking treatments

Batches of 25-30 seeds were treated with one of a number of

dormancy breaking treatments previously described for various

plant species [27]: 4uC or 37uC incubation in the dark for 72 h on

half strength MS medium plates; 72 h soak in the dark at 4uC or

37uC in either a 1% (w/v) thio-urea solution or 0.25% (w/v)

potassium nitrate solution; 72 h stored at 220uC; acid scarifica-

tion with a 50% (v/v) H2SO4 solution for 1 minute; 60uC soak in

water for either 1 min or 1 h; twelve weeks 4uC moist chilling in

constant dark on half-strength MS plates. The treated seeds were

subsequently transferred to half-strength MS medium plates (if not

already on such a plate) and germinated under standard growth

conditions.

The effect of developmental stage on seedling survival
after rapid dehydration

A. thaliana seedlings were developmentally staged according to

the system previously described by Maia et al. [18]. The stages of

X. viscosa germination have not previously been described, and so

this developmental process is described in the results section. For

the dehydration experiments, germinated seeds at specific

developmental stage were transferred to damp filter paper in an

open petri dish and dehydrated under constant air flow in a

laminar flow hood. After 48 h, seedlings were rehydrated on the

filter paper with 2.5 ml sterile water and the plates transferred

back to standard growth conditions. Seedlings were tracked over a

5 d period by daily inspection under an Olympus dissecting light

stereo microscope, and considered DT if they resumed normal

development.

The impact of PEG or sucrose treatment on seedling
revival after dehydration

For the PEG-treatment, germinated seeds at appropriate

developmental stages were moved to filter paper saturated with

1.2 ml of a PEG-8000 solution calculated to have an osmotic

potential of -2.5 MPa at 22uC [28], on which they were incubated

Desiccation Tolerant X. viscosa Seedlings
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under standard growth conditions for 48 h. Following PEG

incubation, the seedlings were rinsed in sterile water to remove

excess PEG and transferred to fresh damp filter paper. Dehydra-

tion and rehydration proceeded as described above. For the

sucrose treatment experiments, seeds were germinated on half-

strength MS in the presence or absence of 3% (w/v) sucrose under

standard growth conditions. Germinated seeds at each develop-

mental stage were then transferred to damp filter paper and

subjected to dehydration as described above.

Data analysis
Due to the asynchronous and variable nature of X. viscosa

germination, coupled with the difficulty in acquiring the seeds of

this plant, the experiments described here occurred over the

course of multiple weeks in a small number of large-scale

experiments involving several hundred seeds. Data from multiple

independent experiments was pooled and the variation within the

entire pool of samples was determined via bootstrapping. The

seedlings in each pooled experiment were resampled with

replacement and placed into bins of pre-defined cotyledon lengths.

This was repeated 10000 times, and the mean survival rate for the

resampled seeds in each bin was calculated for each iteration. The

standard error of the mean (SEM) of the sample pools was

calculated from the standard deviation of the bootstrapped mean

survival values. The same procedure was applied to the data

generated for the Arabidopsis germination experiments to facilitate

comparison.

Results

Germination and growth of X. viscosa seedlings
The germination and subsequent development of X. viscosa

