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Abstract

Drought-induced senescence is a degenerative process that involves the degradation of
cellular metabolites and photosynthetic pigments and uncontrolled dismantling of cellular
membranes and organelles. Angiosperm resurrection plants display vegetative desiccation
tolerance and avoid drought-induced senescence in most of their tissues. Developmentally
older tissues, however, fail to recover during rehydration and ultimately senesce. Comparison
of the desiccation-associated responses of older senescent tissues (ST) with non-senescent
tissues (NST) will allow for understanding of mechanisms promoting senescence in the former

and prevention of senescence in the latter.

In the monocotyledonous resurrection plant Xerophyta schlechteri (Baker) N.L.Menezes, leaf
tips senesce following desiccation, whereas the rest of the leaf blade survives. This study
characterised structural, metabolic and transcriptional changes in ST and NST at varying water
contents during desiccation and rehydration. Light and transmission electron microscopy was
used to follow anatomical and subcellular responses, and metabolic differences were studied
using gas chromatography-mass spectrometry and colorimetric metabolite assays. These
results show that drying below 35% relative water content (0.7 gH.0/g dry mass) in ST
resulted in the initiation of age-related senescence hallmarks and that these tissues continue
this process after rehydration. Analysis of the transcriptome was done using RNA-Seq, which
was subject to differential expression analysis and network analysis to elucidate the potential
mechanisms for senescence regulation in this species. Significantly increased transcription of
senescence associated genes was observed in the air dry sampling point, indicating that
initiation of cellular death occurred below 20% RWC. Network analysis based on Pearson
correlation revealed a high degree of clustering of these genes, suggesting co-regulation. The
majority of these genes had two enriched motifs in their upstream regions, identified as
binding sites for WRKY and other transcription factors. A model integrating these
observations is presented, with insights into how senescence is initiated in ST and repressed

in NST.
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Chapter 1

Positioning Xerophyta schlechteri as a model for studying

desiccation-driven senescence: A literature review.



Introduction

Due to climate change, drought is emerging as one of the greatest dangers to food security in
our time (Kogan et al., 2019). As sessile organisms, plants are at the mercy of their
environmental conditions. Water is essential for survival; thus, most plants have developed
certain adaptations for surviving mild to moderate deficit. Resurrection plants (defined
below) have been positioned in recent years as models for understanding how drought
tolerant crops of the future may be engineered (Blum and Tuberosa, 2018; Hilhorst and
Farrant, 2018; Zhang and Bartels, 2018). Understanding how resurrection plants prevent
cellular death (senescence) during desiccation is a crucial piece of this puzzle. This review
outlines how stresses are mitigated by resurrection plants, how senescence is brought about
in response to water deficit in desiccation sensitive species and how the study of these
processes in Xerophyta schlechteri could inform design of drought tolerant crops of the

future.

Desiccation Tolerance

Desiccation tolerance (DT) is the ability of an organism to survive loss of virtually all
subcellular water. Albeit rare, this phenomenon has been observed in several unicellular and
multicellular life forms (select species of bacteria, lichens, mosses, ferns, angiosperms,
tardigrades), as well as in some life-cycle stages of particular taxa (e.g. DT seeds, larvae of the
worm Caenorhabditis elegans and the midge Polypedilum vanderpankii) (Berjak, 2006;
Watanabe et al., 2006; Guidetti et al., 2012; Costa et al., 2016). In vegetative tissues of
angiosperms, it was first described by Gaff (1977), who coined the term “resurrection plants”
for the ability of these plants to ‘resurrect’ from an apparent dead-like state after prolonged
periods in the air-dry state. These plants exhibit total desiccation tolerance, i.e. the ability to
survive loss of water until 0.1g H,0/g dry mass. This represents water content in equilibrium
with the air at 50% relative humidity and 20°C, and water potential of -100 MPa (Gaff, 1997).
In contrast, desiccation sensitive angiosperms are only able to survive up loss of 20-50%
relative water content (RWC), corresponding to water potential of -10MPa (Proctor & Pence,
2002). When water is once again available, these plants regain full metabolic competence

within hours of rehydration (Hoekstra et al.,, 2001; Farrant et al.,2007; 2012). While this



phenomenon is common in the seeds of many angiosperm species, it is rare in their vegetative

tissues, with only 135 species exhibiting this trait (Gaff and Oliver, 2013).

Stresses imposed by water deficit and resurrection plant strategies for mitigating them

Numerous mechanisms for mitigating the stresses imposed by total water loss have been
described for several resurrection plants. Consistent responses amongst different species of
resurrection plants include shutdown/limitation of photosynthesis, accumulation of anti-
oxidant compounds and enzymes, accumulation of protective compounds (sugars, amino
acids, etc.), accumulation of stress-responsive proteins and changes to cellular architecture.
These changes result in the ability to enter a quiescent state, wherein plants arrest growth
and reproductive functions in order to survive total water deficit for extended periods

(Farrant et al.,2007; Challabathula and Bartels, 2013).

Redox stress

Photosynthesis is a dangerous process in the absence of water. As the soil surrounding a plant
dries, signals are transmitted to leaves and stomata are closed to retain moisture. This
prevents intake of carbon dioxide, limiting regeneration of NAD* through the Calvin cycle and
over-reduction of the photosynthetic electron transport chain. This causes leakage of
electrons to oxygen, leading to the formation of reactive oxygen species (ROS) (Cruz De
Carvalho, 2008), highly reactive molecules that are able to oxidatively damage lipids, proteins
and nucleic acids (Del Rio, 2015). These molecules were previously considered only to be a
toxic by-product of stress, needed to be dealt with through the deployment of anti-oxidants.
However, the thinking has shifted towards ROS as oxidative signals, communicating the
degree of stress experienced by cells within the cell and between cells and organs of the plant
(Foyer, 2018). Nevertheless, as resurrection plants experience water deficit stress, anti-
oxidant enzymes and compounds are deployed en masse to counter the ROS generated
through drought (loss of <60% of subcellular water) and desiccation (loss of between 65 and
97% subcellular water) (Sherwin and Farrant, 1998; Kranner, et al.,2002; Farrant et al., 2007;
Moore et al., 2009; Gechev et al., 2012 ). This prevents damage to cellular constituents and
the initiation of oxidative burst signaling, a trigger for programmed cell death (PCD) (Cruz De

Carvalho, 2008). The importance of anti-oxidants cannot be understated — the viability of



resurrection plants after rehydration is highly associated with their anti-oxidant status in the

dry state (Kranner et al., 2002).

To further mitigate redox stress as they lose water, resurrection plants limit the degree of
photosynthesis they undertake. In fact, the feature that divides resurrection plants into two
groups is their behavior in limiting photosynthesis. Homoiochlorophyllous resurrection
plants, such as Myrothamnus flabellifolia, Craterostigma wilmsii, Tripigon loliiformis and Boea
Hygrometrica maintain some level of chlorophyll in the dry state, relying on leaf curling and
pigment accumulation on the adaxial surface to protect their photosynthetic apparatus
(Sherwin and Farrant, 1998; Karbaschi et al., 2015; Tan et al., 2017). Poikilochlorophyllous
resurrection plants, such as Xerophyta scabrida, Xerophyta viscosa, Xerophyta schlechteri,
Xerophyta humilis, Barbacenia purpurea, Sporobolus stapfianus and Eragrostis nindensis, on
the other hand, break down chlorophyll during drying and rapidly resynthesize the molecules
upon rehydration (Tuba et al.,1996; Dace et al.,1998; van der Willigen et al.,2001; Ingle et
al.,2007; Gaff et al.,2009; Suguiyama et al.,2014). Poikilochlorophyllous plants also dismantle
thylakoid membranes during dehydration, which are reassembled on rehydration, and thus
take longer to re-establish photosynthesis and carbon fixation upon rehydration than their
homoiochlorophyllous counterparts (Challabathula, Zhang, and Bartels, 2018). In terms of
their ecophysiology, the homoiochlorophyllous strategy is generally employed by those
species that spend less time in the dry state, whereas the poikilochlorophyllous strategy is
generally employed by those who spend longer periods in water scarcity (Tuba et al.,2002).
Despite individual species’ relationship with chlorophyll, regulated photosynthetic shutdown
is a feature in all resurrection plants measured to date, as evidenced by thylakoid structural
changes, rearrangement of photosystems, Calvin cycle limitation, decrease in photochemical
activity and decrease in critical photosynthetic apparatus protein abundance (Challabathula,

Puthur and Bartels, 2016; Challabathula, Zhang, and Bartels, 2018).

Mechanical Stress

As plant cells lose water, a great risk is presented by the loss of cell volume. Integrity of
connections between cells via plasmodesmata is crucial for survival, as is integrity of the
membrane which is generally thought to be inelastic (Bartels and Hussain, 2011). Changes to

membrane fluidity have been proposed as a strategy to increase elasticity, particularly



through polyunsaturation of membrane lipids (Bartels and Hussain, 2011; Tshabuse et al.,
2018). Cell wall folding is employed by some species to mitigate mechanical stress and allow
for rolling of the leaves (Moore et al., 2013) and is enabled through the activity of wall-
loosening enzymes, wall remodeling proteins and changes to the chemical composition of cell
wall sugars (Moore et al., 2013; Giarola et al., 2016; Jung et al., 2019). Vacuolation (splitting
of the central vacuole into smaller subdivided vacuoles) is observed in several species
(particularly those that undergo less cell wall folding) and is thought to maintain subcellular
volume and prevent plasmalemma withdrawal. This enables maintenance of connections at
the plasmodesmata, preventing lysis as the cell volume decreases (Farrant et al., 2007).
Vitrification is another strategy employed wherein as water is lost, it is replaced by compatible
solutes and sugars to maintain some volume within the cells (Farrant et al., 2007; Bartels and
Hussain, 2011; Challabathula and Bartels, 2013; Zhang and Bartels, 2018). Taken together,
these strategies enable maintenance of cellular structure and compartmentalisation during

drought and desiccation.

Macromolecular stress

As the cells of resurrection plants lose water, they are vulnerable to a number of deleterious
effects involving macromolecular structure and function. Protein structure is essential for
function, and correct protein folding is typically reliant on being in agqueous solution. It has
been proposed that as water is lost, resurrection plant cells have adapted mechanisms to
prevent accumulation of misfolded proteins, be that through chaperone activity or protein
degradation (Farrant, Brandt and Lindsey, 2007; Challabathula and Bartels, 2013; Griffiths,
Gaff and Neale, 2014). A number of molecular chaperones have been implicated in serving a
chaperone function in resurrection plants, including late embryogenesis abundant (LEA)
proteins, small molecular weight proteins ubiquitous in desiccation tolerant seeds. These LEA
proteins are intrinsically disordered and some only gain secondary structure in non-aqueous
solution (Olvera-Carrillo, Reyes and Covarrubias, 2011). They have been implicated in
molecular stabilization of several cellular constituents, including proteins and lipid
membranes, and in prevention of protein aggregation (Artur et al., 2019). Other molecular
chaperones, such as heat shock proteins, have been proposed to serve similar functions in

desiccating cells (Bartels and Hussain, 2011). A protein degradation mechanism that has been



proposed is triggering of the unfolded protein response (UPR) for removal of misfolded
proteins generated during water deficit. A delicate balance is to be maintained, however, as

the UPR has been implicated in triggering UPR-mediated cell death (Griffiths, et al., 2014).

Senescence

An important unanswered question in the field of vegetative desiccation tolerance is how
resurrection plants subvert senescence processes during desiccation. Senescence can be
thought of as a developmental stage, wherein older tissues co-ordinate programmed cell
death (PCD) processes to maximise redistribution of nutrients to younger tissues and
reproductive organs. Senescence processes are also initiated in response to environmental
stresses, such as water deficit stress, as an effective strategy to improve the likelihood of
survival and reproduction. Senescence in desiccation sensitive species can be broadly divided

into three phases: initiation, reorganisation and termination (Bresson et al., 2018).

Initiation

Without application of external stress, leaf age and developmental stage are the main
initiators of senescence, in a process also known as developmental PCD (dPCD) (Olvera-
Carrillo et al., 2015). Developmental PCD (dPCD) is employed for a number of reasons during
plant growth, for example in tracheid formation, or during the final stages of fruit ripening or
in the end of the organ/whole plant life cycle. Early onset of senescence can also be triggered
by abiotic and biotic stressors, driven by hormones, sugars, and ROS generated by these
processes, in a process also known as environmental PCD (ePCD) (Olvera-Carrillo et al., 2015;

Bresson et al., 2018).

Reorganisation

The reorganisation phase is characterised by the breakdown of macromolecules and
remobilisation of nutrients in small subunit form, wherein hydrolytic enzymes are extensively
deployed (Bresson et al., 2018). Basic metabolic activity during this phase is required to
ensure remobilisation of breakdown products to the vasculature for incorporation in viable

cells. Toxic intermediates are likely to form during this phase, and thus antioxidant enzymes



and compounds (particularly anthocyanins) are deployed to protect against oxidative stress

in this state (Bresson et al., 2018).

Termination

What happens during the termination phase depends upon what initiates PCD, i.e. whether
it is auto-lytic or non-autolytic. During autolytic termination, vacuoles collapse, releasing
nucleases and proteases into the cytoplasm, leading to acidification and contraction of the
cytoplasm and uninhibited breakdown of DNA, RNA, proteins and membranes. At this point,
the cell is effectively dead, leaving behind cell wall and debris (Van Doorn, 2011; Lim et al.,
2007; Bresson et al., 2018). Non-autolytic PCD typically occurs in the context of a
hypersensitive response or in the case of invasion by a necrotrophic pathogen, where the
tonoplast is not completely ruptured and complete clearance of the cytoplasm does not occur
(Van Doorn, 2011). In recent years, there is evidence of apoptosis-like PCD occurring in plants
(Li and Dickman, 2004; Dickman et al., 2017), characterised by cell shrinkage, membrane
blebbing, DNA laddering, photosystem externalisation, cytochrome c release, protease
activity, increases in ROS, decreased ATP production and the release of damage-associated

molecular patterns (DAMPs).

PCD signalling during abiotic stress

Of interest in the context of senescence in a resurrection plant is PCD initiation in response
to abiotic stress (particularly water deficit). In drought sensitive species, withholding of water
(ie drought) and osmotic stress cause ROS accumulation (as described above) and are known
to induce vacuolar cell death via vacuolar processing enzyme (VPE) (Hatsugai et al., 2015).
VPE is a player in apoptotic-like PCD, utilizing its caspase-1-like function to disrupt the vacuole
and release vacuolar proteases into the cytoplasm that degrade cellular constituents
(Dickman et al., 2017). In the case of heat stress, intracellular calcium (a ubiquitous abiotic
stress signal) increases with an increase in ROS, and binds to calmodulin, a second messenger.
This calmodulin activates MAPK6, which increases expression of VPE (Petrov et al., 2015).
Another posited inducer of PCD via VPE is endoplasmic reticulum (ER) stress, caused by an
accumulation of misfolded proteins. This stress triggers the unfolded protein response (UPR),

which seeks to increase the protein folding capacity of the ER. However, if this stress is



prolonged and the ER maladaptive, apoptotic-like PCD is triggered via caspase-like activities
(Hatsugai et al., 2015). Thus, VPE induction is putatively controlled by signaling from the
chloroplast, mitochondria (sites of ROS generation during abiotic stress) and ER (UPR
pathway). Additionally, there is evidence that DNA damage during abiotic stress can be
triggered by ROS. The first response is to deploy DNA damage repair mechanisms (Yoshiyama
et al.,2013) However, if left unmitigated, ROS may tip the nuclear response from DNA repair
to PCD via SUPPRESSOR OF GAMMA 1 (SOG1) signaling (Yoshiyama et al.,2013). A number of
ROS homeostasis signaling factors in the nucleus have been described, including heat shock
factors (HSF) and ethylene responsive (ERF/AP2), zinc finger (ZF), basic leucine zipper (bZIP),

and NAC transcription factors, as well as several micro RNA species (Cimini et al., 2019).

Hormonal control of Senescence

Ethylene is the canonical hormonal signal for the onset of leaf senescence (Graham et al.,,
2012) but has varying degrees of effect based on leaf age. Studies on ethylene-insensitive
mutants (etrl—1, einl and ein2) in Arabidopsis Thaliana showed decreased sensitivity to
exogenous ethylene and delayed senescence, however leaf yellowing eventually occurred
(Bleecker et al.,1988; reviewed by Graham et al., 2012). Further studies on old (onset of |eaf
death) mutants in A. thaliana provide insight into this age-related ethylene sensitivity,
showing that the hormone does not induce senescence in young leaves (ling et al., 2002,
2005). Ethylene signal transduction is well-described in A. thaliana and involves binding of
ethylene to receptors (ETR1 and ERS1), transduction of this signal (via CTR and EIN2) to the
transcription factor EIN3, which activates expression of senescence associated genes (SAGs)
and transcription factors. In the absence of ethylene, EIN3 is constitutively degraded by the
proteasome (Graham et al., 2012). EIN3 activates ORE1, which activates NAC transcription
factors, which in turn drive expression of SAGs, such as SAG12 protease. EIN2 is also capable
of activating WRKY transcription factors in A.thaliana, which have been implicated in
senescence initiation signaling (Graham et al., 2012). Jasmonic acid has also been implicated
in bringing about senescence in A.thaliana via WRKY53, a driver of both SAG expression and
WRKY6 expression (Miao and Zentgraf, 2007). WRKY6 has been implicated in senescence via
MAPK6, a common abiotic stress signaling kinase (Chai et al., 2014). It has also been proposed

that ABA contributes to senescence signaling via modulation of the salicylic acid response,



employing EARLY RESPONSIVE TO DEHYDRATION 15 (ERD15) for upstream regulation of
senescence associated NAC transcription factor expression (Griffiths, et al., 2014; Woo et al.,

2019).

Studying senescence in the resurrection plant Xerophyta schlechteri

While most tissues in resurrection plants are able to suppress senescence, typically older
tissues do succumb to senescence, which appears to be exacerbated by drying. While noted
in some studies, e.g in Craterostigma spp (Christ et al., 2014; Zhang and Bartels, 2016), this
has not been thoroughly investigated. How resurrection plants are able to prevent cellular
death has been hypothesized, based on molecular and physiological studies on non-senescent
tissues during desiccation (Griffiths, et al., 2014; Williams et al., 2015). However, no large-
scale experimental comparisons between senescent and non-senescent tissue have been
performed in the context of a desiccation event, and no work has been done to identify

potential regulators of senescence processes in these species.

Figure 1: The same X. schlechteri leaf apex experiencing senescence during its first desiccation
event. A; Full turgor and prior to desiccation; B at 60% RWC and C, desiccated, air dry state. A
small area of the leaf apex is lost during desiccation (circled).
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Xerophyta schlechterit is uniquely poised to delve into some of these questions. This species
is a poikilochlorophyllous monocotyledonous C3 resurrection plant, native to Southern Africa.
It occurs on inselbergs and experiences a long dry winter period and intermittent rainfall
during summer, as well as high light and extremes of temperatures (Farrant et al., 2015).
Several studies have been done to describe the protection mechanisms employed by this
species during desiccation. It subverts mechanical stress through employing a high degree of
vacuolation during drying, rather than cell wall folding (Moore et al., 2013; Farrant et al,,
2015).In defense against redox stress, It degrades chlorophyll and enters the desiccated state
with unstacked grana in the chloroplast (Sherwin and Farrant, 1998; Christ, et al.,2014),
indicating complete shutdown of photosynthesis and limiting ROS accumulation. For the same
reason, leaves are folded along the midrib during dehydration, and anthocyanins

accumulated on the abaxial surface in order to limit light absorption (Sherwin and Farrant,

Figure 2: X. schlechteri leaves following multiple desiccation events. With each desiccation event, some
tissue from the apex of leaves does not recover. This region is bordered by a purple zone, which is destined
to succumb to the next desiccation event. This is observed regardless of the degree of leaf expansion;
however, only fully expanded leaves that had never undergone a desiccation event were included in this

study.