seedlings has not been previously been reported. We attempted

to optimize germination conditions and developed a staging

system to describe the growth of seedlings to aid further study

on these plants. The seeds of X. viscosa are generally elliptical in

shape, and surrounded by a triangular, dry, transparent husk

that extends from one side of the seed (Figure 1A). When

imbibed the seed swells with absorbed water and the embryo,

located opposite the origin of the husk, is clearly visible

(Figure 1B). The vast majority of the seed volume consists of

nutrient endosperm, in which the embryo is embedded, and is

surrounded by a thin, brown seed coat. Germination occurs

over a period of 4 to 14 days thereafter. Germination rate and

synchronicity were only marginally improved by various

common dormancy breaking treatments, such as moist chilling

(Figure S1). The germination of X. viscosa seedlings was found

to visibly resemble that of the onion, Allium cepa, albeit on a

much smaller scale [29]. Initially, the cotyledon lengthens

within the seed and forces the developing radicle through the

testa (Figure 1C). The embryo is reliant on nutrients from the

endosperm for the first few days of germination and embryos

excised during this stage are not viable. As germination

progresses, the cotyledon continues to lengthen and rapidly

turns green (Figure 1D). The radicle develops into a single

primary root which develops root hairs once the cotyledons are

between 1–3 mm in length (Figure 1E). At this stage, the

embryo can be divided into four different zones: the cotyledon

tip (a pale translucent ball of tissue that absorbs food stores

from the endosperm), photosynthetic cotyledon tissue, the

meristem above the roots, and a pointed root tip (Figure 1F). A

central protoxylem is visible in cross-section of the germinating

seedling, connecting the meristem, above the root zone to the

endosperm (Figure 1F). The cotyledon undergoes a period of

rapid extension (to 4–5 mm in length), before a split in the

leading end of the cotyledon (Figure 1G) heralds the

appearance of the first true leaf (Figure 1H). Undifferentiated,

pale meristem tissue visible in cross-sections of seedlings above

the root is no longer connected to the endosperm via the

protoxylem (Figure 1I).

The effect of developmental stage on seedling survival
after rapid dehydration

Mature leaves of adult X. viscosa are desiccation tolerant [30].

We set out to determine whether germinating seedlings of X.

viscosa are initially DT and whether this property was lost as

seedlings matured through to the appearance of the first true

leaves. We found that X. viscosa seedling survival was strongly

associated with the seedling size at the time of drying (Figure 2A).

Seedlings at an early stage of germination (i.e. cotyledon

,0.4 mm) showed a near-100% survival rate. Survival rate

decreased as seedlings increased in size, dropping to only 6% in

seedlings with cotyledons 1.6–2 mm in length. Survival rate

began to increase again, however, in larger seedlings (cotyledons

.2 mm), rising to over 40% survival in the oldest tested seedlings

(cotyledon .4.4 mm, around the stage at which the primary leaf

emerges).

Figure 1. The germination process in X. viscosa. (A) dry seed; (B)
cross-section of an imbibed seed; (C) radicle emergence; (D) chlorophyll
is present in the emerging cotyledon; (E) root hairs appear once the
cotyledon is 1 to 3 mm in length; (Fi) cross section of seedling showing
tip of the photosynthetic cotyledon in contact with the endosperm, and
the pale meristem; (Fii) a central protoxylem connecting the meristem
to the tip of the cotyledon is visible; (Gi) the cotyledon and root tip
elongate rapidly, and a slit appears above the root through which the
first true leaf emerges (Gii); (H) the emerging leaf is clearly visible and
the cotyledon ceases to grow. A cross section at this stage (Ii and Iii)
shows that the meristem is no longer connected to the endosperm via
the protoxylem. Seedlings at this stage are no longer dependent on the
endosperm for survival. The 0.5 mm scale bar at the top of the figure is
applicable to images A to Fi, and the 1 mm scale bar to images Gi, H
and Ii. Individual scale bars are provided for Fii, Gii and Iii.
doi:10.1371/journal.pone.0093093.g001
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Small seedlings (cotyledons ,2 mm) displayed no visible

predictors of survival: the cotyledons of desiccated seedlings

remained green, and cotyledon and root tissues withered rapidly

from lack of water (Figure 2B & 3). In contrast, survival of

seedlings with cotyledons .2 mm was associated with the loss of

chlorophyll either wholly or partially from the cotyledon (Figure 2B

& 3). Of seedlings with cotyledons .2 mm, a total of 30% lost

chlorophyll of which 76% survived dehydration, whereas only 5%

of seedlings that did not lose chlorophyll at these stages survived.

In a number of cases, tissue survival was restricted to regions that

had degraded chlorophyll, while surrounding tissues failed to

revive (Figure S2). The primary root of surviving seedlings usually

also survived the desiccation process unharmed; in cases where it

did not, a secondary root would erupt next to or through the dead

root tissue (Figure 3). As has been previously reported [18], we

observed that A. thaliana seedlings lost DT rapidly once the seed

coat had ruptured. Less than 10% of seedlings survived 48 h of

dehydration once the radicle had visibly protruded through the

seed coat, with the survival rate dropping to 0% at all subsequent

developmental stages (Figure 4A).

The impact of PEG or sucrose pre-treatment on seedling
survival after dehydration

The transient decline in the ability of X. viscosa seedlings to

survive dehydration during early germination (Figure 2A) might

represent a developmental stage at which DT generally cannot be

re-established. Alternatively, these young seedlings may be

particularly vulnerable as they do not have sufficient resources

to mount a successful response against or recover from very rapid

dehydration. For example, depletion of the endosperm-derived

nutrients upon which the germinating seedlings are dependent

during initial growth, or a failure to protect the protoxylem

connecting the endosperm to the meristem, may be lethal. The

point of no return can be delayed in many species by priming

germinating seedlings with moderate osmotic stress prior to

dehydration, for example by incubating in high molecular weight

Figure 2. Desiccation tolerance in germinating seedlings of X. viscosa and A. thaliana. (A) Survival of germinating X. viscosa seedlings after
48 h desiccation, grouped by cotyledon length. Data shows the mean survival rate 6SEM as determined by bootstrapping. Representative line
drawings of germinating seedlings are shown above. (B) Incidence of chlorophyll degradation in the surviving seedlings from Figure 2A. Black bars:
survived and did not lose chlorophyll. Grey bars: survived and lost chlorophyll. The numbers of seeds per bin are provided in Table S1.
doi:10.1371/journal.pone.0093093.g002
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PEG. Sucrose has also been implicated in the survival of both

germinating seedlings and resurrection plants in response to

desiccation, and the presence of additional sucrose may alleviate

resource depletion in germinating seedlings that have not yet

become self-sufficient. We thus used PEG and sucrose pre-

treatment to investigate whether priming of X. viscosa or A. thaliana

seedlings improved their ability to survive dehydration.

In agreement with previous reports, incubation in a -2.5MPa

PEG-8000 solution for 48 h prior to dehydration improved the

survival rate of A. thaliana seedlings (Figure 4A), most noticeably at

the stages of radicle protrusion (radicle 0.2 mm; 9% survived

untreated vs. 74% PEG-treated) and radicle extension (radicle

0.35 mm; 1% vs. 20%). Nonetheless, mean survival rate dropped

to 5% by the time the root hairs were first visible (radicle

0.45 mm). Growth on 3% sucrose resulted in delayed germination

in A. thaliana and led to the accumulation of anthocyanins, as

previously reported [31,32]. However, the presence of exogenous

sucrose also improved seedling survival after dehydration.

Whereas only 9% and 1% of untreated seedlings survived at the

stages of radicle protrusion and extension respectively, supple-

mentary sucrose improved survival to 59% and 42% at these

stages (Figure 4A). Mean survival dropped to less than 5% in

seedlings with a radicle longer than 0.45 mm.

PEG treatment also increased seedling survival rate after

dehydration in X. viscosa (Figure 4B). Total seedling survival

averaged 65%, and the transient decline in survival rate observed

in untreated plants was not apparent in PEG-treated seedlings.

Notably, the majority (83%) of seedlings of all sizes showed

complete loss of chlorophyll after incubation in PEG (Figure 5).

None of the 17% of PEG-treated seedlings that failed to degrade

chlorophyll were able to survive dehydration. In contrast to its

effects on delaying germination in A. thaliana, 3% sucrose did not

have any noticeable effect on X. viscosa germination rate, nor did it

induce anthocyanin accumulation in seedlings prior to dehydra-

tion (Figure 5). However, it drastically improved seedling survival

irrespective of cotyledon length: average survival of sucrose-treated

seedlings was 91% across all developmental stages, with the lowest

survival rate of 79% occurring in seedlings 2–2.9 mm in size

(Figure 4B). As with untreated plants, chlorophyll loss was only

observed in seedlings with larger cotyledons (.1.5 mm), and

occurred most often (.90%) in seedlings .3 mm in length

(Figure 4C).