1 n previous studies, plants collected from Buffelskloof Private Nature Reserve, Mpumulanga Province, South
Africa, were classified at Xerophyta viscosa by Coetzee (1974). This population has been reclassified as
Xerophyta schlechteri by Benhke et al.,(2013). All references supplied which worked from the Mpumulanga
population, and thus on X. schlechteri, are asterisked in the reference section.
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1998). Recently, the genome of X.schlechteri was published along with a desiccation-
rehydration transcriptome (Costa et al., 2017). Findings from this study revealed a biphasic
mode of gene expression during imposed water deficit: an early response (changes in gene
expression between 60% and 40% RWC) and late response (changes between 40% and 20%
RWC). Accumulating transcripts included those to do with protein folding, protection and
translational control, as well as nuclear import and gene expression. Diminishing transcripts
included those to do with lipid metabolism, nucleotide metabolism, protection against
oxidative stress, photosynthesis, energy metabolism, water transport and genetic
information processing. Network analysis revealed that vegetative desiccation tolerance in X.
schlechteri leaves is under control of both ABA-dependent and ABA-independent processes.
The authors also found that a number of pro-apoptotic and senescence associated transcripts
decreased in abundance during desiccation, and that transcripts associated with autophagy
increased, reinforcing the hypothesis that autophagy is a pro-life strategy employed by
resurrection plants (Williams et al., 2015; Costa et al.,, 2017). There is also late stage
accumulation of UPR transcripts, indicating that this pathway is triggered during severely

stressful conditions for mitigation of ER stress (Costa et al., 2017).

While it is true that the bulk of X.schlechteri leaf tissue survives prolonged desiccation (Costa
et al., 2017), some tissue is lost with each desiccation event. It exhibits signs of “Tip burning”,
coined by Brett Williams (personal communication), a process wherein leaf apex tissues
become senescent with each desiccation event (Figure 1 and 2). Thus, desiccation-driven
senescence processes can be studied in the context of a continuum in the leaves of X.
schlechteri. This senescent tissue does not abscise but remains attached to the leaf until the
full leaf blade is dead. Because growth occurs from a meristematic base, the apex is the oldest
tissue on the leaf, indicating that there is interplay between age-related and stress-driven
senescence. Identifying potential triggers for and regulators of senescence in X. schlechteri
will provide insights into how these processes are prevented in viable tissues. Moreover, this
work will provide insights into how mitigation of senescence processes may be bred or
engineered in drought tolerant crops of the future. If potential repressors of senescence can
be identified, they can theoretically be applied to engineering of crops that prevent

senescence in response to prolonged drought.
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Scope of this thesis

This thesis explores senescence processes during desiccation in mature leaves of X.
schlechteri, from the whole plant level (physiology) to the cellular level (metabolomics and
transcriptomics). In Chapter 2, fully expanded leaves from mature plants were dissected into
apical and mid-leaf sections and subjected to water content determination, light and electron
microscopy, pigment quantification, ABA quantification and primary metabolite
guantification during desiccation and rehydration. Based on these observations, tissue was
dissected for transcriptomic analysis in Chapter 3. In this chapter, transcripts were quantified
via RNA-Seq (with gPCR validation) and subject to differential expression analysis and network
analysis to elucidate the potential mechanisms for senescence regulation in this species. In
Chapter 4, an overview of the findings is presented, with a proposed model for senescence
regulation in this species. Future prospects for this research are also presented in this

chapter.

Study Aims:

1. To determine the water content range wherein senescence processes are initiated in
this species.
2. To determine how metabolism shifts during senescence.

3. To model how senescence is regulated in this species.
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Chapter 2

Desiccation-driven senescence in Xerophyta schlechteri:

anatomical, ultrastructural and metabolic responses*

*Aspects of this chapter have been published as Radermacher, AL, du Toit, SF and Farrant, JM (2019). Desiccation-Driven
Senescence in the Resurrection Plant Xerophyta schlechteri (Baker) N.L. Menezes: Comparison of Anatomical, Ultrastructural,
and Metabolic Responses Between Senescent and Non-Senescent Tissues. Frontiers in Plant Science doi:
10.3389/fpls.2019.01396
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Introduction

Xerophyta schlechteri is one of the most widely studied poikilochlorophyllous
monocotyledonous angiosperm resurrection plants. Like other poikilochlorophyllous
resurrection plants, X. schlechteri minimizes photo-oxidative stress and reactive oxygen
species (ROS) formation during drying by breaking down chlorophyll and thylakoid
membranes (Sherwin and Farrant, 1998; Mundree and Farrant, 2000; Farrant et al., 2015).
Biochemically, it employs an early (prior to shut-down of photosynthetic activity) and late
(below ca. 55% RWC) response to drying, differentially engaging molecular chaperones,
translational machinery, signal transducers and gene regulators to alter metabolism,
respiration, photosynthesis, and organelle structure to bring about quiescence (Farrantetal.,

2015).

In desiccation sensitive plants, including cereal crops, leaf senescence processes during
drought are initiated to limit water loss through transpiration and to remobilise nutrients
from older tissues towards younger tissues and reproductive organs, ultimately resulting in
the death of the leaf (Woo et al., 2019). This is characterised by breakdown of chloroplasts,
loss of photosynthetic pigments, protein degradation, nutrient remobilisation (Munné-Bosch
and Alegre, 2004; Watanbe et al., 2013; Bresson et al., 2018 ) and autophagy (Woo et al.,
2019). It has been proposed that resurrection plants are able to supress drought-induced
senescence (Griffiths et al., 2014; Williams et al., 2016) in the bulk of their tissues by
employing signal blocking mechanisms. The same would be true of X. schlechteri, although

the exact mechanisms associated with this are not yet known.

“Tip burning”, whereby the apex of the leaf fails to recover following desiccation, was
observed in X. schlechteri in the present study, as discussed in Chapter 1. This led to
speculation that desiccation-driven senescence might be occurring in these tip tissues. To test
this, we compared the anatomy, ultrastructure and primary metabolism of the non-senescent
tissues (NST) and senescent tissues (ST) of X. schlechteri during dehydration and rehydration,
aiming to elucidate both the process of drought-induced senescence in ST and the mitigating

features of senescence in NST. The presence of senescent and non-senescent zones on the
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same leaf allowed for changes in both tissue types to be studied in the context of a continuum.
This is the first study to consecutively contrast the metabolic and physiological changes in NST
and ST in this manner during the desiccation of a resurrection plant. Our findings provide
insight into the mechanisms associated with the suppression of senescence in the bulk of the

tissue in this species.

Questions to be answered:

1. At what point in the dehydration-rehydration cycle do ST and NST deviate
significantly in terms of their anatomical and metabolic response to water deficit?

2. What are the physiological hallmarks of desiccation-driven senescence?

Materials and Methods

Experimental conditions and sampling procedures

Mature X. schlechteri plants were collected from Buffelskloof Private Nature Reserve
(25°19'48.83"S, 30°29'40.83"E) in the Mpumulanga province of South Africa and maintained
in a greenhouse conditions as described in Sherwin & Farrant (1996). For the current
experimentation, 10 mature plants were transferred to controlled environment chambers
(Conviron Adaptis A350 chamber, Canada) under the following conditions; 16 h light, 300
umolm=2 s, 25°C; 8 h dark, 20°C. Plants were acclimated to these conditions for one week
prior to induction of dehydration stress. Senesced leaf tips were removed from the plants two
days into acclimation. Samples of fully hydrated (full turgor) plants were taken 8 h after
artificial “dusk” on the last day of acclimation, therefore at artificial “dawn”. These were
processed as described below. Dehydration was induced by cessation of soil watering. Once
the soil moisture of each individual pot approached <0.01g H,0/g, tissues were sampled at 1
h after artificial dawn. At each sampling point, three fully expanded leaves per plant were
sampled and dissected to yield an apex region of 1 cm (the senescent tissue (ST) and a 1-cm-
length section of tissue from the middle of the leaf blade (the non-senescent tissue (NST).
These were used to determine tissue relative water content (RWC) and for the concomitant

anatomical, ultrastructural and metabolite analyses. The sampling procedure is depicted in
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Figure 1. Once the plants had reached an air-dry state (RWC of NST leaves being <5%), they
were maintained in the dry state for 7 d, after which they were rehydrated by watering the

plants and soils. Tissues were sampled as above at 12, 24, 48, 72 and 168 h post rehydration.

Acclimation —— Full Turgor —_— Water deficit —— Rehydration
10 mature plants were Plants were well-watered at Sampling began when soil moisture content Desiccated plants were well watered after one
acclimated to growth chamber  dusk of day prior to sampling reached <0.01g H20/g. Plants desiccate at week in the AD condition.
conditions and any senescent slightly different rates but all reach AD within 21
leaves were removed Samples were taken 1 hour after days of FT sampling. 6 leaves per plant were sampled at 12, 24, 48,
artificial dawn: 72 and 168 h after watering:
* 10 leaves per plant for Daily sampling of 6 leaves per plant 1 hour after * 3 leaves per plant for RWC determination
baseline water content artificial dawn: * 3leaves per plant used in experimentation
* 3 leaves per plant used in * 3 leaves per plant for RWC determination
experimentation | + 3 leaves per plant used in experimentation | |
| [
Samples grouped based on NST RWC Samples grouped based on time after watering
| J

Individual leaves dissected into ST {apex 3cm) and NST (3cm from middle of leaf blade)

/ |

RWC Microscopy Metabolomics

10 biological replicates, 3

10 biological 3 biological replicates, 3 ! .
replicates, 3-10 leaves leaves per RWC and leaves per samphr}g point or
per sampling point rehydration stage of R\_NC/RH stage of |nte.rest

{figure 2) interest (figure 3 and 4) (figure 5 and suppl. fig. 1-6)

Figure 1: Sampling procedure for RWC, microscopy and metabolomics. Plants experiencing the same water
deficit stress were sampled for multiple procedures. All ten plants were utilised for water content
determination (3-10 leaves per plant per sampling point) and metabolomics (3 leaves per plant per RWC/RH
stage of interest), while microscopy was performed on three plants (3 leaves per plant per RWC/RH stage of
interest). A typical experimental X. schlechteri is shown before, during and after water deficit stress: FT (A),

60% RWC (B), AD (C) and 48h after rehydration (D).
RW(C determination

The classic method of determination of plant RWC, as outlined by Barrs and Weatherley

(1962), uses the formula:
RWC (%) = ((Fresh Weight - Dry Weight)/(Turgid Weight - Dry Weight)) x 100

Fresh and dry weights are determined before and after oven drying at 70°C for 48 h, and the

absolute water content (AWC) is determined by subtraction of the former from the latter. The
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turgid weight represents the full turgor weight obtained by immersing the leaves in water in

the dark for 24 h at 4°C.

As the leaf tissues of X. schlechteri do not absorb water during the overnight incubation, the
turgid weight cannot be easily and accurately calculated. Thus, the AWC of NST tissues from
fully hydrated plants, sampled at artificial dawn, was calculated (AWCemnst) and used as the
turgid weight in all subsequent water content determinations. Furthermore, preliminary
assessment (data not shown) indicated that the AWC of the leaf tip tissue (ST) was lower than
that of the mid-leaf tissues (NST). To monitor the water contents of NST and ST from the

same leaf and at the same timepoints, we devised a modified formula for RWC determination.

Relative water content of NST at sampling point X:

AW Cxnst

%RWCNST - AWCFTnst

x 100

Relative water content of ST at sampling point X:

AWCxst

%RWCST = 1 X 100

CFTnst

Thus, all RWC measures for ST are relative to FT NST. For comparative reasons, AWC are given
in Figure 1 and in the text where relevant. Leaf water contents were determined on all 10

plants at each sampling point.

Light microscopy

NST and ST tissues, from 3 representative plants, at daily sampling points were cut into
sections and fixed in FAA fixative (formalin : acetic acid : 95% ethanol, 10:5:50) for 24h.
Samples were serially dehydrated in a Leica TP 1020 tissue processor with (50% (v/v) ethanol
for 30 min, 70% (v/v) ethanol for 60 min, 95% (v/v) ethanol for 60 min; absolute ethanol for
60 min, three rounds of 6 h in absolute ethanol; and two rounds of 24 h paraffin wax
infiltration at 60°C) before being embedded in paraffin wax. Sample blocks were sectioned to
10 um using a Leica RM2125RT microtome and mounted on glass slides. Slides were dewaxed
in xylol and then rehydrated through serial immersion in 100% (v/v), 90% (v/v) and 70% (v/v)
ethanol. Each immersion lasted for 1 min and was performed in duplicate. Replicate slides

were stained with 0.1% (w/v) Procion yellow in aqueous (2.5:1) dimethylformamide (DMF)
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for 60 min at 37°C (allows for visualisation of chloroplasts and chloroplast aggregates) and
then 0.1% (w/v) Alcian blue in 3% (v/v) acetic acid for 30 min at room temperature (allows for
visualisation of complex carbohydrates), with three 10 min washes in dH20 included after
each staining. Slide staining methods were taken from protocols in Ruzin (1999). Glass
coverslips were mounted on the stained slides with Mowiol mounting medium and allowed
to air-dry for a minimum of 24 h, before being stored in slide boxes. Slides were investigated
for changes in total tissue structure associated with the dehydration and rehydration for both
NST and ST using a Nikon® Eclipse Ti-E inverted microscope. Only select representative

samples at specific RWCs are shown in Figure 2.

Transmission electron microscopy (TEM)

TEM was used to investigate the ultrastructural details of the mesophyll cells from NST and
ST at various stages of dehydration and rehydration. At each sampling point (FT, 75%, 55%,
35% and 5% RWC as well as 12, 24, 48 and 72 h post rehydration), tissues from 3 plants were
dissected into the respective tissue types (ST and NST), which were then fixed and processed
for TEM in accordance with Cooper and Farrant (2002), with slight modifications. Briefly, small
pieces of leaf tissue (approximately 2 mm?) were fixed in 2.5% glutaraldehyde in 0.1 m
phosphate buffer (pH 7.4) containing 0.5% caffeine and then post-fixed in 1% osmium in
phosphate buffer. After dehydration in a graded ethanol series, the tissues were immersed in
100% acetone, which was aspirated and replaced twice. The samples were incubated
overnight at 4°C in one part acetone (500 pl) and one part Spurr’s resin (500 ul). Half of the
solution was then removed and replaced with 500 ul Spurr’s resin to yield a 75%
concentration of Spurr’s resin to acetone and incubated overnight at 4°C. This was repeated
to yield an 87.5% solution. The solution was then removed and replaced with 100% Spurr’s
resin and incubated overnight at 4°C. The samples were then placed into block moulds and
allowed to harden at 60°C for 16 h. Samples were sectioned using a Richart Ultracut S
ultramicrotome. Sections (95 nm) were mounted on copper grids and stained with uranyl
acetate (2% w/v) for 10 min and lead citrate (1% w/v, in NaOH chamber) for 10 min. Sections

were viewed on a Tecnai T20 electron microscope.
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Metabolomics sample preparation

Leaves from 10 plants were immediately flash frozen, freeze dried and stored at -80°C until
further analysis. For this analysis, tissues (5—15 mg) from each plant were dissected into their
respective tissue types (NST and ST) and homogenised to a fine powder with a pestle and
mortar. The powder was transferred to 2 ml centrifuge tubes. Residual material in the mortar
was collected through the addition of 1 ml 80% (v/v) ethanol, which was added to the
respective tubes. Samples were dried using vacuum centrifugation, and the mass of the dry
powder starting material was determined. Metabolites were extracted using a modified
phase separation extraction method described by Bieleski & Turner (1966). Modifications
included filtration of all removed extracts through three layers of Whatmann paper and
concentration of the non-polar and polar fractions via lyophilisation. These were used for the

assays described below and GC-MS analysis.
Colorimetric metabolite assays

Dried non-polar fractions were resuspended in 500 ul 100% (v/v) acetone, 100 ul of which
was then pipetted, in duplicate, into wells on a 96-well plate. The absorbance (A) of the
extracts was measured at 662 nm, 645 nm and 470 nm, using a Multiskan™ GO Microplate
Spectrophotometer, and pigment concentrations were determined by using the equations of
Lichtenthaler & Wellburn (1983). Metabolites were resuspended in 500 pl distilled water, and
the sucrose, D-fructose and D-glucose content determined using a R-BIOPHARM® Sucrose/D-
Glucose/D-Fructose kit with the following modifications to the manufacturer's protocol:
absorbances were only taken at 340 nm (absorption maximum of NADPH) using a Multiskan™
GO Microplate Spectrophotometer.;Initial data consolidation and formatting was conducted
in Microsoft® Excel Office 365. Subsequent data transformation and analysis were conducted
in R version 3.3.3 using the packages "ggplot2" (Wickham, 2016) and "plotly" (Sievert, 2018).
Metabolite data were normalized to the mass of the dry starting material. For statistical
analysis, samples were divided into two datasets based on whether the starting material was
collected during the dehydration or rehydration cycle. The points collected from the air-dry
state (prior to rehydration) were used in both datasets to give continuity to the data. Points
from the dehydration cycle had a negative value attributed to their %RWCs to give
directionality, and both sets of data points were plotted on the same axis against %RWC.

Independent log10 linear models were constructed for the two tissue types and these models
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were used to predict exponential models fitted to the raw data and were plotted on the same

axis. Modelling information can be viewed in suppl. Table 1.

Gas chromatography-mass spectrometry (GC-MS)

Freeze-dried polar fractions were derivatized derivatised in methoxyamine hydrochloride and
MSTFA as described by (Lisec et al., 2006). A library of standards was prepared in the same
manner using a mixture of amino acids (75 nmol each: alanine, arginine, aspartic acid,
asparagine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, ornithine, tryptophan, tyrosine, valine, cystine and
pyroglutamic acid). Sugar (10 ng xylose, arabinose, fucose, fructose, galactose, glucose,
mannose, sucrose, cellobiose, maltose, myo-inositol, trehalose, raffinose), sugar alcohol (10
ng maltitol, sorbitol, galactitol, ribitol, xylitol, arabitol, erythritol) and TCA cycle intermediate
(10 ng succinic acid, fumaric acid, malic acid and isocitric acid) standards were derivatised and
run individually. Derivatised metabolite mixtures were analysed on an Agilent model 7890A
gas chromatograph fitted with a 7693 Autosampler, interfaced with a 7000A Triple
Quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The helium flow
was set to 1.39 mL/min. Samples of 1 ul were injected with a split ratio of 1:24 and resolved
on a 30 m x 250 um x 0.25 pm Agilent HP-5ms column. One technical repeat of each sample
was run. A temperature programme optimized for separation of sugars and sugar alcohols
was utilised (Bartolozzi et al., 1997). Peak areas were calculated using OpenChrom®
Community Edition, and compounds were identified by comparison to the National Institute
of Standards and Technology (NIST) Library (filtered for TMS derivatives) using the PBM mass
spectrum comparator with default parameters. Compound identification using the internal
compound library was performed by aligning chromatograms to one another and this library
using the GCAlignR package (Ottensmann et al., 2018) in R (v3.6.0) with default parameters.
Peak area was normalized to the internal standard (ribitol) peak area and lyophilized sample
mass. Comparative statistics (ANOVA with Fisher’s LSD method and t-test comparing relative
abundance in tissue type) were performed in MetaboAnalyst 4.0 (Chong et al., 2018) using all
identified and unidentified peaks, and heatmaps were created in RStudio using the heatmap.2

function. Raw Data is provided in Supplementary Data Set 1.
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ABA quantification by UHPLC—-MS/MS

Freeze-dried samples of 1mg were ground and extracted as described (Flokova et al., 2014),
with the following adjustments: only deuterated ABA was used as an internal standard and

prior to injection, samples were filtered to remove particulates.

Results

Anatomical and ultrastructural changes during dehydration and rehydration

Under the conditions used in this work, the time taken for the leaf tissues of X. schlechteri to
reach an air dry (desiccated) state after soil water depletion was 14 d (Fig. 2A&B). This is
similar to that reported by Farrant et al.,(2015) to be typical of this species under such
environmental conditions. The RWCs of the leaf tips, destined to become senescent (ST), were
significantly lower (ca. 30—40%) than that of their matching mid-leaf NST counterparts
throughout dehydration, until the desiccated state was reached in which both tissues
stabilized at <3% RWC (Fig.2C). Upon rewatering, the RWC of the NST increased rapidly during
the first 72 h, with tissues being fully hydrated by 1wk (Fig.2 D). ST absorbed little water after
rehydration, with the maximum calculated RWC being 20% (0.4 gH,0O/g dry mass). High-
resolution scans in Figure 2 depict changes in the last 30% of the leaf blade during the
different stages of dehydration and rehydration. In the fully hydrated state, the leaves were
bright green with slightly yellowing apical tips (Fig. 2A). During dehydration, the leaf blades
folded along the midrib with the adaxial surfaces of the blades coming together, leaving only
the abaxial surfaces exposed to the environment (Fig. 2B). These become purple in color,
indicating anthocyanin production, which has previously been reported for this species
(Sherwin and Farrant, 1998). This initiated from the apex, with the remainder of the NST
becoming progressively purple during dehydration (Fig. 2C). Upon rehydration, the leaf blades
of NST unfolded progressively as water moved from the base towards the apex. However, a
large portion of the apical tip tissues did not unfold, this correlating with the low RWC of the
ST (<20% RWC, Fig. 2D). NST were yellow in color during initial rehydration, regaining their
green color by 72 h post watering, this correlating with a 30% increase in chlorophyll content

(Supplementary Figure 1). Interestingly, the zone between NST and ST tissues became
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demarcated by a purple band that remained permanently visible after rehydration, this tissue

being designated for senescence on the next desiccation cycle (Fig. 2D inset).