Discussion

The seeds of the desiccation-sensitive plant A. thaliana can halt

the process of germination under adverse conditions, with a

window of opportunity of 48–60 h post imbibition [33]. Current

evidence suggests that this process involves resetting the seedling to

a quiescent state that resembles that of mature, dry orthodox seeds

[18]. A similar window is seen in many other angiosperm plant

species. The acquisition of vegetative DT in angiosperms may

have evolved through the co-option of the networks regulating

angiosperm seed maturation genes into adult tissues [2,4]. A

possible means by which this could have occurred would be

through extending the temporary window during which angio-

sperm seedlings are able to re-establish DT indefinitely. If this is

the case, we would predict that the seedlings of a resurrection plant

would not display a point of no return, but would instead be

desiccation tolerant throughout germination. Our aim was to

determine the extent to which this window of opportunity existed

in the monocot resurrection plant X. viscosa, a poikilochlorophyl-

lous resurrection plant from Southern Africa. We investigated the

DT of the seedlings of both X. viscosa and the desiccation sensitive

A. thaliana, when untreated or either incubated in PEG or

supplemented with exogenous sucrose.

In agreement with previous reports, we found that the seedlings

of A. thaliana rapidly lost DT once the seed coat had ruptured

(Figure 4A), but could be temporarily rescued by pre-treatment in

a high molecular weight PEG solution prior to desiccation [18].

Growth on medium supplemented with 3% sucrose, though it

delayed germination and retarded seedling development, was also

capable of increasing survival rates in germinating seedlings to a

similar degree. However, neither PEG nor sucrose treatment could

substantially extend the window beyond the point at which radicle

length .0.45 mm (Figure 4A).

X. viscosa seedlings grown on half-strength MS media displayed

a transient decline in DT during germination. Although freshly

imbibed seedlings were desiccation tolerant, seedlings steadily lost

DT as germination progressed, dropping to a minimum survival

Figure 3. Recovery of X. viscosa seedlings from dehydration. Representative images of three untreated X. viscosa seedlings 1 mm, 2.2 mm and
3 mm in length before and after dehydration and rehydration. The 1 mm seedling dehydrated without chlorophyll loss, but recovered and resumed
growth rapidly after rehydration. A 2.2 mm seedling likewise failed to degrade chlorophyll, but did not survive the rehydration process. A 3 mm
seedling displayed partial chlorophyll loss from its cotyledon during dehydration. The seedling survived with its meristem, primary leaf and leading
end of the cotyledon intact; the primary root failed to survive, but two additional secondary roots emerged from the meristem. Anthocyanins
accumulated in the photosynthetic tissue during rehydration of this seedling.
doi:10.1371/journal.pone.0093093.g003
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Figure 4. Pre-treatment with PEG or sucrose improves desiccation tolerance in germinating seedlings of A. thaliana and X. viscosa. (A)
Mean survival rate (6SEM) of A. thaliana seedlings after 48 h desiccation at various stages of germination. Although survival improves with PEG and
sucrose treatment, A. thaliana seedlings are unable to survive desiccation past the ‘‘root hairs visible’’ seedling stage. (B) Survival of germinating X.
viscosa seedlings with or without PEG or sucrose pre-treatment, grouped by cotyledon size (6SEM). Seedlings pre-treated with either sucrose or PEG
did not show a decline in desiccation tolerance compared to untreated seedlings. (C) Chlorophyll loss in X. viscosa sucrose-treated seedlings.
Although the mean survival rate of sucrose-treated seedlings was relatively consistent across most stages, the incidence of chlorophyll loss increased
steadily with increasing seedling size. Seeds per bin can be found in Table S1.
doi:10.1371/journal.pone.0093093.g004
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rate of 6% in seedlings between 1.6–2 mm in length (Figure 2A).

However, this was a temporary phenomenon, and a greater

proportion of seedlings recovered from dehydration at later stages,

rising to over 40% survival in seedlings .4.4 mm. The majority of

surviving seedlings greater than 2 mm in length also lost

chlorophyll from their photosynthetic tissues (Figure 2B), a trait

reminiscent of the mechanism of poikilochlorophylly employed by

mature X. viscosa plants to prevent build-up of reactive oxygen

species during dehydration [34].

Pre-treatment of germinating X. viscosa seedlings with PEG for

48 h prior to desiccation reduced the transient decline in DT

(Figure 4B), and improved the average survival rate over that of

untreated seedlings by a large margin (minimum survival rate was

over 50%, compared to 6% in untreated seedlings). Interestingly,

all surviving seedlings showed a complete loss of chlorophyll from

the PEG treatment alone, irrespective of seedling size. Sucrose-

supplemented X. viscosa seedlings displayed an even more marked

increase in survival: on average 91% of total seedlings recovered

completely after desiccation, with a minimum survival rate of 79%

in seedlings 2–2.9 mm in length (Figure 4B). As with untreated

seedlings, only sucrose-treated seedlings with a cotyledon .2 mm

displayed any degradation of chlorophyll during dehydration, with

the incidence of chlorophyll loss increasing as seedlings increased

in size (Figure 4C).

Moderate osmotic stress during the early stages of germination

has been shown to improve the survival of desiccated seedlings in a

number angiosperm species [23,24]. The exact mechanism

through which this occurs is not clear, but it seems likely that an

extended period of moderate stress primes the seedlings to activate

the seed maturation genes and desiccation response mechanisms

prior to the period of rapid desiccation. On the other hand,

treatment with exogenous sucrose has to our knowledge not been

previously shown to induce DT in germinating seedlings, although

it has been reported to induce DT in axillary buds and shoot tips

of various species for the purposes of cryopreservation [35,36].

As PEG treatment alone was sufficient to substantially rescue X.

viscosa seedlings at the stages at which they were most sensitive to

dehydration, it is unlikely that the transient loss of DT in

untreated seedlings was due to an inherent inability of these

seedlings to induce DT. Some other factor, such as depletion of

endosperm-derived nutrients, or increased dehydration rate due to

a larger surface-area-to-volume ratio, may have played a role in

reducing the survival rate of seedlings at these sizes. Whilst it is

well known that lower plants, such as the moss Tortula ruralis, can

withstand very rapid water loss, this is not possible for angiosperm

resurrection plants which need time to lay down protective

measures [37]. We hypothesise that pre-treatment with PEG

primed the desiccation response prior to the rapid dehydration

treatment. Consistent with this hypothesis, all surviving PEG-

treated seedlings showed a loss of chlorophyll from the cotyledon,

indicating that X. viscosa is capable of poikilochlorophylly at all

stages of germination. This suggests either a direct relationship

between the X. viscosa seedling and vegetative desiccation response

mechanisms, or alternatively that the adult response mechanisms

can be induced in seedlings under the appropriate conditions.

None of the PEG-treated seedlings that failed to lose chlorophyll

(17% of the total) survived the dehydration treatment, strong

evidence that chlorophyll degradation is an indicator of the

preparedness of a seedling to respond to rapid, severe water loss.

In contrast, small (,2 mm) untreated and sucrose-treated

seedlings failed to degrade chlorophyll during dehydration. This

observation may be explained by the rate of water loss in these

seedlings being too rapid for this process to occur without PEG

priming due to the seedlings’ small size. However, the survival of

these small seedlings without chlorophyll loss suggests that the

mechanisms that control vegetative DT and poikilochlorophylly

do not occur simultaneously; rather DT protection is activated

prior to visible loss of chlorophyll from these tissues. Presumably,

in non-PEG-treated seedlings .2 mm in length, their increased

size sufficiently delayed the rate of dehydration for chlorophyll

degradation to begin to occur in these tissues in the absence of any

priming.