%RWC

Time (days)

L 4
L 2
4
L 2
L 4

Figure 2: Desiccation-rehydration curve for the drying of Xerophyta schlechteri. The %RWC for 10
individuals was determined at daily intervals from the onset of water loss until the air-dry state
was reached. The mean %RWC for each time point was used to plot the model dehydration curve.
The model dehydration curve for both tissue types is shown (NST and ST). All calculated values
were set relative to the AWC of the NST at day 0 (100% RWC). The curve is divided into four distinct
phases: (i) fully hydrated; (ii) slow dehydration of all tissues; (iii) air-dry desiccated state; (iv)
rehydration after addition of water. The initial watering took place at dusk before day 0 (indicated
with a W) and the first sampling at one hour after dawn on day 0. When the soil moisture content
was recorded as <0.01g H,0/g ( ®), sampling for the desiccation phase was initiated. Plants were
left in the dry state for one week, followed by rewatering at day 31 (*). High resolution scans of
X.schlechteri leaves accompany each phase to illustrate physiological changes occurring in the leaf
tissue, and to illustrate differential responses between the two tissue types. A represents FT, B
represents 60% RWC in NST, C represents AD, D represents 72h following rehydration. Triangle
points are representative of ST and closed circles represent NST.

The anatomical changes associated with dehydration and recovery of NST and ST of X.
schlechteri are shown in Figure 3. Details of leaf anatomy and changes therein during
desiccation of X. schlechteri have not been previously described. Transverse sections of fully
hydrated leaves show a regular modular arrangement, each consisting of a central Vellozia-
type vascular bundle (Behnke et al., 2013), flanked by deep abaxial channels that extend
through the majority of the spongy mesophyll (Fig. 3A & B). Most of the abaxial stomata occur

within these channels, interspersed by epidermal cells (Fig. 2 G-J). Vascular bundles are

AWC (9/9)
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capped both ad- and abaxially by sclerenchyma, which extend into the adaxial palisade
mesophyll (Fig. 3C). Three large bundles of sclerenchyma fibres are present, one at each
lateral edge of the blade and one at the midrib (Fig. 3A & B). These run in parallel from the

base of the blade to the apex and likely provide uncompressible points during desiccation.

Figure 3A depicts a cross section of fully hydrated NST. Upon dehydration of this tissue, the
palisade mesophyll cells became increasingly compacted, causing infolding of the adaxial
epidermis adjacent to the vascular bundle of each module (Figs 3D, E). These points of
compaction possibly allow for the redirection of the mechanical forces associated with water
loss (Iljin, 1957) and ultimately the folding of the leaf blade (Fig 3B). A model depicting these
mechanical forces is given in Figure 3 O & P, with P depicting the proposed forces experienced
by the leaf blade during desiccation and O representing the hypothesized means by which the
points of compaction alter the direction of these forces, such that the resultant leaf folding is
produced in the desiccated NST (Fig. 3). At the abaxial surface, a reduction in mesophyll cell
size was observed as is typical of dehydrating tissue, but the most striking observation was
the apparent subcuticular excretion from the epidermal cells of acid complex polysaccharides
(as evidenced by Alcian blue staining; Parker & Diboll, 1966), this possibly being mucilage, into
channels containing stomata (Fig. 3H). These subcuticular secretions increased on drying (Fig.
31), and we postulate that the presence of mucilage might retard the rate of water loss from
mesophyll cells and ultimately contribute to the timing of stomatal closure. Upon rehydration,
the palisade cells expanded and epidermal infoldings were no longer evident by 48 h (>75%),
this corresponding with observable unfolding of the leaf blade. At this stage, some secretions
were still evident in the abaxial channels (Fig. 3J), but these had begun to resemble the FT

tissue by 72 h post rehydration.

At full hydration, ST have a RWC of ca. 65%, and the appearance of the leaf tissues (Fig.3 K)
was not entirely dissimilar to NST at similar water contents (Fig. 3 D, H). While there was little
evidence of adaxial epidermal folding, abaxial stomatal-containing channels were positively
stained by Alcian blue (asterisk in Fig. 3K). Further dehydration, however, appeared to result
in less ordered structural changes than were evident in NST at similar water contents.
Palisade cells appeared warped (Fig. 3L), and some stomatal channels appeared to have been

forced open probably due to the strain associated with desiccation and incomplete plugging
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of channels by mucilaginous substances (Fig. 3M). The ST did not recover structurally during

rehydration and resembled the air-dry state at 48 h post rehydration (Fig. 3N).

Figure 3: Desiccation associated tissue modifications in NST and ST. Typical cross section of a full
turgor (=100%RWC; FT) blade is shown in A with while a cross section at <5% RWC is shown in B.
The abaxial surface in A is open to the environment, while this same surface becomes enclosed
due to folding about the midrib in B. Modifications to the adaxial palisade mesophyll during
desiccation and at 48hours post rehydration (48hpr) is shown in C — F with %RWC indicated.
Modifications to abaxial stomatal channels is shown in G — J. Stomata (o) lay in deep channels (*)
(G-J) that become increasingly closed and mucilage-rich (H&I) with water deficit stress. ST is shown
in K— N. Stomatal channels appear not to close as efficiently (M) and there appears to be a greater
degree of Procion Yellow staining, indicating a higher degree of cellular constituent aggregation.
O and P represent a simplified model of the typical leaf blade in cross section with all collections
of sclerenchyma indicated. P displays the theoretical mechanical forces experienced by the tissues
at water loss, while O displays a hypothesized means by which points of palisade compaction allow
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The ultrastructural changes of the mesophyll cells of NST and ST during dehydration and
recovery are shown in Figure 4. The changes in subcellular organization observed in NST were
typical of that reported for this and other desiccation tolerant Xerophyta spp. (Sherwin and
Farrant, 1998; Farrant, 2000; Farrant et al., 2007), characterised by increased presence of
smaller vacuoles, centralization of chloroplasts and progressive dismantling of thylakoid
membranes, and increased presence of plastoglobuli during dehydration (Fig. 4 A-D). In
resurrection plants, mechanical stabilization is achieved through a combination of cell wall
flexibility and the presence of vacuoles containing non-agueous metabolites, with species
exhibiting less cell wall flexibility having a greater degree of vacuolation (Farrant et al., 2007,
2012). The vacuolar content appeared to be uniformly electron dense during dehydration
(Fig. 4D). In the present study, thylakoid organisation was still evident at 55% RWC, but starch
was no longer present (Fig. 4B) and complete dismantling of the thylakoid membranes was
evident by 35% RWC (Fig. 4C). In parallel with thylakoid dismantling, there was a significant
decline in chlorophyll content, with losses of 80% by 55% RWC and near complete loss in the
air dry state (Supplementary Figure 1), confirming the poikilochlorophyllous nature of X.

schlechteri.

The STs exhibited a lower water content than their NST counterparts at any one time point,
but interestingly, the general appearance of subcellular organization was initially not
dissimilar to that of NST at similar water contents (compare G with A and H with C in Fig. 4).
Photosynthetic pigments were also consistently lower in ST but were not dissimilar to those
of NST at similar water contents (Supplementary Fig 1). This might suggest that the changes
observed are associated with water content, rather than the engagement of different
metabolic strategies between the two tissue types. At RWCs lower than 35%, however, the
subcellular organization of ST differed from that of NST. Considerable plasmalemma
withdrawal from the cell wall was evident and the extra cytoplasmic space between the wall
and plasmalemma was electron dense, suggesting the presence of osmophyllic substances
(Fig. 4 1, J). While some plasmalemma withdrawal might be an artifact of the method of
chemical fixation used [this being evident also in NST (Fig. 4 D)], the extent of withdrawal
might be related to insufficient contribution of vacuolar area to mechanical stabilization. In
most cells, vacuole-like organelles containing uniformly electron-dense material were

observed (see * in Fig4 1, L), but the extent of vacuolation was not as great as in NST at similar
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Fig 4: \Ultrastructural changes during
desiccation and rehydration. Transmission
electron micrographs of mesophyll cells in
NST (left column A-F) and ST (right column
G-L) from the same leaves during
desiccation and rehydration, with RWC for
each on the left. When NST mesophyll cells
are at FT (A), a central electron opaque
vacuole is surrounded by active (indicated
by the presence of starch) chloroplasts with
good thylakoid organisation. As plants
experience water deficit, the central vacuole
splits into several smaller vacuoles (B-D) and
the chloroplasts become swollen and lose
thylakoid membrane organisation. Once
rehydrated (E-F), NST mesophyll quickly
regains the structure observed in the
hydrated state, with reformation of the
central vacuole observed at 24h (E) and
thylakoid organisation regained by 72h (F).
The presence of starch granules in
peripheral chloroplasts indicates regaining
of  photosynthetic  competence  (F).
Mesophyll cells of the ST (G-L) experience
lower corresponding water contents during
water deficit and this is evident on the
ultrastructural level with mesophyll cells
from fully hydrated plants (60% RWC in ST)
resembling the organisation of drying NST (G
compared to B). Drying below 35% in ST
results in a different appearance of
mesophyll in ST from that of NST — the
cytoplasm becomes increasingly electron
dense (I-L) and there appears to be
contraction of the membrane from the cell
wall (I-J), and cell wall folding (J-K). Of the
cells that are not lysed in rehydrated
mesophyll (L), there is evidence of
macroautophagy and the appearance of a
large electron dense vesicle (*). Symbols are
used to indicate organelles: vacuoles (v),
nuclei (n), chloroplasts (c), starch granules
(s), electron dense vesicle (*) and
macroautophagosomes (ma).
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water contents. This suggests a completely different vacuolar content between the two tissue

types. Chloroplasts were evidenced predominantly by the presence of plastoglobuli (Fig. 4 1,J).

Twenty-four hours after soil watering, the water content of NST was 60% RWC, while that of
ST remained at < 5%. In NST, mesophyll cells had largely regained the central vacuole, and
membranous strands resembling early thylakoids were present in the chloroplasts (Fig. 4 E).
In contrast, ST remained similar in appearance to that of the desiccated state, with the
exception of the presence of starch in what can be assumed to be ex-chloroplasts, as it is

unlikely that any organelle biogenesis had occurred during the 24 h period since soil watering.

By 72 h post hydration, the mesophyll cells of NST (Fig. 4F) were similar to those of fully
hydrated tissue prior to dehydration (Fig. 4A). Chloroplasts had well developed thylakoid
membranes, chlorophyll content had increased (Supplementary Fig. 1) and starch was
present, suggesting photosynthetic competence. In ST, now at 20% RWC, many mesophyll
cells had lysed (Supplementary Fig. 7A), while some appeared to have limited organisation
(Fig. 3L, Supplementary Fig.7B-F). Starch was no longer evident in plastids, indicating potential
operation of amylases. Electron dense vacuole-like organelles were still evident (indicated by
*), but several smaller macroautophagic-like vacuoles, containing remnants of organelles and
cytoplasmic debris, were also discernible, suggesting that autolysis might be occurring in

these tissues after rehydration.
Changes in primary metabolites with dehydration

Previous molecular physiological studies on X. schlechteri have demonstrated that key
changes associated with desiccation tolerance are initiated at RWCs below 55%, this
correlating with the shutdown of photosynthetic carbon gain (Mundree and Farrant, 2000;
Farrant et al., 2015). Dehydration below ca. 40% leads to further significant changes (both
increased and decreased) in transcript abundance, with the tissues appearing to enter a
qguiescent state below 10% RWC (Costa et al., 2017). Similar trends were observed in the
suites of primary metabolites examined in the present study, in which changes in the
concentrations of many metabolites were evident below 60% RWC, with further shifts being

evident at 35% RWC and the air-dry state (Fig. 5A, Supplementary Figs. 2—6). If we assume
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Figure 5: Desiccation associated responses in the metabolome of NST and ST as determined by
GCMS. Average peak area of compounds identified in this study, normalized to ribitol internal
standard and sample dry masses. Note that for each sampling point (1-8), ST and NST from the same
leaves differ in average RWC. In each of the compound classes is a dominant (highly accumulated)
metabolite: alanine (A), sucrose (B), quinic acid (C), malic acid (D) and glycerol (E). Symbols:
@ indicates compound identification was done using the NIST library and an internal library of
standards; M indicates NIST library identification only; aindicates significantly greater total
accumulation in ST vs NST (Log; fold change >2, t-test p<0.05, FDR<0.1); ¥ indicates significantly
lesser total accumulation in ST vs NST. AD refers to the airdry state.

corroborated by the ultrastructural observations in the present study (Fig. 4), then the nature
of the metabolites present is likely to be reflective of the native metabolism in this species
and shifts in concentrations during drying to 60% RWC are probably related to
osmoprotection and the prevention of oxidative stress. The accumulation of amino acids,
including threonine, alanine, tryptophan, 5-oxoproline, tyrosine, and leucine (Fig. 5,
Supplementary fig. 2), was observed at this stage. Other amino acids remained similar or
declined in abundance at this water content. Among the sugars and sugar alcohols examined,
there was anincrease in trehalose and rhamnose and a slight decline in myo-inositol, fructose,
galactose, B-D-xylopyranose, lactose and glucose (for glucose, see Supplementary Fig. 1).
Sucrose concentrations also diminished slightly, but were overall consistently high, being the
dominant metabolite with a peak area 3 or 4 orders of magnitude greater than the other
metabolites in all samples. The antioxidant chlorogenic acid, as well as organic acids, glycolic
acid, and methylmalonic acid increased in concentration during dehydration to 60% RWC.
Among the TCA cycle intermediates, all except succinic acid declined during drying to this

water content, suggesting a slowing-down of respiration.

Dehydration to 35% RWC resulted in a shift from source tissue metabolism to protective
metabolism in NST, as carbon assimilation could no longer take place. This shift resulted in
the maintenance or decline in abundance of most metabolites tested, with the exception of
glutamic acid, ornithine, lysine, tryptophan, fructose, galactose, levoglucosan, citric acid and
1-dodecanol, which increased in abundance (Fig 5, Supplementary Fig. 2-6). On further
dehydration toward the air-dry state, there were increases in concentrations of the amino
acids asparagine, aspartic acid, phenylalanine, ornithine, glutamic acid, alanine, tryptophan,
tyrosine and pipecolic acid, the organic acids citric acid, methylmalonic acid and aminocaproic

acid, and hydroxylamine.



30

As outlined above, ST was maintained at lower water contents than NST on the same leaves.
However, metabolism did not resemble that of the NST tissues at similar RWCs, and the
metabolite trends between 60% and AD were more pronounced than in the NST. Amino acid
accumulation is predominantly where NST and ST deviated in terms of metabolic profile:
ornithine, proline, B-alanine, norleucine, pipecolic acid, serine, 3-hydroxy-L-tyrosine, aspartic
acid and glutamic acid were present in higher amounts in ST throughout DH. As observed in
NST, ST significantly accumulated phenylalanine and asparagine in the dry state. Unlike in
NST, serine, glycine, ornithine, B-alanine and pipecolic acid accumulated significantly (Fig 5,
Supplementary Fig. 2—3). The sugars trehalose, sucrose, fructose, levoglucosan, lactose and
myo-inositol remained consistently elevated in ST, while glucose followed similar declines to
NST (Fig. 5, Supplementary Figs 1&4). Similarly, caffeic and quinic acid contents remained
elevated in ST relative to NST throughout drying (Fig. 5, Supplementary Fig. 5). In the
desiccated state, citric acid levels were elevated to the same degree as in NST, but unlike in
NST, succinic acid was elevated rather than diminished. Most other organic acids were

unchanged or diminished Fig 5, Supplementary Fig 5).
Changes in primary metabolites during rehydration

Most studies on resurrection plants have measured the metabolic changes occurring upon
rehydration to full turgor and initiation of photosynthetic competence, with the longer-term
metabolic changes being omitted. In such studies, early rehydration is characterised by an
increase in TCA metabolites, correlating with rapid increases in respiration. Levels of
protective sugars (sucrose, raffinose, stachyose and verbascose) decline, whereas
antioxidants (superoxide dismutase, glutathione reductase, quinic acid), osmoprotectants
and N storage metabolites (various amino and organic acids) tend to remain elevated
(Moyankova et al., 2014; Suguiyama et al., 2014; Yobi et al., 2017). In this study, while full
photosynthetic competence is reported to occur by 72 h of rehydration (Farrant et al., 2015),
tissues were also sampled at 1-week post watering when the NST of all plants sampled had

reached full turgor (Fig. 2).

After 24 h of rehydration (average tissue RWC of 50%), there was a return to basal (pre-
dehydration) levels of citric acid and an increase in malic acid, as well as declines in sucrose,
glucose and galactose in NST, which suggests the early resumption of respiration. Increased

levels of quinic and chlorogenic acids imply that additional antioxidant protection was
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required at this stage (Fig. 5C). There was also an increase in trehalose content, which
remained elevated until 48 h after rehydration. By 72 h, except for the above-mentioned
antioxidants and the amino acids tryptophan and tyrosine, which remained elevated relative
to the hydrated state, other metabolites had returned to basal pre-dehydration levels.
Increased levels of shikimic acid might imply that metabolism via the Shikimate pathway was
occurring, corroborated by the elevation of tryptophan and phenylalanine at 1week post
rehydration. At this stage, tyrosine remained elevated and there were increased levels of

threonine, cysteine, glycine and serine relative to the pre-desiccated state.

Whereas the NST reached full turgor within 72 h, the ST was maintained at ~20% RWC.
Despite this, there was evidence of metabolic activity in these tissues, with many of the
metabolites indicating similar temporal trends as the NST (Fig. 5, Supp 2—-3). After an initial
decline at 24 h, the amino acids asparagine, glycine, serine, B-alanine and alanine
accumulated towards the later stages of rehydration. Some amino acids followed similar
trends to those in NST (5-oxoproline, leucine, phenylalanine, threonine) (Fig. 5,
Supplementary Fig. 2—3). The sugars trehalose, levoglucosan, sucrose and myo-inositol were
consistently elevated in ST but tended to follow a similar pattern to NST during rehydration
(Fig 5, Supplementary Fig. 4). Citric and succinic acid very closely mimicked the accumulation
patterns in their NST counterparts, except for accumulation peaking at 20% RWC. Shikimic
acid peaked significantly at 72 h and remained high after 1 week of rehydration,
corresponding with increases in tryptophan, tyrosine, 3-hydroxytyrosine and phenylalanine
abundance, indicating that the shikimate pathway was active 1 week after rehydration (Fig.

5, Supplementary Fig. 2, 3, 5).
Changes in other compounds

The anoxic nitrate metabolite hydroxylamine (Sturms et al., 2011), present in desiccated NST
and at 24 h post rehydration, diminished significantly at 48 h (Fig. 5E), indicating a return to
oxygenated conditions after anoxic quiescence. This compound remained elevated in ST
throughout dehydration and rehydration, suggesting that the ST remains anoxic until 1 week
following rehydration. The fatty acid derivative oleamide and fatty alcohol 1-dodecanol
presumably appear in this dataset as they were sufficiently polar to be extracted in the
methanol fraction. These compounds, after peaking in NST at 24 h post rehydration and the

desiccated state respectively, returned to basal levels after 48 h rehydration. Both were



pmol ABA per mg dry leaf mass

32

elevated in ST relative to NST at all times (Fig. 5, Supplementary Fig. 6). The sulphuric

compounds thiodiglycol and 2’2-dithiobisethanol, while present in the NST, did not fluctuate

much during dehydration and rehydration and were detected at very low levels in ST (Fig. 5,

Supplementary Fig. 6).The cell wall components B-D-xylopyranose (Zhou et al., 2018) and

levoglucosan were elevated at 35% RWC in NST, corresponding with increases in other sugars

at this stage. ABA content displayed an initial peak in both tissues early in water deficit (75%-

60%) and then diminished in NST, remaining lowly accumulated throughout desiccation and

rehydration. However, this hormone once again peaked in AD ST and remained highly

accumulated during early rehydration.

25
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Figure 6: ABA content peaks in AD ST. ABA was quantified during dehydration (left of dotted line) and
rehydration (right of dotted line) in NST and ST. RWC values are those of NST. The mean and standard
deviation of each sample group is given, with the results of a t-test for comparison within the group. ABA
content is only significantly increased in AD ST and in early rehydration (12h and 24h).
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Discussion

Desiccation tolerance is a complex multigenic trait and is achieved via an intricate suite of
molecular, biochemical and physiological mechanisms geared towards mechanical
stabilisation, mitigation of photo-oxidative damage, stabilisation of key proteins and enzymes
and repair upon rehydration (Farrant et al.,2007; Gechev et al., 2012; Moore et al., 2013;
Karbaschi et al., 2015; Challabathula et al., 2016; Blomstedt et al., 2018).While much work
has been done on the molecular biology of this species (Costa et al., 2017; Artur et al., 2019),
little work has been done on understanding its anatomical and metabolic adaptations for
desiccation tolerance. Understanding these in surviving tissues, in comparison with metabolic
changes in apical tissues which undergo senescence on desiccation, gives insight as to how
senescence is repressed in the former yet proceeds in the latter, and provides a foundation
for future work. Here we describe the drying and rehydration of NST, combining observations
from this study and previous studies on whole leaves from X. schlechteri and other
resurrection plants. We hypothesise on how senescence is initiated in response to aging and

water deficit and describe the progression of this process during and following desiccation.

Mitigation of mechanical, osmotic and photo-oxidative stress during dehydration in NST

At full turgor, leaf anatomy and mesophyll ultrastructure are indicative of metabolically active
tissues. Stomatal channels are open and free of mucilage, suggesting active photosynthesis
and gas exchange. Sugars, organic acids and TCA cycle intermediates are highly accumulated.
Sucrose, alanine, quinic acid and glycerol levels are high, and remain so during desiccation
and rehydration, suggesting that they play a role as constitutive ameliorators of abiotic

stressors associated with water deficit.

Dehydration to 60% RWC results in initiation of changes that mitigate against mechanical,
osmotic and photo-oxidative stresses. Infolding of tissues adjacent to vascular bundles at this
RWC allows for the redirection of mechanical forces associated with water loss (lljin, 1957),
likely alleviating much of the mechanical stress, while allowing for folding of the whole leaf at
the midrib. The observed subcuticular excretion of mucilage by epidermal cells into abaxial
stomatal channels serves to force the associated cuticle into close proximity, closing the

stomatal channel aperture and limiting the rate of water loss while potentially still allowing
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some gas exchange. At the subcellular level, mechanical stabilization is achieved by division
of the central vacuole into several smaller vacuoles which collectively maintain subcellular
volume, preventing plasmalemma detachment from the cell wall, as has been reported for
resurrection plants which have less flexible cell walls (Farrant et al., 2007; 2012).
Metabolically, the accumulation of osmolytes such as sugars and amino acids have been
proposed to slow water loss and maintain cell turgor (Fabregas et al., 2019). Oliver et al.,
(2011b) have ascribed the accumulation of amino acids at 60% RWC in the resurrection grass
S. stapfianus to affording such osmoprotection, and we propose that the increase in the
amino acids threonine, alanine, tryptophan, 5-oxoproline, tyrosine, proline and B-alanine
together with consistently elevated sucrose levels in X. schlechteri also serve this purpose. At
this point, chloroplasts still have stacked grana, but there is little/no starch and chlorophyll
content was a third of that in leaves at full turgor. These observations, coupled with the
relative diminishment of fructose, glucose and TCA intermediates, indicate slowing of
photosynthesis and carbon gain, corroborating previous studies on this species (Mundree and
Farrant, 2000; Farrant et al., 2015). Such studies have also shown increased activities of
several antioxidant enzymes, proposed to play a role inter alia in protection against photo-
oxidative stress during early dehydration. The present study demonstrates that the
antioxidant quinic acid is constitutively high in NST and is accompanied by the accumulation
of chlorogenic acid, these possibly adding to photo-protection required on drying to this
water content. The increase in trehalose content at 60% RWC could explain maintained
sucrose levels observed in this species. Sucrose regulation has been proposed to occur via
the interaction of Trehalose-6-Phosphate (Tre6P) and Suc-non-fermenting-1-Related Kinase
1(SnRK1), termed the Suc-Tre6P nexus, in which Tre6P acts as both a signal and a negative
feedback regulator of sucrose levels in plants, maintaining optimal levels under all conditions
(zhang et al., 2009; Yadav et al., 2014; Oszvald et al., 2018). Since Tre6P is essential to
trehalose formation, it is possible that its presence did allow interaction with SnRK1, so
enabling high levels of sucrose after cessation of photosynthesis. While operation of this
regulatory pathway has been postulated in resurrection plants (Blomstedt et al., 2018) this

has not yet been clearly demonstrated.

Dehydration to 35% RWC results in complete shutdown of photosynthesis as evidenced by

thylakoid dismantling and complete loss of chlorophyll. Declines in fructose, glucose and
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shikimic, citric, and succinic acid indicate a decline in glycolysis and the TCA cycle and a
potential carbon shift towards protection. At the cellular level, mechanical stabilisation is
afforded by increased vacuolation and chloroplast swelling and is inextricably linked with
metabolism. It has been proposed that in desiccation tolerant organisms water is
progressively replaced with vitrifying sugar solutions (Hoekstra et al., 2001; Buitink and
Leprince 2004; Farrant et al., 2012). In X. schlechteri, peak concentrations of sucrose, glycerol
and malic acid are present at this water content. Sucrose content is constitutively high in this
species, exhibiting only a 2-fold increase during drying, unlike most other resurrection plants
reported on which sucrose content elevates more dramatically during desiccation (Bianchi et
al., 1991; Farrant et al., 2007; Peters et al., 2007; Oliver et al., 2011; Mladenov et al., 2015).
It is likely that this sugar is the principal vitrifying agent in this species. However, it is also
possible that it participates in the formation of Natural Deep Euctectic Solvents (NaDEs),
which have been proposed to form a third liquid phase (other than water or lipid) in which
cellular components can be effectively concentrated and proteins protected from
denaturation (Choi et al., 2011). Malic acid, sucrose and glycerol form a NaDES in a 1:1:2 ratio
(Dai et al., 2013) and could be contributing towards subcellular stabilization and potentially
facilitate ongoing metabolism reported to occur at low water contents in this species
(Mundree and Farrant, 2000; Farrant et al., 2015; Costa et al., 2017). Interestingly, B-D-
xylopyranose and levoglucosan (a cell wall sugar) peak at 35% RWC. suggesting metabolic
activity within cell walls. The reason for this accumulation is unclear but could reflect marginal

changes in wall architecture (Moore et al., 2013).

Upon further dehydration to the air-dry state, desiccation tolerant tissues are proposed to
become quiescent and/or dormant (Farrant et al., 2012; Gechev et al., 2012; Costa et al.,
2016). In X. schelchteri metabolic quiescence is entered with a decline in malic acid and an
accumulation of citrate, reflecting shut down of respiration, reported to occur at this stage
(Mundree and Farrant, 2000). The accumulation of hydroxylamine, an anoxic nitrate
metabolite (Sturms et al., 2011), indicates that there is some degree of anoxia following
repiratory shutdown. Interestingly, there was a notable accumulation of the amino acids
asparagine (its only peak in accumulation), aspartic acid, phenylalanine, ornithine, glutamic

acid, alanine, tryptophan and tyrosine in the dry state which we propose could serve as
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nitrogen storage for rapid remobilisation and reincorporation into proteins upon rehydration,

and/or as osmoprotectants (Djilianov et al., 2005; Oliver et al., 2011).

Recovery of NST

Recovery to full turgor occurs only after 72 hours, yet considerable structural and metabolic
changes occur prior to this. By 48hr after receipt of water, infolding of palisade cells was
relieved and both mesophyll and palisade cells take on the shape observed in fully hydrated
tissues. At this stage, chloroplasts regain some thylakoid organization, but chlorophyll levels
remain low and it is likely that they only gain photosynthetic competence at and after 72 h,
where starch formation begins again. This correlates with previous reports on recovery of
photosynthetic competence in this species (Sherwin and Farrant, 1996). Thus, the
metabolites that were accumulated during desiccation are crucial for metabolic activity in the
early stages of rehydration, where minimal photosynthetic activity drives the synthesis of
ATP. We propose that sucrose acts as a major carbon source for the biosynthesis of cellular
constituents and regeneration of ATP via glycolysis during early rehydration. Similarly,
asparagine, which has been proposed to be the major nitrogen storage compound in S.
stapfianus (Oliver et al., 2011), diminishes considerably upon rehydration and thus, like
sucrose, is probably utilised for the generation of other necessary metabolites.
Poikolochlorophyllous resurrection plants are sensitive to photooxidative stress during
restoration of photosynthetic competence (Sherwin and Farrant, 1996; Tuba et al., 1998) and
elevated levels of carotenoids and the antioxidants chlorogenic and quinic acid, which peak
at 72 h RH are likely to contribute to photoprotection. By 72 h, recovery of shikimic acid and
the biosynthetic end-points phenylalanine, tyrosine, and tryptophan is observed. The same is
true for TCA intermediates, implying that energy production and biosynthesis proceeds via
these pathways, fed partially by sucrose and asparagine and partially by photosynthesis. The
significant increase in trehalose during the first 48h could again suggest operation of the Suc-
Tre6P nexus, this possibly regulating sucrose content until photosynthetic competence is
gained. Alternatively, it is possible that here trehalose is playing a role in autophagy, allowing
clean up of subcellular damage or macromolecular aggregates that may have formed during

desiccation and quiescence (Williams et al., 2015; Asami et al., 2019).
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Understanding the fundamental mechanisms underlying desiccation tolerance in this species
enables us to study senescence with a clearer lens. Is senescence simply a system failure in
the oldest tissues, wherein they succumb to the stresses imposed by desiccation? Is it initiated
and conducted in a controlled manner? Are age-related senescence processes exacerbated

by drying?

Dissecting the lower RWC phenomenon and progression of senescence in ST: anatomical and

metabolic arguments

There are three broad processes that characterise leaf senescence: initiation, reorganisation
and termination (Bresson et al., 2018). Without application of external stress, leaf age and
developmental stage are the main initiators of senescence. Early onset of senescence can also
be triggered by abiotic and biotic stressors, driven by hormones, sugars, and ROS generated
by these processes. The reorganisation phase is characterised by the breakdown of
macromolecules and remobilisation of nutrients in small subunit form, wherein hydrolytic
enzymes are extensively deployed (Bresson et al., 2018). Basic metabolic activity during this
phase is required to ensure remobilisation of breakdown products to the vasculature for
incorporation in viable cells. Toxic intermediates are likely to form during this phase, and thus
antioxidant enzymes and compounds (particularly anthocyanins) are deployed to protect
against oxidative stress in this state (Bresson et al., 2018). During termination, vacuoles
collapse, releasing nucleases and proteases into the cytoplasm, leading to acidification and
contraction of the cytoplasm and uninhibited breakdown of DNA, RNA, proteins and
membranes. At this point, the cell is effectively dead, leaving behind cell wall and debris (Lim

et al., 2007; Bresson et al., 2018).

Tracking senescence is challenging in poikilochlorophyllous resurrection plants, which employ
many of the “reorganisation” mechanisms as part of their desiccation tolerance programming
(chlorophyll degradation, lipid changes, metabolic shifts, accumulation of compatible solutes,
increased abundance of chaperones, antioxidant accumulation, etc.) (Oliver et al., 2011;
Gechev et al., 2012; Christ et al., 2014; Farrant et al., 2015). Comparison of anatomy,
ultrastructure and metabolism of ST to that of NST is the logical first port of call in the pursuit
of understanding senescence processes in leaves. To begin with, under well-watered

conditions, ST is maintained at a lower water content (1.8-2.2g/g dry mass) than NST (2.8-
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3g/g dry mass). There are two potential explanations. Firstly, it is possible that these tissues
have a lower osmotic potential and lack of active transpiration might slow the diving force of
water, leaving the cells with a lower water status. Ultrastructural studies show limited
thylakoid organization in the fully hydrated state, confirming limited photosynthetic activity
driving water potential. A second likely explanation for this phenomenon is that the water
content of cells within these tissues is not homogenous. The termination phase of senescence
is associated with lysis of the vacuole and the consequent breakdown of cellular structure and
plasmalemma rupture. When water content determination is performed, it is done so on a
dry mass basis. Lysed cells are likely to hold less water as there are no intact membranes to
contain it, but cell walls contribute towards total mass of the tissue. Thus, the impression
could be made that tissues are held at an overall lower RWC, where this is true of only some
cells. In the present study however, while subcellular organisation of most mesophyll cells of
ST at RWC below 35% was compromised, there was little evidence of complete subcellular
lysis until rehydration. Thus this hypothesis holds when considering the water contents of the

ST mesophyll cells after 48 h and 72 h rehydration.

Ultrastructurally and metabolically, there is evidence that age-related senescence processes
are ongoing in well watered plants and are exacerbated during desiccation. In fully hydrated
plants, ST has an average RWC of ~60%. Chloroplasts contain significantly more starch than
NST and less chlorophyll and carotenoids at similar water contents, typical of early stage age-
related senescence in Arabidopsis Thaliana (Watanabe et al., 2013). Other similarities to
A.thaliana age-related senescence in ST at this water content are the relatively high levels of
TCA intermediates, glycerol, trehalose, the antixodiants quinic and chlorogenic acid and
persistent presence of anthocyanins in ST (Watanabe et al., 2013). Furthermore, in terms of
amino acids, B-alanine glycine, pipecolic acid and isoleucine are elevated in ST whereas
threonine, alanine, tryptophan, 5-oxoproline, tyrosine and proline are not, suggesting the NST

is geared towards osmoprotection and ST towards the initiation of senescence.

Upon dehydration to ~35% RWC, ST displays further evidence of ongoing senescence
processes. Mesophyll and palisade cells exhibit a high degree of Procion yellow staining
compared to NST at similar and lower RWCs, indicating stress and aggregation of cellular

constituents. While ultrastructurally, most cells of ST appear similar to that of NST at 35%
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RWC, metabolically these tissues have different signatures. In ST fructose, galactose and myo-
inositol are elevated and additional antioxidant protection is provided in the form of elevated
chlorogenic and quinic acid, and of caffeic acid, which appears to be exclusively elevated in
ST. These responses closely resemble the “reprogramming” phase of senescence as described
in A. thaliana (Watanabe et al., 2013), with the exception of vacuolation, which is a

desiccation tolerance phenomenon (Farrant et al., 2015).

Dehydration to the air-dry state results in further significant differences. In the ST, the
cytoplasm is electron-dense and the plasmalemma appears withdrawn from the cell wall,
indicating severe osmotic stress. Chloroplasts are discernible only by the presence of
plastoglobuli and appear shrunken. There is significant cell-wall folding, indicating either
deliberate remodelling of cell walls in an attempt to mitigate the mechanical stress, or cell
wall collapse and redistribution of non-structural sugars. Metabolically, this is corroborated
by the elevation of levoglucosan exclusively in the ST during desiccation, starting at 35% RWC.
Methyl-salicylic acid content also peaks at this point and has been shown to positively
regulate leaf senescence in water-stressed plants (Abreu and Munné-Bosch, 2008) and
protect against fungal infection (Dieryckx et al., 2015), suggesting that a potential signalling
role is played here. Abscisic acid increases at this water content, suggesting a regulatory role
in bringing about cellular death, as observed in A. thaliana (Woo et al., 2019). While there
was some metabolic overlap with NST at low water contents, persistent differences were the
higher accumulation of fructose, galactose, trehalose, alanine, glycine, pipecolic acid and

phenylalanine, and a relative lack of asparagine and tyrosine.

Upon rewatering there is little increase in water content until 48h, when ST reach 10% RWC.
Varying degrees of subcellular disorganization is evident with some cells being relatively intact
and resembling the air-dry state, with others being entirely lysed. This pattern is maintained
upon further rehydration to the ultimate maximum value of 20% RWC at 72h post watering
and is typical of the termination phase of senescence (Bresson et al., 2018). Interestingly, cells
that maintain subcellular organisation have electron dense vacuole-like structures and there
is evidence of macroautophagy. This differential pattern of cellular integrity suggests different
levels of hydration could be occurring among cells in ST and supports the second hypothesis

outlined above in accounting for differential water contents in NST and ST. There was also no
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evidence of recovery of photosynthetic competence nor operation of the shikimic acid

pathway observed in NST.

Conclusion

X. schlechteri undertakes a variety of anatomical, ultrastructural and metabolic responses to
desiccation, responding to the unique requirements associated with each phase of water loss
and recovery. Similarities between the reorganisation phase in senescence and desiccation-
associated changes make studying senescence in resurrection plants difficult. The “tip-
burning” phenomenon in this species enables the study of viable and senescent tissue from
the same leaves, and so enabled comparison in this study. Both tissues executed their
desiccation tolerance programming: both limited the rate of water loss through accumulation
of mucilage in stomatal channels, both reorganised chloroplasts and formed numerous
vacuoles, both accumulated protective metabolites. Drying below 35% RWC in ST resulted in
exacerbation of age-related senescence processes already underway in these tissues,
resulting in damage to and potential loss of many cells in these tissues on desiccation. This in
turn is exacerbated on some hydration but prevents ultimate rehydration of these tissues to

levels observed before water deficit stress.
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Supplementary Figure 1: Metabolite changes observed during desiccation and rehydration
in the leaf tissues of Xerophyta schlechteri. ST (triangles) and NST (closed circles) leaf tissues
were sampled from 10 adult X.schlechteri plants over the course of one dehydration-
rehydration cycle. The metabolite concentrations were determined using various colorimetric
assays and normalized the mass of the lyophilized starting tissue. Individual measurements
were plotted against the recorded %RWC for each sample. Linear models were constructed
using log transformed data and fitted to the untransformed data to product exponential
models of changes in metabolite concentration as %RWC changes for the two tissue types.
Model summary statistics in Supplementary Table 1. Graphics for changing total chlorophyll
(A), total carotenoid (B), D-glucose (C), D-fructose (D) and sucrose (E) are depicted.



Supplementary Table 1: statistical test results for models in Supplementary figure 1.
Significance codes: 0 “*** 0,001 “**’ 0,01 ‘*' 0,05 ‘.’ 0,1

A Residual St. Adjusted
Error Dt Rz2 F P

Metabolite Tissue
Total NST 1.212 61 0.66 119.5 <0.001 ***
Chlorophyll o 1.345 56 021 16.53 <0.005 ***
Total NST 0.4319 61 0.15 11.52 <0.005 ***
Carotenoids g 09025 51 008 5731 0.02 *

NST 0.8356 62 0.55 77.79 <0.001 ***
D-Glucose

ST 0.8395 56 0.2 15.34 <0.001 ***

NST 0.8036 63 0.46 55.72 <0.001 ***
D-Fructose

ST 0.7462 59 0.16 12.46 <0.001 ***
5 NST 0.5766 62 0.25 21.58 <0.001 ***
ucrose

ST 0.5566 59 0.06 4.836 0.032 *
B Resllzdual St. Df Adle:‘lszted = b
Metabolite Tissue rror
Total NST 1.104 41 0.55 51.34 <0.001 ***
Chlorophyll gt 1.137 33  <0.01 0.9089 0.347
Total NST 0.425 41 0.03 2.412 0.128
Carotenoids gt 0.9864 39 <0.01 0.7656 0.387

NST 0.6598 38 0.81 172.2 <0.001 ***
D-Glucose

|ST 0.9879 37 0.01 1.407 0.243

NST
e Ertsse 0.8647 41 0.47 37.7 <0.001

|ST 0.647 40 0.09 5.167 0.028 *
S NST 0.5315 41 <0.01 0.7738 0.384
ucrose

|ST 0.4849 41 0.25 14.99 <0.001 ***
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Supplementary figure 7: Transmission electron micrographs of mesophyll during rehydration
in ST. 48h RH ST (A-C) and 72h RH ST (D-F).
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Chapter 3

Regulation and progression of senescence in Xerophyta

schlechteri: insights from the transcriptome
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Introduction

The regulation of senescence in resurrection plants is largely under-studied. It has been postulated
that resurrection plants are able to thwart cellular death processes during desiccation, through
deployment of molecular protectants (anti-oxidants, LEAs, chaperones), clearing of debris (unfolded
protein response and autophagy) as well as attenuation of cellular death regulators (e.g. Senescence-
associated receptor kinase (SIRK) and the transcription factor WRKY53) (Griffiths, et al., 2014),
however no mechanism for transcriptional regulation of senescence has been directly studied in a
resurrection plant. Study of senescent tissue (ST) gene expression enables elucidation of senescence
prevention mechanisms in non-senescent tissue (NST), making transcriptional profiling in these tissues

of great value.