Sucrose treated seedlings showed an even greater survival rate

than that of PEG treated seedlings in both species, despite the fact

that they should have had a similar dehydration rate to untreated

seedlings. Thus, the rate at which seedlings lose water is not the

only factor influencing the probability of recovery. The exact role

exogenous sucrose plays in this process cannot be determined from

the results in this study. It seems unlikely that the relatively minor

osmotic effects of sucrose alone (20.22 MPa) [38], would be

Figure 5. Pre-treatment of X. viscosa seedlings with PEG results in chlorophyll degradation. Representative images of an untreated, PEG-
treated and sucrose-treated seedling undergoing dehydration and rehydration. An untreated seedling (MS media) lost chlorophyll and accumulated
anthocyanins in response to dehydration, and survived rehydration. A PEG treated seedling completely degraded its chlorophyll in response to PEG
priming (prior to dehydration), and recovered well after rehydration. A sucrose-treated seedling failed to lose chlorophyll during dehydration;
however, the meristem, primary leaf and a small portion of the cotyledon recovered after rehydration nonetheless.
doi:10.1371/journal.pone.0093093.g005
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sufficient to prime the DT response, as osmotically stressed PEG-

treated seedlings (22.5 MPa) did not recover to a similar degree.

Exogenous sucrose may have acted as a nutrient source that was

independent of seedling stage, reducing the total number of

seedlings that failed to survive purely due to a lack of sufficient

resources to mount a successful desiccation response. Sucrose has

also been predicted to act as an osmoprotectant that, together with

LEA proteins, forms the cellular glass that protects tissues from

desiccation [39]. For example, it is possible that the exogenous

sucrose protected the protoxylem which serves as a lifeline

between the endosperm reserves and the meristem in small

seedlings. Alternatively, high background levels of intra- or

extracellular sucrose could have also reduced the time needed to

induce glass formation during the desiccation process. Treatment

with exogenous sucrose has been shown to have a synergistic effect

with ABA in inducing DT in seeds or somatic embryos, if applied

during the early stages of the maturation process [40–42]. If the

window of seedling DT does involve an ABA-mediated reactiva-

tion of maturation genes, high sucrose levels may have had a

similar synergistic signalling role with ABA. None of these roles are

mutually exclusive, and it is likely that exogenous sucrose functions

through multiple pathways to improve survival rates of desiccating

seedlings.

Our data suggest that X. viscosa seedlings do not inherently lose

DT during germination, as other angiosperm species do. A

particularly striking result is the potential for poikilochlorophylly at

all seedling stages, suggesting a direct relationship between the

seedling and adult desiccation response. One explanation for these

results is that X. viscosa never closes the window of ABA

responsiveness that allows germinating angiosperm seeds to revert

to a quiescent, mature-dry state, but has instead evolved the ability

to activate this response throughout its life, even in adult tissues.

The acquisition of additional molecular data and functional assays

will be informative in determining whether the vegetative

desiccation response in Xerophyta is indeed an extension of the

germinating seedling desiccation response, or whether these are

different survival programmes.

Supporting Information

Figure S1 The effect of various common dormancy-
breaking treatments on seeds of X. viscosa. Data shown

are the percentage germination over time from batches of 25 to 50

seedlings per experiment. (A) Dormancy-breaking treatments

coupled with cold (4uC or freezing) temperature. (B) Dormancy-

breaking treatments coupled with warm (37uC) temperature. (C)

Extended 4uC stratification coupled with germination in light or

dark conditions. Not shown: acid scarification (50% H2SO4, 1

minute) and 60uC soak, which resulted in 100% mortality. While

the majority of treatments advanced the germination process by

24 h (possibly due to advanced period of imbibition compared to

untreated seedlings), neither the rate of germination nor the total

percentage of seeds germinating was greatly enhanced.

(TIF)

Figure S2 Chlorophyll loss is a predictor of tissue
survival in older seedlings. Chlorophyll degradation and

subsequent recovery (indicated by black arrows) of seedling tissues

was a strong predictor of survival after dehydration. A) A

desiccated seedling shows chlorophyll loss around the meristem,

a small emerging leaf, and the upper cotyledon. B) These tissues

recover 5 days post rehydration, the meristem survives, and the

emerging leaf is substantially larger. C) A desiccated seedling

showing chlorophyll loss from only the upper cotyledon D) Whilst

chlorophyll is restored in this section of the cotyledon, the

meristem and lower cotyledon fail to survive.

(TIF)

Table S1 Seedling bin sizes for figures 2A, 4A and 4B.
The seedlings from independent experimental repeats were pooled

and divided into bins based on cotyledon length (X. viscosa) or

germination stage (A. thaliana).

(XLSX)
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