Recent studies have increasingly shown the power of network analysis and how networks of genes
and gene products interact affects plant survival outcomes to a larger degree than altered expression
of single genes (Costa et al., 2017; Woo et al., 2019). This is particularly true in a species such as X.
schlechteri where the genome is octoploid and many (often duplicated) homologous genes work in
concert to bring about various cellular and whole-plant changes resulting in ultimate desiccation
tolerance and quiescence (Costa et al., 2017). Such analysis involves, inter alia, deployment of
techniques such as K-Means clustering and co-expression network analysis, where the expression
patterns of genes are grouped based on the similarity of their temporal expression. In this chapter,
these analyses were utilised to understand aspects of desiccation tolerance in NST in comparison with
transcriptional changes associated with desiccation induced senescence in X. schlechteri. In this

regard, the following questions were posed.

1. Atwhat point during water deficit do the senescent and non-senescent tissues substantially
deviate in terms of gene expression?

2. Which genes are differentially expressed in both tissue types, and what is their function in
bringing about senescence?

3. How are these genes regulated?

Material and methods
Sampling Procedure

Based on the outcomes of the physiological experiments in Chapter 2, total RNA was extracted from
hydrated, dehydrating (75%, 55%, 35%) and desiccated (5% relative water content (RWC)) and

rehydrated (48h — varying RWC values) tissue. Six plants were dehydrated in this experiment and all
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were sampled continuously through the experiment as outlined below. Ten leaves per plant were
utilised for absolute and RWC determination (see Chapter 2), this being determined on half of each
sample for which the corresponding half was immediately frozen in liquid nitrogen for RNA-Seq
analysis. On sampling, each leaf tissue was dissected into an apical region (3cm) designated as ST, a
region of 1cm below this, termed pre-senescent tissue (PST: that which will survive a first dehydration
but will senesce in a future desiccation event) and a section of 1cm, cut from the remaining NST. The
meristem tissues were not included. At each sampling point, half of the leaf tissue was used for RWC
determination. As plants, and leaves within a single plant, dehydrate at different rates, ultimately
three biological replicates, each corresponding to a designated water content (outlined above) were
used for RNA extraction. Tissue utilised from fully hydrated plants, prior to dehydration, included only
the NST and ST samples. Thus, 51 samples were prepared for RNA extraction. The tissue was stored at

-80°C until extraction.
RNA extraction from X. schlechteri

A modified extraction method was used, using Tri-reagent (Sigma-Aldrich Corporation, St. Louis, MO,
USA) and the RNEasy mini-kit (Qiagen, Hilden, Germany). Tissue was transferred from -80°C storage
to liquid Nitrogen prior to extraction. Tissue was transferred to liquid nitrogen filled 2mL Eppendorff
tubes which contained three stainless steel bearings (pre-treated by soaking in chloroform and
autoclaved twice along with the tubes). Before the tissue was allowed to thaw, 1mL cold Tri-reagent
was pipetted into the tubes, ensuring that all tissue was completely submerged. The samples were
maintained on ice until being transferred to an in-house homogenizer, where they were homogenised
at room temperature for 12 minutes. The samples were placed on ice and 200ul chloroform was added
to each tube. The samples were mixed by inversion and maintained on ice for 2 min. The tubes were
then centrifuged at 13000g for 15 min at 4°C. The upper aqueous phase of each sample was
transferred to the RNEasy mini-kit Shredder column and the manufacturer’s instructions for RNA
extraction were followed with the following modifications: the RW1 buffer wash step was repeated
with a volume of 200ul, the RPE buffer wash step was repeated twice and the RNA was eluted in
RNase-free water pre-heated to 55°C after incubating for 10 min at room temperature. RNA integrity

and quality were verified using a Bioanalyzer (Agilent technologies, USA).
High-throughput sequencing and transcriptome annotation

Library preparation was conducted using the lllumina RNA-seq kit (San Diego, California) according to
the manufacturer’s instructions. The resulting cDNA libraries were sequenced using the lllumina
MiSeg500 (San Diego, California) platform at Queensland University of Technology’s Central Analytical

Research Facility. The Tuxedo suite (Trapnell et al., 2014) was used for annotation and mapping to the
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reference genome for this species (Costa et al., 2017). The genome indexing was built by bowtie2. The
reference transcriptome indexing and the alignment of the RNA-seq reads to the reference genome
were performed by tophat. The transcriptome assembly of samples was performed by cufflink and the
assembled transcriptome of different samples were merged by cuffmerge (Trapnell et al., 2014).
Differential gene expression was performed using cuffdiff on FPKM (fragments per kilobase of exon
per million mapped reads) gene expression data. Genes were considered differentially expressed if
they exhibited a log2 fold change value greater than 2, compared to control and Exact test corrected
pval <0.05. Two datasets are presented: the Desiccome (those genes which are significantly
differentially expressed in all tissues during water deficit stress) and the Senescome (those genes
differentially expressed in the airdry condition in ST, relative to AD NST). These data were plotted as
a series of heatmaps in R (version 3.5.1; R Development Core Team, 2011) based on their Mercator
Bins (Lohse et al., 2014) using the packages ggplot2 (Wickham, 2016) and wesanderson, and tabulated
using the package dataTables (Jardine, 2019) and sparkline (Vaidyanathan, 2016). These plots and
tables were rendered as interactive apps with the R package Shiny by RStudio (RStudio Team, 2015).
The same method of analysis and data visualisation was followed for the Senescome, where genes
significantly accumulated in AD ST relative to AD NST are visualised. The apps are available at
astridite.shinyapps.io/XeroDesiccome and at astridite.shinyapps.io/XeroSenescome. The SwissProt,
Gene Ontology and KEGG annotations were provided with the genome (Costa et al., 2017). Additional

annotation was performed by Mercator (Lohse et al., 2014) to provide plant-specific “BIN” ontologies.
gPCR validation of transcriptome

Ten DEGs were selected from the transcriptomic analysis for validation using qPCR. The RNA extracted
(1 g per sample) for the transcriptomic analysis from all three tissues; 100%, 55% RWC and 48h RH,
was converted to cDNA using Phusion HiFi Tag polymerase as per the manufacturer’s instructions.
gPCR was performed on 2ul of the resulting cDNA. The primers and the amplification efficiency of the
ten DEGs were designed and optimised by assessing the relative transcript abundance of each GOI
through RT-qPCR. Pipetting of the reaction mix (5ul SYBR green, 0.3ul forward and reverse primer, 2ul
cDNA, 2.4ul nuclease-free water) was performed using an Eppendorf epMotion® 5075 automated
pipetting machine. The amplification profile was as follows: 30 cycles of 15 sec at 95°C, followed by
60 sec at 60°C. Expression was normalised using PolyUbiquitin10 as the reference gene and log2FC
values were calculated based on comparison to the FT NST condition. The resulting comparative plot

(Supplementary fig. 1) was created in RStudio using the ggplot2 package.

Machine learning analysis
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To explore and describe the temporal trends in the dataset, twelve K-means clusters were calculated
in Genesis 1.8.1 from gene expression (Fragments per kilobase per million mapped reads - FPKM) data
divided into the NST, PST and ST tissue types, which were clustered based on gene-level normalisation
(Sturn, Quackenbush, and Trajanoski 2002). Further to this end, Pearson correlation coefficients were
calculated between each gene pair to yield a correlation matrix in which each gene was compared to
all genes in the dataset to determine co-expression (defined as R?>0.95). Co-expressed genes were
visualised in Cytoscape v3.7.1, where distances between nodes (edges) were representative of the
level of co-expression over a threshold of 0.95; the higher the correlation, the closer the nodes. The
network was displayed using the yGraph Organic layout and coloured based on the K-means cluster

and the differential gene expression results.
Promoter motif enrichment analysis

Enriched promoter regions in the upstream regions (up to 1kb of sequence) of the senescence-specific
subcluster of the gene expression network were identified using DREME from the MEME suite of
promoter analysis tools (Bailey et al., 2009; Bailey, 2011) with the upstream regions of the entire
network as a control. Significantly enriched sequences were calculated using Fischer’s exact test (p <
0.05). Transcription factors that bind to these enriched promoters were identified using TomTom
(Jaspar Non-redundant 2018 plants database) (Gupta et al., 2007) and annotated with X. schlechteri
genomic identifiers in Microsoft Excel 365. Signalling pathway construction (Fig. 10) was performed
using these annotations by incorporating transcription factor and signalling kinase nodes from the

network as well as signalling information obtained from the cited literature.
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Results and Discussion
RWC and differential gene expression

Samples for RNA extraction were grouped based on their RWC rather than time following water
withholding (Fig. 1). As shown in Chapter 2, the RWC of ST is always lower than for NST. There were
no significant differences in RWC between NST and PST tissues in rate and totality of dehydration, nor
in the ability to fully rehydrate. The PST condition was introduced to determine whether there exists

a spatial progression towards the senescent state (or not).

As discussed in Chapter 2, the RWC of ST observed was always lower than for NST. In terms of RWC,
PST and NST were not significantly different to one another during water deficit. The ST RWC was
significantly lower relative to both conditions throughout this process, except during the air-dry state.
Forty-eight hours after rehydration, NST and PST reached average RWC of approximately 90%,
whereas ST reached an average of 18% (approximately 90% of the total water content reached after

1 week as discussed in chapter 2).

In terms of gene expression at FT there was very little difference between NST and ST in that only 17
genes were differentially expressed (Fig. 2). As the plants experienced further water deficit stress and
NST reached 75% RWC, differential gene expression among these tissue types showed significant
changes in expression with over 1800 DEGs for each tissue type. The level of differential gene
expression increased as the plant water content decreased. By 35% RWC in NST, there was very little
difference in the number of DEGs that were expressed between tissue types, as shown in
Supplementary Figure 1. When the plants desiccated towards the airdry state (<10% RWC), the
difference in transcript abundance between tissues becomes evident, with 591 more DEGs
upregulated in ST than its NST counterpart. Upon rehydration, the number of DEGs in NST and PST

declined but the number of DEGs in ST remained elevated.

While comparison to the FT NST condition is useful as it highlighted when genes were differentially
expressed during water deficit, it does not provide much information on how these genes act in
concert to fulfil alternative functions of interest, 1) senescence inhibition or 2) enabling initiation of
senescence. The present study will supply insights as to genes involved as well as putative regulators
of these processes. This provides the opportunity for subjecting the data to alternative modes of

analysis, such as machine learning.
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Figure 1: Relative water content differences between tissue utilized for transcriptomics. Leaf tissue was
sampled daily one hour after dawn, half of the dissected leaf stored for RNA extraction and the other half
used for RWC determination. Samples with a similar RWC value in NST (green) were chosen and grouped
into sampling points for RNA extraction, utilizing the ST (yellow) and PST (purple) of the same leaves
despite variability in RWC. Sampling point 1 represents the well-watered “full turgor” condition. Samples
2-4 represent drought stressed plants in descending order of severity (75%, 55% and 35% average RWC in
NST). Sampling point 5, where the AWC content between tissues is not significantly different, represents
the air-dry (AD) state. Sampling point 6 represents 48h post rehydration. The variability of RWC is shown
here, with the results of a Wilcoxon test for each tissue type in the same sampling point given (only
significantly differences are shown). Significance codes: “****” corrected pval < 0,0001; “***” corrected
pval < 0,001; “**” corrected pval < 0,01; “*” corrected pval < 0,05.

K-Means Clusters

Means clustering is an unsupervised machine learning technique wherein K clusters are selected, and
the data points iteratively assigned to each cluster based on the feature of interest. In the present
study the level of gene expression, expressed as FPKM was used (Fig. 3). Mean FPKM values vs RWC
were ordered sequentially based on tissue type. The K number determined to best describe the data

was 12. Figure 3 also shows the clusters organised into subcategories (“superclusters”) based on their
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response to desiccation. From here-on, descriptions of changes in select superclusters will be

described.
Reduced and Recovered supercluster (RRS); clusters 8 and 12

Transcripts in these superclusters (represented in green in Fig. 3) diminished during water deficit and
recovered to varying degrees within 48h post rehydration in NST and PST but not ST. These transcripts
can thus be thought of as representing those genes required by the plant in the hydrated state, but
require diminishment for survival of the desiccated state. In cluster 8, fundamental cellular processes
which are significantly diminished during dehydration and desiccation included reproductive
processes (pollen-pistil interaction, recognition of pollen), binding (DNA, polysaccharide and ATP),
phosphorylation (protein amino acid and serine/threonine kinase activity). Similarly, in cluster 10 so
called fundamental processes were diminished during desiccation; these being protein formation
(protein polymerisation), protein activity (hydrolases, endo-peptidases, kinases), cell cycle (regulation
of cyclin-dependent protein kinase activity), nucleotide metabolism (purine, GTP, ribonucleotides),
photosynthesis (photosynthetic process, photosynthetic membrane, thylakoid, photosystems | & II,
oxygen evolving complex) and fatty acid biosynthesis. The only enriched process in cluster 12 was

glycine catabolism. Enrichment of non-redundant GO-terms can be found in supplementary Table 2.
Early response supercluster (ERS); clusters 1 and 9

The early response supercluster represents those genes that accumulated early in the water deficit
cycle —at 75% or 55% RWC (clusters 1 and 9, represented in pink in Fig. 3). Significantly enriched gene
ontologies in the early response super cluster are shown in supplementary Table 3. Those to do with
photorespiration (ATP synthesis via proton pump, mitochondrial respiratory chain, bile acid
symporter, cytochrome C), folate biosynthesis (dihydroneopterin aldoase) and gene expression (Ran
GTPase binding, translation, ribosome, tRNA/rRNA binding) are significantly enriched in cluster 1. In
cluster 9, significantly enriched responses are localised to the mitochondria and proteasome and
involve cellular redox homeostasis (superoxide metabolic process, monovalent cation transport) and

co-enzyme binding. Enrichment of non-redundant GO-terms can be found in supplementary Table 3.
Late response supercluster (LRS); clusters 4, 5 and 7

Genes in cluster 7 peaked in expression later during desiccation (<35% RWC) in NST and PST.
Interestingly, late stage increase in abundance in these tissues was accompanied by a sharp decline in

their expression
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Figure 2: Significantly differentially expressed genes under well-watered conditions (sampling point
1), during water deficit (sampling point 2-5) and recovery (sampling point 6). The number of genes
with a significant increase in expression is shown on the positive y axis, whereas the number of
genes with a significant decrease in expression is shown on the negative y axis. Genes are considered
significantly differentially expressed if they exhibit a log2 fold change value greater than 2 or less
than -2, compared to control and an Exact test corrected pval <0.05.
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in ST (<10% RWC). Enriched gene ontologies in this cluster revealed enrichment in gene expression
(ncRNA, ribosome biogenesis, transcription, translation, tRNA aminoacylation for protein translation,
nuclear localisation) and transport (intracellular and golgi-to-plasmalemma) processes. Cluster 5
contains enriched ontologies concerning proteolysis (ubiquitin-dependent protein catabolism),
protein insertion into membrane, apoptosis (NAD+ ADP-ribosyltransferase activity) and spliceosomal
activity. Enriched gene ontologies in cluster 4 (expressed during desiccation in all tissue types,
expression exacerbated upon RH in ST) include tetrapyrrole and porphyrin biosynthesis
(porphobilinogen synthase, uroporphyrinogen decarboxylase, hydroxymethylbilane synthase and
coproporphyrinogen oxidase activity), translation (tRNA aminoacylation, tRNA processing, ribosome
biogenesis, tRNA guanylyltransferase activity, rRNA methyltransferase acivity) and photosynthesis

(photosystem II). Enrichment of non-redundant GO-terms can be found in supplementary Table 4.
Drought/Desiccation elevation cluster (DEC); cluster 2

Genes in cluster 2 are consistently elevated during dehydration and desiccation in all three tissue
types and can be thought of as a consistent requirement for the DT response. Enriched gene
ontologies in this cluster relate to rearrangement of cellular membranes (cytoplasmic vesicles, Golgi-
associated vesicles and clathrin-coated pits), energy generation (ATP hydrolysis coupled proton
transport), embryonic development and translation. Enrichment of non-redundant GO-terms can be

found in supplementary Table 5.
ST Late response supercluster (ST-LRS); cluster 3, 6 and 11

Genes in these superclusters were highly expressed at <10% in ST in addition to being more elevated
in this tissue compared to NST and PST during dehydration and desiccation. There are no significantly
enriched gene ontologies in cluster 3. Significantly accumulated gene ontologies in cluster 6 include
breakdown of macromolecules (fatty acid oxidation, polysaccharide catabolism, coenzyme A),
signalling, wounding response, transmembrane transport (amino acid transmembrane transporter
activity), protein heterodimerisation and copper ion binding. Gene ontologies enriched in cluster 11
include glycolysis (phosphopyruvate hydratase activity, phosphopyruvate hydratase complex),
isoprenoid and phospholipid biosynthesis (dimethylallyl diphosphate and isopentenyl biosynthetic
processes, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase activity, non-mevalonate
pathway), pollen recognition, coenzyme metabolism, post-translational protein modification,
oxidation/reduction, heme binding (iron ion and tetrapyrrole binding), ATP binding, redox
(oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular

oxygen), protein modification (transferase activity, transferring amino-acyl groups), protein kinase
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activity and hedgehog receptor activity. Enrichment of non-redundant GO-terms can be found in

supplementary Table 5.

Collectively, these superclusters can be thought of as encoding water-content and tissue-type specific
functions within the desiccating and recovering cells. The DRS represents those genes whose
expression is not required for the desiccation process, encoding such processes as photosynthesis,
reproduction and progression through the cell cycle, and remains turned off in the ST upon
rehydration. The ERS genes are initiated with the onset of water loss, where the plant has yet to
commit to the desiccation tolerance process. As such, there is a spike in transcripts to do with energy
generation and metabolism, as well as response to the stress-induced hormone ABA. The LRC is an
intriguing cluster, where transcripts involved with DNA repair are accumulated in NST and PST, but
supressed in ST. The DEC supercluster appears to represent those genes whose expression is integral
to desiccation tolerance in all three tissues. Late responses to water deficit (ST-LRS) are experienced

by all three tissue types, but are exacerbated in ST and encompass a wide range of stress responses.

Network Analysis

Network analysis is a powerful tool for identifying co-expressing hubs of genes. Each node in the
network represents a gene, and each edge (line of connection) represents the level of correlated
expression between individual genes. In this case, the edges are defined by the Pearson correlation
coefficient, where connected nodes have a correlation coefficient of greater than 0.95. The closer the
nodes, the more highly correlated their expression in this dataset. Figure 4 shows the X. schlechteri
transcriptome represented in this manner. Only a subset of 3206 nodes was correlated enough in
terms of co-expression to yield representation in the network, nevertheless it gives a meaningful
indication of the fundamental relationships between transcript expression in the different tissue types
(Fig. 4). Colouring nodes as their corresponding K-Means cluster reveals the spatial separation
between the central (diminished supercluster in green) as well as the peripheral ( in

shades of pink, late response in teal, ST-late response in orange) co-expression networks.

The colouring nodes with log2FC values relative to FT NST at 55% RWC as well as AD and RH shows
how gene expression changes with RWC (Fig. 4). Most of the represented genes are downregulated
or unchanged in their expression at 55% RWC in NST and PST, with the exception of the early response

peripheral subnetwork that is upregulated. In ST at 55%, while early response genes are activated,
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Figure 4: Subnetworks within the co-Expression network cluster according to tissue and water
content. Transcripts with high degrees of correlated expression with other transcripts (Pearson
correlation co-efficient >0.95) are represented in the network and coloured based on their
corresponding K-means supercluster (A) and log2FC relative to NST FT (B-J). Panels B, C and D represent
NST, PST and ST respectively at 55% RWC(NST) . Panels E, F and G represent represent NST, PST and ST
respectively at AD. Panels H, | and J represent NST, PST and ST respectively at 48h post-rehydration.
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expression of genes in the late response and ST-late response are also activated. As the tissues reach
the air-dry state, all three tissue types show increased expression of the late response subnetwork.
The ST-late response subnetwork reaches peak expression at air dry in ST and exhibits low levels of
expression in NST and PST. In the early-mid stages of rehydration (48h), NST and PST have lifted the
repression of formerly diminished (green in panel A) subnetwork genes and reduced expression of the
late response genes. Conversely, the ST, while exhibiting diminished expression of ST-late response
genes during RH, is as yet still in the desiccated state and the continued upregulation of late response

genes and downregulation of diminished (green in panel A) genes reflects this.

Select transcripts associated with senescence and desiccation tolerance are emphasised in Figure 5.
Enlarging nodes associated with photosynthesis ((4) e.g. light harvesting complexes and electron
carriers) show their clustering within the central subnetwork, indicating that their expression is mostly
diminished during desiccation (Figure 5A). Interestingly, some photorespiration genes (#) also cluster
within the ST-late response subnetwork. Stress hormone biosynthesis genes (those to do with
synthesis of ethylene, ABA, jasmonic acid and salicylic acid) are shown in Figure 5B. Ethylene (M)
biosynthesis and jasmonic acid (4 ) biosynthesis transcripts occur mostly within the ST-late response

subnetwork, while ABA synthesis (®) genes occur in this and the early and late response subnetworks.
Several LEA protein genes occur in the peripheral subnetworks, with only two present in the central
network indicating that their increased expression is reserved for the DT response (Fig. 5C). Cellular
death genes are mostly confined to the ST-late response subnetwork (Fig. 5D), providing further
evidence that this subnetwork represents the senescence response in X. schlechteri. Protein
degradation via proteases, the proteasome and autophagy are shown in Figure 5E. Protein
degradation seems to be divided based on hydration state with one subset of genes turned off during
desiccation (green) and another most active in the late response and ST-late response subnetworks.
Similarly, a subset of transcripts associated with macro- and micronutrient transport are distributed

between the central and ST-late response subnetworks (Fig. 5F).
Desiccome

To determine whether ST deviates from NST in terms of its ability to initiate desiccation tolerance
processes on the transcriptional level, and to provide cellular context for the upregulation of
senescence-specific genes in the dry state, the genes displaying a significant increase in transcript
abundance during desiccation in all three tissues were investigated (see Desiccome app). To do this,
those genes in the DEC cluster were isolated, as well as those in the early (ERS) and late response (LRS)
superclusters. Genes in the ERS with significant upregulation at 75% and 55% RWC relative to their

expression at FT in NST were designated as early responsive genes.



Photosynthesis and ) Hormone Biosynthesis
photorespiration

LEA and Redox Cellular Death

Protein degradation P Nutrient transport

Figure 5: Fundamental processes are sub-network specific. Relevant Mercator-annotated
process-specific nodes are resized for clarity. Photosynthesis (A ) and photorespiration (¢)
transcripts are enlarged in panel A. Hormone biosynthesis transcripts for abscisic acid (¢) ,
ethylene (W), jasmonic acid (@) and salicylic acid (4A) are enlarged in panel B. Transcripts
encoding LEA proteins (M) and redox homeostasis proteins (®) are enlarged in panel C.
Transcripts associated with cellular death (@) are enlarged in panel D. Transcripts associated
with protein degradation (@ general) via proteases (4 ), autophagy (parallelogram #¥) and
E3 ubiquitin ligase (M) are shown in panel E. Transcripts associated with transport of amino
acids (®), sugars (@), peptides (®) and micronutrients (nitrate, sulphate, potassium,
phosphorus V) are shown in panel F.
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Similarly, late responsive genes were those in the LRS with significant accumulation in 35% RWC and
AD and core responsive genes were those significantly upregulated in the CEC with significant
accumulation in 75%, 55% and 35% RWC and AD. Most of the genes identified in this manner
accumulate similarly in NST, PST and ST during desiccation, with the exception of the rehydration
sampling point where many genes remain elevated in ST, but not in NST or PST (see Desiccome app).
The following text will focus on those processes considered important for desiccation tolerance (refer

to Chapter 1 for more context) in order to contextualise the senescence response in desiccated tissue.

Classical desiccation tolerance genes — LEAs, HSPs, anti-oxidants, molecular chaperones, aldose

reductase

A common feature of desiccation tolerance in vegetative tissues is the increase in abundance of LEA
proteins and chaperones. To determine whether ST employed the same protective mechanisms as
NST on the transcriptional level, these transcripts are presented in Figure 6. Like NST, ST massively
accumulated LEA protein transcripts during water deficit and desiccation (Figure 6; LEA and
Chaperones tab in Desiccome App). This accumulation was evident at the first sampling point for ST
— when the NST was at full turgor the ST already upregulates LEA transcript production, particularly
that of the dehydrin Rab18. The same is true for those transcripts associated with redox homeostasis,
such as the anti-oxidants PER1 and thioredoxin (Anti-oxidants tab, Desiccome). The same is also true
for chaperones identified in the Desiccome, with the exception of genes encoding BAG family
chaperone regulators 3 and 6, which decrease in abundance in AD ST. Two aldose reductase genes,
the protein product of which has been shown to confer osmotic stress tolerance to E.coli (Mundree et

al., 2000), are highly upregulated in all three tissues (Sugars tab, Desiccome).
Sugar accumulation

Accumulation of stabilising and vitrifying sugars and decreasing starch is a shared response of several
resurrection plants (Moyankova et al., 2014; Yobi et al., 2012; Farrant, Brandt, and Lindsey 2007).
Transcripts encoding starch degrading alpha- and beta-amylases were increased in abundance in all
three tissue types, as did sucrose synthase (Sugars tab, Desiccome), correlating with observed
increases in sucrose in both NST and ST (Chapter 2, fig. 5). Genes associated with accumulation of
raffinose family oligosaccharides, galactinol synthase 1, galactinol-sucrose galactosyltransferase and
stachyose synthase (Yobi et al., 2017) were upregulated here in all three tissues. All three components
of trehalose synthesis regulation were upregulated as well: trehalose phosphate synthase (in the early

phase), trehalase and trehalose phosphate phosphatase (in the late phase) (Sugars tab, Desiccome).
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LEA and Chaperone Genes
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Figure 6: Desiccation-specific genes are highly accumulated in all leaf tissues of X. schlechteri.

Log2 fold change values relative to FT NST are shown in NST, PST and ST during water deficit and
rehydration. Genes are annotated with their SwissProt annotation and genome ID. RWC values are
representative of NST for easy comparison of tissues. White vertical lines separate tissue types. LEA and
chaperone genes are shown here, but the full Desiccome dataset is available at the QR code or at
https://astridite.shinyapps.io/XeroDesiccome/
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Transcriptional Regulation and Signalling

Patterns of expression for signalling (ABA, calcium, light, G-proteins and receptor kinases) was
consistent between NST and ST during desiccation (Signalling tab, Desiccome). ABA is a known
regulator of abiotic stress and desiccation tolerance in this species (Costa et al., 2017), and so the
presence of ABA-responsive genes (ABI5, GEM-like protein 3 and several PP2Cs) is not unexpected.
The same is true for the transcriptional regulators from a number of families including C2C2, C2H2,

bZIP, AP2/EREBP, MYC, NAC, HB, HSF (RNA-regulation of transcription tab, Desiccome).
Energy generation

The question of energy generation during desiccation is an intriguing one, as in the absence of
photosynthesis, resurrection plants still require energy (in the form of NADH and ATP) for the
functioning of anti-oxidants and other considerable cellular changes undertaken to bring about
guiescence. Transcriptionally, there is evidence for fermentation in the early response with an
increase in Aldehyde dehydrogenase and pyruvate decarboxylase transcript abundance (Primary
metabolism tab, Desiccome). Throughout the imposed water deficit, gluconeogenesis transcripts
citrate synthase and Acetate/butyrate--CoA ligase AAE7 were upregulated, as were numerous
glycolysis transcripts. Cytochrome c transcript abundance increased sharply in the early stages of
water deficit and, while decreasing in the later stages, remained significantly elevated compared to
FT NST. Two other electron transport protein transcripts (Putative arsenical pump-driving ATPase and
ubiquinone) were also elevated during desiccation in all three tissues (Primary metabolism tab,

Desiccome).

Altogether these transcripts appear to accumulate to similar degrees in NST, PST and ST with the
exception of the rehydrated state, where they diminished in NST and to a lesser degree in PST and
remained mostly unchanged in ST (with the exception of a sight accumulation at AD) (Primary

metabolism tab, Desiccome).
Protein degradation

A number of serine, aspartate, cysteine and AAA-type protease genes were significantly upregulated
during desiccation in all three tissues, as were 38 E3 family ubiquitin ligase encoding genes. The
upregulation of these genes may indicate functioning of the unfolded protein response (UPR), and
degradation of misfolded proteins produced during water deficit stress in the endoplasmic reticulum
(Ye et al., 2011; reviewed by Griffiths, et al., 2014). Notably, two metacaspase 1 genes, encoding a

caspase-like protein that is implicated in bringing about “superoxide-dependent cell death in a
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reactive oxygen-sensitized state” (Coll et al., 2017) are upregulated in the late stages of desiccation in

all three tissue types (Protein tab — Desiccome).
Lipid metabolism

Like NST and PST, ST significantly upregulated a number of genes involved in lipid metabolism. A
number of lipid-degrading enzymes, including lipases and phospholipases were significantly
accumulated (Lipids tab, Desiccome). Lipid modifying desaturase enzyme genes are also upregulated
in all three tissues, including Omega-3 fatty acid desaturase (chloroplastic), and have been proposed
to play a role in drought and desiccation tolerance (reviewed in Tshabuse et al., 2018). There is also a
noteworthy increase in Oleosin transcript abundance in all three tissues, indicating that stabilisation

of lipid bodies is a feature of DT in this species (Lipids tab, Desiccome).
Secondary metabolism

Transcripts associated with anthocyanin and carotenoid biosynthesis were highly differentially
expressed in response to water deficit, accumulating in the early, late and core response to
dehydration. Transcripts in all three tissues respond similarly, with the exception of those involved in
anthocyanin biosynthesis, which remain elevated in PST and ST during rehydration, but not in NST

(Secondary metabolism tab, Desiccome).
DNA repair

A number of DNA repair transcripts were upregulated in the late stages of desiccation in the NST and
PST that are not upregulated to the same degree in ST: DNA repair protein UVH3,
Deoxyribodipyrimidine photo-lyase and DNA-damage-repair/toleration protein DRT111. While these
genes are upregulated in ST, they do not meet the threshold for “significance”. The DNA-damage-
repair/toleration protein DRT100 was, however, more highly accumulated in ST (DNA-repair tab,

Desiccome).
Senescence Prevention

Two Bl1-like (Bax inhibitor 1-like) genes were highly expressed in all three tissues during desiccation
(see Chaperones tab, Desiccome). Bax1 has been proposed to attenuate PCD in A.thaliana roots (Duan
et al., 2010) and interact with ATG6 (autophagy-associated gene 6) to regulate autophagy and PCD
(Xu etal., 2017).

X. schlechteri Senescome

Based on the differential expression analysis and K-means clustering result, the transcripts

differentially accumulated at AD ST relative to AD NST are good candidates for illuminating the
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Figure 7: Desiccation-driven senescence occurs below 35% RWC in apical ST. Log2 fold
change values relative to FT NST are shown in NST, PST and ST during water deficit and
rehydration. Genes are annotated with their SwissProt annotation and genome ID. RWC
values are representative of NST values. White vertical lines separate tissue types. The
right-most column represents gene expression in AD ST relative to AD NST. The full
Senescome dataset is available at https://astridite.shinyapps.io/XeroSenescome/
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senescence phenomenon. Interestingly, in the air-dry (AD) state, where all tissues were at the same
RWC, was where a considerable peak expression occurred in ST. Figure 7 and the Senescome App
report DEGs found to be significantly accumulated and diminished in AD ST relative to AD NST.
Comparing within the AD sampling point enables dissection of senescence-related genes away from
desiccation-related genes, which are presumably highly expressed in both tissues (based on the
observation in Fig. 3, cluster 2), as opposed to a comparison to FT NST, which would conflate

senescence and DT processes. Processes of interest to senescence are reported in the following text.
Cell death

The Mercator-identified cell death genes identified in this comparison fall exclusively within the DST
supercluster, except for Apoptosis-inducing factor homolog B, which peaks in expression in NST at
75% RWC (Fig. 3, cluster 9). The remaining transcripts accumulate late in the desiccation timeline, and
to a higher degree in ST. Transcripts encoding apoptosis-inducing factor homologues A and B, Yellow
Leaf Specific (YLS9) proteins, accelerated cell death 11 (ACD11) and hypersensitive-induced response

protein 1 are all highly expressed in response to desiccation in ST (Cell tab, Senescome).
Signalling: hormones

All major plant hormones are represented in the up- and down-regulated transcripts categorised
under hormone metabolism (Senescome). One transcript involving the synthesis of ABA
(9_cis_epoxycarotenoid dioxygenase 1) was upregulated in AD ST and two were down-regulated
(Zeaxanthin epoxidase and Carotenoid cleavage dioxygenase 7). An ABA-induced cell-death mediator
HVA22 (Guo and Ho, 2008) was also upregulated here. The auxin-responsive SAUR32, upregulated in
senescing Nicotiana tobacum leaves (Zhao et al., 2018), was upregulated in AD ST. As are two auxin-
responsive probable aldo-keto reductases, theorised to play a role in detoxifying stress-induced
formation of toxic aldehydes and ketones in A. thaliana (Simpson et al., 2009). Expression of ethylene-
responsive TF 4 was also significantly upregulated in AD ST and is a known repressor of GCC-box stress
genes in A.thaliana (Fujimoto et al., 2000). The ethylene-responsive N-acetyltransferase HLS1-like is
also upregulated during senescence in A.thaliana (Buchanan-Wollaston et al., 2005) and plays a role
in mediating sugar and auxin signalling (Liao et al., 2016). Three transcripts encoding 1-
aminocyclopropane-1-carboxylate oxidase, an ethylene biosynthesis enzyme (Zhang et al., 1995),
were highly upregulated in AD ST. The transcript encoding a gibberellin deactivating enzyme
Gibberellin 2-beta-dioxygenase is upregulated in AD ST, indicating that gibberellin-responsive gene
expression is tempered (Thomas, Phillips, and Hedden, 1999). Jasmonate synthesis is encoded in AD
ST by the transcripts 12-oxophytodienoate reductase 1 and Allene oxide synthase 1 and 2, role-players

in oxylipin metabolism. The role of the upregulated lipoxygenases (Linoleate 9S-lipoxygenase 6 and
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Putative lipoxygenase 5) is unclear, however they too participate in oxylipin metabolism (Bannenberg
et al., 2009), with the latter also upregulated during senescence in A. thaliana (Z. Li et al., 2012). Two
salicylic acid-binding protein transcripts were highly expressed in AD ST. N. tabacum homologues to
these proteins have been shown to have lipase activity (Kumar and Klessig, 2003) (see Signalling-

Hormones tab, Senescome app).
Signalling: kinases and phosphatases

A number of senescence-associated kinases and phosphatases (Buchanan-Wollaston et al., 2005) are
upregulated in the AD ST, including two PP2Cs (12 & 15), CBL-interacting protein kinase 6 and L-type
lectin-domain containing receptor kinase S.5 (Signalling-kinases tab, Senescome). An additional two
PP2Cs (9 & 75) were upregulated at AD and are implicated in abscisic acid metabolism (see hormone
metabolism — abscisic acid tab, Senescome), the former also differentially expressed in A. thaliana
during senescence (Buchanan-Wollaston et al., 2005). The significant increase in expression of OXI1
(OXIDATIVE SIGNAL-INDUCIBLE 1) is notable — this serine/threonine receptor kinase is involved in
oxidative burst signalling and various stress responses in A. thaliana (Rentel et al., 2004). Except for
the kinases and phosphatases described above, those found upregulated in AD ST were largely

uncharacterised in desiccation sensitive species (Signalling-kinases tab, Senscome).
Signalling: transcription factors

A number of transcription factor (TF) families associated with senescence, namely ERF, MYB, NAC and
WRKY (Balazadeh, Riafio-Pachdén, and Mueller-Roeber, 2008), were significantly differentially
expressed at <10% RWC (RNA-regulation of transcription tab, Senescome). The most highly
represented TF family is WRKY, with 16 transcripts encoding WRKY TFs, including WRKY6 and WRKY42
which have been implicated in senescence processes (Buchanan-Wollaston et al., 2005; Z. Li et al.,
2012). Allarge proportion of MYB and MYB-related protein genes are also represented here, with three
transcripts shown to be transcribed during senescence in A. thaliana — MYB108, At1g4600 and Myb-
related protein R (Buchanan-Wollaston et al., 2005). Senescence-implicated ethylene-responsive TFs
ERF and RAP2-4 (Buchanan-Wollaston et al., 2005; Penfold and Buchanan-Wollaston, 2014) were
upregulated as well — ERFO53 plays an additional role in abiotic stress tolerance in A.thaliana (Hsieh,
Cheng, and Lin, 2013). Zinc finger ZAT proteins, of which ZAT10 and ZAT12 have been shown to be
responsive to abiotic stress (Mittler et al., 2006; Davletova et al., 2005) were highly differentially
expressed in AD ST. The TF JUNGBRUNNEN1, highly accumulated in ST throughout DT (Fig.3, cluster
11), has been shown to be a stress-responsive promoter of phenylpropanoid biosynthesis and a
longevity regulator in A.thaliana (Wu et al., 2012). Similarly, Mediator of RNA polymerase |l

transcription subunit 33A was upregulated in the senescome and is a regulator of phenylpropanoid
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biosynthesis (Bonawitz et al., 2012). Transcription factors with diminished relative abundance in AD
ST include members of the PHD finger, Homeobox (HB), heat shock factor, FHA and MYB families

(RNA-regulation of transcription tab, Senescome).
Chromatin remodelling

A number of chromatin-remodelling factors and DNA methyltransferases (Zhao et al., 2018) are also
present in the data set, indicating that NST potentially conducts some epigenetic regulation in the dry
state while ST does not (Senescome — DNA synthesis/repair). Chromatin remodelling complex protein
SYD is responsible for chromatin remodelling during stress for easy access of stress-inducible genes
(Walley et al., 2008) and was down-regulated in AD ST. The same trend is true for three transcripts
annotated as Protein DEK, a protein responsible for supercoiling DNA (Waidmann et al., 2014) and

Topoisomerase 1, the canonical DNA remodeller (Senescome — DNA synthesis/repair).
Macromolecular degradation: proteins

Protein degradation is favoured over protein synthesis in the ST at AD, with 40 transcripts indicating
various protein degrading mechanisms significantly differentially accumulated (Protein tab,
Senescome). Of these mechanisms, those involved with proteasomal degradation were most
abundant. A number of aspartate, serine and metallo-proteases were significantly differentially
accumulated in ST, these too being transcribed during senescence in Barley and A. thaliana (Parrott
et al., 2007; Golldack, Popova, and Dietz, 2002). A cysteine protease, vacuolar processing enzyme
(VPE), has been shown to act during senescence (Hatsugai et al., 2015). Hatsugai et al.(2015) proposed
that VPE mediates activation of other vacuolar hydrolytic enzymes, leading to degradation of the
vacuole and initiation of proteolysis and PCD. Of the protein degradation DEGs, four are members of
the autophagosome complex: autophagy-related protein 8C, 13, 18f and 18h transcripts, indicating
that the cells might be triggering autophagic cellular death (Protein tab, Senescome). This
corresponds with the observation of macroautophagy in ST (Chapter 2, fig. 4), indicating that this

process might be triggered near to or in the airdry state.

While numerous E3-RING proteasome transcripts were significantly differentially accumulated in ST,
indicating that protein degradation via the proteasome may be occurring, three were relatively
diminished. As the E3 family contains over 1400 members (Mazzucotelli et al., 2006), it is reasonable

to expect some conflicting differential expression of these transcripts.
Macromolecular degradation: nucleic acids

A number of DNA and RNA nucleases were upregulated in AD ST including an organelle-specific

nuclease (DPD1) and ribonucleases (DNA tab, Senescome). Interestingly, AD ST highly accumulates
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Endonuclease 1 transcripts, a senescence-specific nuclease that degrades both DNA and RNA in A.
thaliana (Perez-Amador et al., 2000) during the terminal stages of leaf senescence (Farage-Barhom et
al., 2008). It functions at low pH (5.5) and its DNA and RNA nuclease activity is increased with addition
of calcium and zinc ions in vitro (Lesniewicz et al., 2013). Additionally, structural maintenance of
chromosomes proteins 1 and 3 (cell- cell division tab, Senescome) are diminished in AD ST, indicating

that the structural integrity of chromatin is not prioritised in AD ST.
Metabolism: amino acids

Coinciding with the senescence-associated proteolysis is release of amino acids and peptides (Havé et
al., 2017). The fate of these small molecules is thus of interest in the characterisation of senescence.
The only DEGs to do with amino acid degradation were two upregulated methionine gamma-lyases
(Amino Acids tab, Senescome). These enzymes catalyse the conversion of methionine to 2-
oxobutyrate (an isoleucine or acetyl-CoA precursor), ammonium and methanethiol in the cytoplasm.
An alternative fate for methionine is presented by the upregulation of four S-adenosylmethionine
(SAM) synthase transcripts, which encode the enzyme responsible for catalysing the first step in
ethylene biosynthesis: the conversion of methionine to SAM. Further evidence for the potential
biosynthesis of ethylene from methionine comes from the upregulation of a 1-aminocyclopropane-1-
carboxylate (ACC) synthase transcript (catalyses the conversion of SAM to ACC) and two ACC oxidase
transcripts which catalyse the conversion of ACC to ethylene (Houben and Van de Poel, 2019).
Aromatic amino acid synthesis transcripts, particularly those encoding phenylalanine biosynthesis (5-
methyltetrahydropteroyl-triglutamate--homocysteine methyltransferase 2, Arogenate
dehydratase/prephenate dehydratase 6 and Arogenate dehydratase 3) were upregulated in AD ST.
Asparagine synthesis enzyme transcripts were upregulated in AD ST as well: Aspartate
aminotransferase converts oxaloacetate into aspartate, and asparagine synthetase converts aspartate
(and glutamine) into asparagine (Lea et al., 2007). Bifunctional aspartate aminotransferase and
glutamate/aspartate-prephenate aminotransferase, also upregulated in AD ST, catalyses the
reversible conversion between 2-oxoglutarate and aspartate on one side of the equation and
glutamate and oxaloacetate on the other (Graindorge et al., 2010). There is additional upregulation of
serine and glycine biosynthesis transcripts in AD ST (Amino Acids tab, Senescome), corresponding

with elevation of these compounds (and asparagine) in AD ST (Chapter 2, fig. 5).
Metabolism: lipids

A number of lipid degrading enzymes were highly upregulated in the Senescome, including
phospholipases A1, C1 and D (Lipids tab, Senescome), all of which have been shown to accumulate in

senescent A. thaliana leaves (Schmid et al., 2005; Van Der Graaff et al., 2006; Breeze et al., 2011).
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Synthesis of phosphatidic acid, an important abiotic stress signalling lipid, is driven by the sequential
action of phospholipases C or Dp1 and diacylglycerol kinase, all upregulated in AD ST. Degradation of
lipids may also be used to drive central metabolism for generation of NADH and ATP (Troncoso-Ponce
et al., 2013) (Lipids tab, Senescome). The appearance of four transcripts binned under sphingolipid
biosynthesis is also noteworthy, as this lipid family has been proposed as a regulator of apoptosis-like

PCD in A.thaliana (Alden et al., 2011) (Lipids tab, Senescome).
Metabolism: energy generation via alternate pathways and electron transport

The question of how a desiccating and senescent cell may be generating enough energy to undergo
considerable molecular changes and possibly redistribute nutrients is an interesting one. For a start,
transcripts encoding glycolysis (Phosphoenolpyruvate carboxykinase) and TCA cycle enzymes were
upregulated in AD ST — these genes being expressed at FPKM values close to or higher than FT NST,
representing the only peak in their expression during desiccation in ST (Primary metabolism tab,
Senescome). This correlates with the observed increased accumulation of TCA cycle compounds malic,
succinic and citric acid in AD ST relative to AD NST (Chapter 2, fig.5). There was also an increase in
fermentation enzyme transcripts (L-lactate hydrogenase and aldehyde dehydrogenase) in all three
tissues at AD, but particularly in AD ST, indicating that fermentation may be employed to generate
NADH. Another potential source of NADH might be glutamate dehydrogenase 2, upregulated in AD
ST, which catalyses the conversion of glutamate and NAD* to 2-oxoglutarate and NADH (The UniProt
consortium, 2019). Similarly, another nitrogen assimilating enzyme with increased transcript
abundance in AD ST, nitrate reductase, catalyses the conversion of nitrite and NAD* to NADH and
nitrate in the cytoplasm. Alcohol dehydrogenase converts primary alcohols and NAD*to an aldehyde
and NADPH. The enzyme 2-alkenal reductase converts alkanals into alk-2-enals with high specificity
for NADP* and the release of NADPH (The UniProt consortium, 2019). This suggests that numerous
sources for NAD(P)H generation exist despite the shutdown of photosynthesis and the Calvin cycle.
The potential fate of this NAD(P)H is intriguing. The upregulation in AD ST of ubiquinol oxidase 1a
(AOX), electron transfer flavoprotein subunit alpha and NADPH:quinone oxidoreductase transcripts
suggests that mitochondrial electron transport is somewhat functional. If AOX is translated, the
protein competes for electron flow, suggesting that some electrons may be terminating at this
electron acceptor (after passing through complexes | and Il and generating some proton flow into the
inner mitochondrial space) rather than proceeding through complex Ill towards complex IV via
cytochrome C. The termination of electron flow at AOX rather than complex IV dramatically reduces
the ATP yield than if the entire pathway is functional (Vanlerberghe, 2013). There also seems to be
some evidence that electron transport is still functioning in the desiccated state, as ATP synthase

transcript abundance overall is not significantly different during desiccation to that at FT in NST
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(Primary metabolism tab, Desiccome) and there appears to be an increase in cytochrome c

abundance in all tissues during all stages of water deficit (see Primary metabolism tab, Senescome).
Secondary Metabolism

Phenylpropanoid biosynthesis transcripts were notably enriched in AD ST (Secondary metabolism tab,
Senescome). Phenylalanine ammonia lyase (four homologues with increased transcript abundance)
catalyses the conversion of phenylalanine to cinnamate, representing the first committed step in
phenylpropanoid biosynthesis. Polyphenol oxidase, proposed to be a vital component of the
desiccation-induced anti-oxidant menagerie (liang et al., 2007; Veljovic-Jovanovic, Kukavica, and
Navari-lzzo, 2008), was upregulated in AD NST and PST and extensively transcribed in AD ST.
Polyphenol oxidase is responsible for the conversion of coumaric acid to quinic acid (Bibhuti Bhusan
Mishra, 2016), a compound that is significantly differentially accumulated in ST during drying and
desiccation (Chapter 2, fig. 5). Synthesis of phenylpropanoids, including chlorogenic acid (also highly
accumulated in ST relative to NST), has been reported in senescent and drought-stressed tobacco
(Torras-Claveria et al., 2012). Caffeic acid, also highly accumulated in ST, is the substrate for Caffeic
acid O-methyltransferase 1, (with increased transcript abundance in AD ST ) and is responsible for the
first step of lignin and flavonoid biosynthesis (Do et al., 2007) (Secondary metabolism tab,

Senescome).

A surprising enrichment of secondary metabolite genes to do with plant cell wall biosynthesis is
present in the Senescome (Cell wall tab, Senescome). Four cellulose synthesis genes (Endoglucanase
9, Cellulose synthase-like protein E6, Probable cellulose synthase A catalytic subunit 3 [UDP-forming]
and COBRA-like protein 7) are upregulated in AD ST relative to both AD NST and FT NST. The same is
true for a number of hemicellulose synthesis and cell wall precursor synthesis genes, such as UDP-
glucose. UDP-glucuronate:xylan alpha-glucuronosyltransferase 2 joins these precursors to form xylan
(Mortimer et al., 2010), but an alternative end-point for these precursors might be the synthesis of

sucrose via sucrose synthase or raffinose family oligosaccharides (Yobi et al., 2017).

Transport: nitrogen

Nutrient transporters are an important component of the senescence response, being responsible for
distribution of the breakdown products of various metabolisms to viable (sink) tissues (Havé et al.,
2017). Redistribution of nitrogen from source to sink tissues is crucial and is achieved by cleavage of
proteins and nitrogenous compounds into amino acids, peptides and nitrate that are easily

transportable. A tetra- and penta-peptide transporter, Oligopeptide transporter 7, was upregulated
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in AD ST ST (Transport-amino acids tab, Senescome) and may play a role in transporting short
peptides from senescing cells. Amino acid transporter cationic amino acid transporter 1 (CAT1) is
responsible for transport of a broad range of amino acids into and out of cells in A.thaliana (Su,
Frommer, and Ludewig 2004) and was highly expressed in AD ST. Proline transporter 2 is highly
expressed in tissues with increased proline content and is responsible for amino acid retrieval from
the apoplast (Lehmann et al., 2011), hence, is a potential transporter of proline from ST to NST/PST.
Interestingly, a cystinosin homologue is also upregulated in AD ST. Cystinosin is a transporter
responsible for transporting cystine (cysteine-dimers) out of lysosomes after protein hydrolysis and
has been described in mammalian cell lines and yeast, but not in plants (Kalatzis et al., 2001). How
released amino acids are accepted by sink cells is an important question to ask. The transcript
encoding amino acid permease 1 (a permease involved with amino acid transport into cells) was highly
accumulated in NST in the late stages of water deficit (see Transport tab - Desiccome), to a lesser
degree in PST and not differentially in ST. Thus, uptake via this transporter could be a mechanism for
apoplastic and phloem-loaded transport of amino acids from ST into NST as proposed by Dinkeloo et
al. (2018). Nitrate transport is another mechanism for mobilisation of nitrogen. A transporter
responsible for export of nitrate into xylem, Protein NRT1/ PTR FAMILY 7.3 (Lin et al., 2008), was highly
expressed in AD ST, but not in PST nor NST. Protein NRT1/ PTR FAMILY 4.6, a nitrate bidirectional
transporter, was also highly expressed in ST relative to the other tissues and has been shown to also
transport ABA (Corratgé-Faillie and Lacombe, 2017). A potential mechanism for nitrate uptake in NST
and PST is via Protein NRT1/ PTR FAMILY 6.2, a nitrate transporter (Corratgé-Faillie and Lacombe,
2017) highly expressed in AD NST and PST (see Transport tab - Desiccome), but not in ST. Another
potential mechanism comes from the upregulation of Urea-proton symporter DUR3 in AD ST, which
has been shown to regulate transport of urea from the apoplast to phloem in A. thaliana (Bohner et

al., 2015) (see Transport-amino acids/misc tab, Senescome)

Transport: carbon

A number of transcripts associated with sugar transport significantly accumulated in AD ST. Sugar
transport proteins 7 and 13 are sugar/proton symporters that are involved in the uptake of apoplastic
hexoses in response to biotic stress (Lemonnier et al., 2014). Two UDP-galactose transporters were
also upregulated in ST and might be implicated in transport of cell wall precursors, which may be
utilised to drive RFO synthesis (Yobi et al., 2017) in surviving tissues. Two probable sugar phosphate
translocators (At3g11320 and At5g25400) also significantly accumulated in all three tissue types,
indicating that sugars may also be transported in their phosphorylated form for delivery of both

carbon and phosphate to sink tissues. A fatty acid export protein 4 (Li et al., 2015), highly upregulated
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in ST during rehydration (see Transport - Desiccome), might be utilised to transport fatty acids to

viable tissues during recovery (Transport-sugars/lipids/misc tab, Senescome).

Transport: phosphorous

Mobilised phosphate comes from phospholipids, nucleotides, phosphorylated molecules and
specifically phosphorylated ribosomal RNA (reviewed in Shane et al.,, 2014). Phospholipids are
targeted by phospholipase C and D, both of which increased in expression in AD ST (Transport-
phosphorus tab, Senescome), potentially releasing phosphates for redistribution. Shane et al. (2014)
proposed that extracellular ribonucleases may facilitate phosphate remobilisation during senescence
by cleaving leaked RNA in the apoplast, releasing free phosphorylated nucleotides suitable for uptake
by surrounding cells and sink tissues. In X. schlechteri, extracellular ribonuclease LE was accumulated
in all three tissue types during desiccation and remained elevated in all three upon rehydration (a
significant rarity for this dataset — see Desiccome app). The nucleotide transporter purine-uracil
permease, which was expressed to a greater degree in NST and PST than ST during desiccation,
indicating that nucleotide transport may occur apoplastically from ST to surviving tissues via this
mechanism. Cells of the ST also exhibit greater expression of purple acid phosphatases, which have
been implicated in cleaving phosphates from phosphorylated molecules for the purposes of storage

and/or redistribution (Shane et al., 2014) (Transport-phosphorus/misc tab, Senescome).

Transport: other

Transcripts encoding four potassium transporters (Potassium transporter 5, Probable potassium
transporter 17, two-pore potassium channel 5 and potassium channel AKT2) were significantly
accumulated in AD ST, as were two sulphate transporters (Sulfate transporter 3.1 and Probable sulfate
transporter 3.5) (Transport-potassium/misc/metals tab, Senescome). A senescence associated zinc
transporter 5 was also upregulated in AD ST, as reported in senescent A. thaliana (Buchanan-
Wollaston et al., 2005). Molybdate transporter 2, a senescence-specific molybdate transporter, was
highly expressed in ST and not NST or PST and is implicated in high efficiency molybdate transport
(Gasber et al., 2011). Conversely, expression of cadmium/zinc-transporting ATPase HMA2, a root-to-
shoot zinc transporter was down-regulated in AD ST, indicating its transition from sink to source of

this metal.

Intercellular communication
Two transcripts encoding lysine/histidine transporter 1 were greatly upregulated in ST at AD. This gene

encodes a broad specificity amino acid transporter, which also functions as an apoplastic ACC
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(aqueous ethylene precursor) transporter in A.thaliana (Shin et al., 2015). Signalling via ACC might be
a way for NST and PST to communicate the need for sacrifice and redistribution of nutrients from ST.
Alternatively, it could be a way for the cells of ST to communicate with one another and coordinate
their demise. Similarly, GABA transporter 1 was highly expressed in AD ST (and was also increased in
abundance in AD NST and PST relative to FT NST). It is an important GABA uptake protein that was
shown to have high expression in senescent A. thaliana, which coincided with increased levels of GABA

in the leaf tissues (Meyer et al., 2006) (Transport-amino acids tab, Senescome).

Regulation of the senescence co-expression subnetwork

The AD Senescome co-expression subnetwork was interrogated to identify putative regulators of
senescence. Upstream regions of up to 1kb were obtained for this subset of genes (565 nodes) and
subjected to DREME analysis to discover enriched transcription factor binding motifs in these
sequences relative to the full network (3206 nodes). Two regions were significantly enriched, a
GTCAAHS site and a CRCGTW site (Fig. 8). The upstream regions either contained the GTCAAHS site or
both, but never the CRGTW site only. It is important to note that none of the other network
superclusters contained significant differentially enriched motifs through this method — this is the only
subnetwork that displayed significant motif enrichment. TomTom was utilised to identify potential
motif-binding transcription factors in a plant transcription factor database (Jaspar plants 2018 non-
redundant sites), the results of which are available in supplementary Tables 6 and 7. The majority of
homologues for these genes are in the ST-LRS supercluster. Of the GTCAAHS motif-binding TFs, 15 are
significantly upregulated in the Senescome: four WRKY23, one WRKY57, one WRKY6, one WRKY70,
two WRKY71 and three WRKY75 homologues (Fig. 8). Of the CRCGTW motif binding TF homologues,
9 were present in the ST-late response supercluster, but only one was significantly upregulated in the
Senescome: a BHLH13 homologue (supplementary Table 7). Coloured genes, based on the presence
of these motifs in their upstream regions, show how prolific their presence was (Fig. 8 inset) and thus
how many genes in the senescence subnetwork are potentially under WRKY transcription factor
control. All WRKY TFs present in the network contain one or both domains, indicating that their
expression is self-regulated (Fig. 8). Figure 9 illustrates how most of the transcription factors in the
senescence subnetwork contain these motifs in their upstream region, suggesting that expression of

closely clustered senescence genes is directly and/or indirectly modulated by WRKY TFs.

A potential mechanism for the control of the senescence-specific subnetwork is detailed in Figure 10.
After it was identified that a great number of TFs in the subnetwork are potentially under control of
the WRKY transcription factors (Fig. 8 and 9), the upstream regions of WRKY TFs in the network were

investigated to a higher degree. It was found that all seven WRKY TFs in the network possessed an
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ERF096 and/or ERF1B binding site in their upstream region. This ERF096 binding site was also found
upstream of the ACC oxidase and ACC synthase (ethylene biosynthesis) genes and upstream of ERF096
itself. ERF096 contained an additional upstream motif that is a binding site for MYB3, which was also
highly upregulated within the subnetwork. The ACC oxidase, MYB3 and all seven WRKYs genes all
contained a WRKY binding motif in their upstream regions, indicating a potential cyclical regulatory
nature within this tightly associated subnetwork. Additionally, the ABA synthesis enzyme 9-cis-
epoxycarotenoid dioxygenase NCED3 (chloroplastic) contained both motifs in its upstream region,
indicating that ABA synthesis in late stages of drying may be driven by the action of this transcriptional

regulatory network.

The activation of MYB3 and WRKY6 might occur via action of MAPK6, a known regulator of abiotic
stress responses and actor in senescence (Chai et al., 2014). The activity of signalling kinases is not
necessarily reliant on the abundance of transcript encoding them, as their regulation occurs on the
protein level. Thus, speculating on potential mechanisms without protein information should be
performed with caution. The combination of osmotic, drought and oxidative stress on the AD leaf
could imply cross-talk between signalling pathways and potential amplification of specific
mechanisms. In A. thaliana, these stressors result in the accumulation of calcium ions within the cell,
ROS and phosphatidic acid accumulation (Reviewed in detail by Smékalova et al., 2014). The
upregulation of anti-oxidant and calcium binding protein genes, as well as the upregulation of
phosphatidic acid synthesis genes (Signalling-calcium and Lipids tab, Senescome) indicate that similar
stimuli and responses are at play in X. schlechteri. A number of calcium signalling transcripts were
found in the senescence subnetwork including calmodulin-like (CML) proteins (CML27, 30, 31, and
35), calcium dependent protein kinases and a receptor-like kinase (RLPK At5g7070) (Fig. 10C).
Calmodulinl has been shown to signal ROS production in response to ABA in A.thaliana, as well as

function in receptor-like kinase 1 (RLK1) mediated senescence (Dai et al., 2018).
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Figure 8: The senescence subnetwork is potentially under WRKY transcription factor control.
Upstream regions (1kb) of the senescence subnetwork genes were subjected to differential motif
enrichment analysis using DREME. The upstream regions of the full network served as control
sequences for comparison. Two enriched motifs were discovered in the senescence subnetwork:
GTCAAHS and CRCGTW. In those genes with enriched motifs present, they either contained GTCAAHS
TomTom identified a number of putative GTCAAHS and CRCGTW,
including a number of WRKY and bHLH transcription factors present in the Senescome.

or a combination of both motifs.



MYB39

L
. ®

. Ao e
AP2/ERF - ,‘E.ﬁgPFo 8

RAV1
SR8 L)
oy »*
W v
!AT”‘AMZ
ZAT10 JACE 4 g NA

ZAT9

BHLHO4 10
© $ ‘.'

) WRKY4 *
MBKY71 ZAT12 .6 .MY83
ATS5
17

o g |
WRKY6 * jad
BHLHe®™ )\ 5 o EN ®
ICEN g B ||.2 .
- ¢ ERFOS3
53 MYB108

E‘T.

@
WRKY33

MYB108

Figure 9: Transcriptional control of the senescence subnetwork. The senescence-specific
subnetwork was isolated from the main network and re-organized with the yFiles Organic
layout to prevent node overlap. The shape of nodes denotes whether they contain the
GTCAAHS motif (squares) or both the GTCAAHS and CRCGTW motifs (diamonds) or neither
(circles). Transcription factor nodes are increased in size for greater clarity and labelled with
their abbreviated SwissProt gene description. The nodes in panels A-C are coloured for their
log2FC relative to FT NST in AD NST (A), AD PST (B) and AD ST (C). The nodes in panel D are
coloured for their degree (number of connections to other nodes in the subnetwork). The
majority of transcription factors contain putative WRKY binding sites in their upstream regions.
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In A.thaliana, intracellular calcium ions, ROS, PA and ABA all activate the serine/threonine receptor
kinase OXI1 (highly transcriptionally upregulated in AD ST), which triggers MAPK6 activation (Rentel
et al., 2004; Shumbe et al., 2016). Activation of various transcription factors, including MYB3, are
carried out by MAPK6 (Smékalova et al., 2014). It is proposed here that a similar mechanism for
ethylene production and WRKY TF synthesis is at play in ST of X. schlechteri. WRKY6 is additionally
activated directly by MAPK6 (Kim et al., 2018). MAPK®6 also has been shown to directly phosphorylates
ACC-synthase, driving production of ethylene in A.thaliana in response to stress (Liu and Zhang, 2004).
The activation of WRKY6 has been shown to drive a number of senescence-associated genes in
A.thaliana including calmodulins, peroxidases, pectin esterase, lipase, MAP kinases, serine/threonine
kinases, ABC transporters and others (Robatzek and Somssich, 2002). This is consistent with the classes
of gene expression we report in the Senescome, which strongly indicates that a parallel process is at

play in X. schlechteri, but at remarkably low water contents.

Another fascinating component to regulation of this subnetwork is presented by the enrichment of
the CRCGTW motif in the upstream region of a substantial number of nodes, all of which also contain
the GTCAAHS site. As annotated through TomTom analysis, this CRCGTW motif is a potential binding
site for a number of transcription factors including bHLH13 and MYC2/3/4. Group Illd bHLH TFs
(including bHLH13) have been shown to repress expression of senescence associated protease SAG29,
whereas MYC3/4/5 TFs have been shown to bind to the same site and activate expression of this gene
in the presence of jasmonic acid (Qi et al., 2015). Thus, repressed expression of these genes in NST
and PST may be facilitated by bHLH TFs. Indeed, there is a transcript annotated as MYC4 that displays
increased expression in AD ST (albeit not to a great enough degree to be included in the Senescome
data set). Collectively, these observations indicate that repression of senescence in NST and PST might

be facilitated by binding of repressors to the CRCGTW site.

Conclusions
Stabilisation, mitigation of stress and senescence initiation

The dramatic increase in gene expression in AD ST represents a mixed population of cells at different
phases of senescence: genes representing the initiation (transcriptional control), reorganisation
(molecular degradation and transport) and termination (cellular death genes and nucleases) phases
of senescence that are present in the same sample. The AD sampling point is, therefore, a snapshot

of these processes and does not mean that these genes are necessarily transcribed in the air-dry state
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— their transcription could occur at any RWC between 35% and AD and were detected at AD in the
present study. However, by 48h after rehydration, these senescence-encoding transcripts have served
their purpose and are no longer synthesised in surviving cells of the ST and those that were present
are presumably expunged by nucleases, their resulting free nucleotides apoplastically reclaimed by
surviving cells. The remaining cells resemble air-dry tissue on the transcriptional level, confirming the
hypothesis made in chapter 2 that while most cells in the ST are lysed, some survive and contribute

to the marginal RWC recovery of the tissue.

The present study found that, on the transcriptional level, protective mechanisms are being deployed
in NST, PST and ST to the same degree: LEA, heat shock, sugar synthesis and anti-oxidant encoding
genes are transcribed in all tissue types. Transcription below 35% RWC in the ST takes place in the
context of a desiccated cell, as evidenced by the upregulation of desiccation tolerance genes. While
there is evidence that these genes are transcribed in ST, there is no evidence as to whether they are
translated and thus whether these gene products are performing their function in stabilising cells of
the ST and ameliorating the stresses brought about by desiccation. Assuming these genes are
translated and that their protein products are active, senescence is not the result of a deliberate
switching off of desiccation tolerance processes (on the transcriptional level), rendering the tissue
desiccation sensitive, but rather a parallel process engaging a relatively small number of tight
regulators (WRKY, ERF and bHLH transcription factor families) to bring about macromolecular
degradation, nutrient remobilisation and lysis in cells. The hypothesis that some of these desiccome
genes are indeed translated in senescent tissue, despite the lack of confirmatory proteome analysis,
is not unrealistic as it is not unreasonable to assume that stabilisation of the cellular constituents
required for transcription of senescence genes below 35% RWC is presumably reliant on the presence
of stabilising molecules such as LEA proteins, molecular chaperones, etc to maintain the correct

conformation of transcriptional machinery below 35% RWC.

The question of how the overlapping osmotic, drought and oxidative stresses do not cause the same
cellular death response in NST and PST during desiccation is an intriguing one. While there is some
evidence that expression of the senescence subnetwork is triggered to a degree in these proximal
tissues (expression of genes in cluster 3 and 6 do peak to a lesser degree in NST and PST than in ST,
and there is increased log2 foldchange of the senescence subnetwork, as observed in figures 3 and 4),

indicating that some cells may indeed succumb to the stress.
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Figure 11: Proposed model coupling stress responses and energy requirements with senescence initiation in X. schlechteri.
Stressed leaves shut down photosynthesis with the onset of water deficit. Glycolysis, the TCA cycle and electron transport in the
mitochondria are presumably still active as transcripts encoding their enzymes do not diminish during desiccation, with some
increasing in abundance (e.g. cytochrome C). These mechanisms drive production of ATP and NADH, required for a variety of
intracellular protection mechanisms including production of vitrifying sugars and RFOs and mitigation of ROS via anti-oxidant
enzymes (e.g. glutathione reductase) and for synthesis of non-enzymatic anti-oxidants (e.g. ascorbic acid). As the tissues
become severely stressed (<20% RWC) available sources for the regeneration of NADH and ATP become fewer. Expression of
enzymes involved with beta-oxidation and fermentation increase in order to produce NADH, as does expression of alternative
oxidase (AOX), which truncates the electron transport chain, terminating it short of cytochrome C. This truncation of electron
transport potentially prevents production of free radicals while still producing some ATP for cellular processes. However, as
energy sources for production of NADH and ATP dwindle, as does the cell’s ability to mount a defense against toxic
intermediates and ROS. This accumulation of unmitigated ROS, coupled with phosphatidic acid build up (a result of the action of
lipases required for entry of lipids into beta-oxidation), leads to triggering of senescence processes as described in figure 10, and
expressions of senescence-associated genes (SAGs).
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Why so many cells within ST succumb, leading to bulk tissue death, may be due to prolonged exposure
to drought stress: these tissues are the first tissues to experience water deficit (leaves fold from the
apex towards the base and presumably experience water deficit in the same direction, as is reflected
in the lower RWC phenomenon discussed in chapter 2). These tissues have also endured prolonged
exposure to UV radiation compared to their NST counterparts (due to their being the oldest part of
the leaf). Therefore, the level of photoreactive damage they incur is presumably greater. They express
similar levels of protectant (anti-oxidant, LEA, heat shock, secondary metabolite) transcripts, but
perhaps this is not enough to mitigate the great level of damage they incur during drying and

senescence processes are initiated in response to the many overlapping stress signals.

There is a parallel argument to be made regarding the energy balance within cells: NADH and ATP are
required by enzymatic anti-oxidants, such as glutathione reductase, and for synthesis of non-
enzymatic anti-oxidants for dealing with ROS and free radicals generated during water deficit stress.
As proposed by Kranner et al.,(2002), the anti-oxidant status of a resurrection plant is the ultimate
determinant of its viability. Figure 11 illustrates the following proposal: to keep up with the demands
for NADH and ATP, while limiting ROS formation, stressed cells shut down photosynthesis but keep
glycolysis, the TCA cycle and electron transport active. As ST cells enter a severely stressed state,
below 35% RWC, genes encoding lipases and beta-oxidation enzymes are transcribed to drive the TCA
cycle for regeneration of NADH. The electron transport chain is truncated by AOX to limit high energy
electron transitions and thus further unstable intermediate formation. Fermentation is additionally
employed to meet energy demands. When a tipping point is reached, wherein the energy required to
mitigate ROS and toxic intermediates is not produced rapidly enough to prevent their build-up,
senescence processes are initiated via activation of ERF and WRKY genes as described in Figure 10.
Additionally, the action of lipases to produce substrate for beta-oxidation, especially phospholipase C
and D, drives production of phosphatidic acid, yet another driver for senescence initiation as outlined

in Figure 10.

It is proposed here that intermediates apoplastically transported from senescent cells towards NST
and PST enables these tissues to drive production of NADH and ATP and therefore conquer the
mounting ROS within their own cells, as well as to provide substrate for full metabolic recovery upon
water availability. The subject of nutrient remobilisation is precarious: while there are several
transport-associated transcripts upregulated in ST, the presence of a transporter transcript says
nothing about whether the transporter is present or whether it is active or, assuming it is, in which
direction the nutrient or building block is being transported. However, the evidence of certain uptake
transporters only differentially expressed in NST and PST and other bidirectional transporters highly

expressed in AD ST suggests a directional flow of nutrient from ST to NST/PST and presents an
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opportunity for further investigation of nutrient mobilisation via the apoplast in near-desiccated and

rehydrated tissues.

According to this model, PST and NST will also eventually succumb to desiccation if left in the dry state
for long enough, which is yet to be demonstrated. There is also some evidence suggesting older tissues
are more susceptible to ethylene than younger tissues (Jing et al., 2002, 2005), but it is yet to be
determined how and indeed whether resurrection plants experience typical hallmarks of aging in the
dry state. It is proposed here that survival of cells is dependent on a delicate balance between ROS
homeostasis, meeting energy requirements and developmental susceptibility to ethylene and other

hormones.
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Supplementary figure 1: qPCR validation of trends in the transcriptome. RNA isolated
from FT, 55% RWC (NST) and rehydrated samples was subjected to qPCR amplification to

confirm consistency of the RNA Seq results.
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Supplementary Table 1: An average of 87% of transcripts measured aligned to the reference

genome.

Sample Number of reads Read Length Mapping rate Multiple alignment rate
min max mean stdev

FTNST1 25792292 35 75 74,4301 1,6678 22792996 (88.4% of input)  of these: 2589168 (11.4%) have multiple alignments (10 have >20)
FTNST2 19229153 35 75 74,3772 2,21 16490111 (85.8% of input)  of these: 1861108 (11.3%) have multiple alignments (14 have >20)
FTNST3 23246554 35 75 74,4468 1,5673 20286232 (87.3% of input)  of these: 2235862 (11.0%) have multiple alignments (4 have >20)
FTST1 20560559 35 75 74,4269 1,6575 18220110 (88.6% of input)  of these: 2044021 (11.2%) have multiple alignments (12 have >20)
FTST2 21830413 35 75 74,4406 1,5568 19122390 (87.6% of input)  of these: 2201322 (11.5%) have multiple alignments (14 have >20)
FTST3 25924940 35 75 74,444 1,4666 22826991 (88.1% of input)  of these: 2559372 (11.2%) have multiple alignments (7 have >20)
75% NST 1 27451624 35 75 74,4101 1,7686 23700736 (86.3% of input)  of these: 2256265 ( 9.5%) have multiple alignments (12 have >20)
75% NST 2 22454488 35 75 74,4666 1,5185 20039211 (89.2% of input)  of these: 1922780 ( 9.6%) have multiple alignments (12 have >20)
75% NST 3 22234613 35 75 74,4268 1,8523 19585132 (88.1% of input)  of these: 1795170 ( 9.2%) have multiple alignments (7 have >20)
75% PST 1 22259193 35 75 74,3962 1,9974 19631720 (88.2% of input)  of these: 1778586 ( 9.1%) have multiple alignments (11 have >20)
75% PST 2 23713951 35 75 74,4593 1,5466 21445678 (90.4% of input)  of these: 2137733 (10.0%) have multiple alignments (32 have >20)
75% PST 3 22479787 35 75 74,4246 1,8269 19887330 (88.5% of input)  of these: 1834823 ( 9.2%) have multiple alignments (11 have >20)
75%ST1 25773607 35 75 74,4277 1,8698 22077599 (85.7% of input)  of these: 2119665 ( 9.6%) have multiple alignments (12 have >20)
75%ST 2 24881059 35 75 74,4314 1,7301 22400875 (90.0% of input)  of these: 2268921 (10.1%) have multiple alignments (26 have >20)
75%ST 3 26381596 35 75 74,4014 1,9541 23837688 (90.4% of input)  of these: 2266243 ( 9.5%) have multiple alignments (10 have >20)
55% NST 1 21943220 35 75 74,3551 2,2274 18759474 (85.5% of input)  of these: 1659908 ( 8.8%) have multiple alignments (34 have >20)
55% NST 2 32274948 35 75 74,416 1,897 28004522 (86.8% of input)  of these: 2501615 ( 8.9%) have multiple alignments (3 have >20)
55% NST 3 28191999 35 75 74,4279 1,724 24225855 (85.9% of input)  of these: 2212225 ( 9.1%) have multiple alignments (20 have >20)
55% PST 1 33569421 35 75 74,3847 2,1435 29331628 (87.4% of input)  of these: 2425094 ( 8.3%) have multiple alignments (5 have >20)
55% PST 2 25629440 35 75 74,4318 1,7912 22456984 (87.6% of input)  of these: 2024248 ( 9.0%) have multiple alignments (6 have >20)
55% PST 3 23174815 35 75 74,4295 1,7199 19936729 (86.0% of input)  of these: 1818656 ( 9.1%) have multiple alignments (9 have >20)
55% ST 1 35013141 35 75 74,4106 1,9136 30705691 (87.7% of input)  of these: 2996944 ( 9.8%) have multiple alignments (4 have >20)
55%ST 2 30515418 35; 75 74,4311 1,7416 26533698 (87.0% of input)  of these: 2532274 ( 9.5%) have multiple alignments (10 have >20)
55% ST 3 21886007 35 75 74,4378 1,7152 18989827 (86.8% of input)  of these: 1771702 ( 9.3%) have multiple alignments (20 have >20)
35% NST 1 25113875 35 75 74,4158 2,0119 21597201 (86.0% of input)  of these: 2066116 ( 9.6%) have multiple alignments (4 have >20)
35% NST 2 19433823 35 75 74,4527 1,6235 17318277 (89.1% of input)  of these: 1702520 ( 9.8%) have multiple alignments (0 have >20)
35% NST 3 33830382 35 75 74,4194 1,8928 29565424 (87.4% of input)  of these: 2701801 ( 9.1%) have multiple alignments (17 have >20)
35% PST1 29128372 35 75 74,4325 1,8564 25542335 (87.7% of input)  of these: 2404067 ( 9.4%) have multiple alignments (5 have >20)
35% PST 2 16716566 35 75 74,459 1,6329 14705769 (88.0% of input)  of these: 1397250 ( 9.5%) have multiple alignments (4 have >20)
35% PST 3 26106457 35 75 74,4051 1,989 22664155 (86.8% of input)  of these: 1983405 ( 8.8%) have multiple alignments (21 have >20)
35%ST1 21151107 35 75 74,4489 1,6332 18346257 (86.7% of input)  of these: 1771107 ( 9.7%) have multiple alignments (6 have >20)
35%ST2 26335629 35 75 74,4592 1,5457 23356949 (88.7% of input)  of these: 2312281 ( 9.9%) have multiple alignments (6 have >20)
35%ST 3 16261674 35 75 74,3853 2,1077 14021673 (86.2% of input)  of these: 1304631 ( 9.3%) have multiple alignments (16 have >20)
ADNST 1 22562653 35 75 74,4476 1,8622 19822345 (87.9% of input)  of these: 1655023 ( 8.3%) have multiple alignments (2 have >20)
ADNST2 19421848 35 75 74,3322 2,6554 17066065 (87.9% of input)  of these: 1631914 ( 9.6%) have multiple alignments (6 have >20)
ADNST 3 18896477 35 75 74,2694 2,6134 16303351 (86.3% of input)  of these: 1548786 ( 9.5%) have multiple alignments (7 have >20)
ADPST1 14293821 35 75 74,4881 1,5791 12716043 (89.0% of input)  of these: 1087256 ( 8.6%) have multiple alignments (8 have >20)
ADPST2 20495749 35 75 74,4009 2,2409 18017476 (87.9% of input)  of these: 1715124 ( 9.5%) have multiple alignments (2 have >20)
ADPST3 21061362 35 75 74,3907 2,167 18308562 (86.9% of input)  of these: 1732961 ( 9.5%) have multiple alignments (8 have >20)
ADST1 14805716 35 75 74,4546 1,8104 12940374 (87.4% of input)  of these: 1250809 ( 9.7%) have multiple alignments (2 have >20)
ADST2 23104005 35 75 74,3128 2,6374 20233293 (87.6% of input)  of these: 1981199 ( 9.8%) have multiple alignments (3 have >20)
ADST3 22039689 35 75 74,4148 1,8883 19132713 (86.8% of input)  of these: 1916650 (10.0%) have multiple alignments (8 have >20)
RHNST 1 15581678 35 75 74,4552 1,7115 13510344 (86.7% of input)  of these: 1397972 (10.3%) have multiple alignments (10 have >20)
RHNST2 16484555 35 75 74,1181 3,1214 14125852 (85.7% of input)  of these: 1473882 (10.4%) have multiple alignments (23 have >20)
RHNST3 20584373 35 75 74,433 1,766 18088038 (87.9% of input)  of these: 1862108 (10.3%) have multiple alignments (9 have >20)
RHPST1 25088555 35 75 74,4216 1,7355 21906335 (87.3% of input)  of these: 2137735 ( 9.8%) have multiple alignments (3 have >20)
RHPST2 22688980 35 75 74,4011 1,8369 20086315 (88.5% of input)  of these: 2023444 (10.1%) have multiple alignments (94 have >20)
RHPST3 25080269 35 75 74,4064 1,9345 22023335 (87.8% of input)  of these: 2077406 ( 9.4%) have multiple alignments (6 have >20)
RHST1 13035356 35 75 74,4283 2,0366 10818250 (83.0% of input)  of these: 999655 ( 9.2%) have multiple alignments (0 have >20)
RHST2 14854856 35 75 74,3698 2,3143 12985666 (87.4% of input)  of these: 1227446 ( 9.5%) have multiple alignments (7 have >20)
RHST3 22614287 35 75 74,372 2,0825 19140402 (84.6% of input)  of these: 1802659 ( 9.4%) have multiple alignments (3 have >20)
AVERAGE 23003614,75 35 75 74,410 1,909 87,382
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Supplementary table 2: Enriched gene ontologies in the Reduced and Recovered supercluster. Classes were
determined using BINGO in Cytoscape , the output of which was subjected to redundancy removal in ReviGO. The
extent to which the ontologies are enriched is given by the o/e ratio (ratio of observed to expected number of
genes) and the Bonferroni-adjusted qvalue for each ontology.

Number of representative

Cluster Description ofe qval  Significance categories GO term

reproduction 8,06E-13 *bk 1 3
cell recognition 9 | 8,06E-13 Rk 1 8037
response to organic substance 0,3214 0,0214 o 2 10033
reproductive process 8,06E-13 HxH 4 22414
multicellular organismal process 0,3605 1,15E-09 ok 1 32501

3 (obsolete) cellular process involved in reproduction 8,06E-13 it 1 48610
multi-organism process 4,96E-12 XY 1 51704
post-translational protein modification 0,13218 0,000216 L 5 43687
cell communication N042470 7e-12 A 1 7154
phosphorus metabolic process 0,133  0,000105 nEx 1 6793
macromolecule modification 0,1261 0,000473 ok 1 43412
response to endogenous stimulus 0,3214 0,0214 * 1; 9719
(obsolete) GTP catabolic process 0,4483 0 Hokk 1 6184
photosynthesis 0,5484 0 i 1 15979
protein polymerization 0,346533 0,003467 ek 3 51258

10 GTP metabolic process 0,262213 0,001663 HEX 8 46039
lipid biosynthetic process 0,202333 0,011567 * 3 8610
nucleobase-containing compound catabolic process 0,374217 0,000192 ok 12 34655
regulation of cyclin-dependent protein serine/threonine kinase ¢ 0,5714  0,0316 * 1 79

12 glycine catabolic process 1,46% * 2 6546

Supplementary table 3: Enriched gene ontologies in the early response supercluster. Classes were
determined using BINGO in Cytoscape , the output of which was subjected to redundancy removal in ReviGO.
The extent to which the ontologies are enriched is given by the o/e ratio (ratio of observed to expected
number of genes) and the Bonferroni-adjusted gvalue for each ontology.

Number of representative

Cluster  Description ofe gval  Significance categories GO term
translational elongation 0,253333 0,00001 AR 6 6414
biological_process 0,06 0,0257 * 1 8150
metabolic process 0,07 1,6E-06 Lkl 1 8152
cellular process 0,08 7,27E-15 Hhy 1 9987
energy coupled proton transport, down electrochemical gradient 0,28  0,00827 *Ek 1 15985
biosynthetic process 0,16 3,4E-39 s i, 9058

1 protein folding 0,13 0,0331 * 1 6457
cellular metabolic process 0,09 7,96E-20 k¥ 1 44237
primary metabolic process 0,08 4,57E-14 il 1 44238
gene expression 0,175 2,76E-25 Fhx 2 10467
macromolecule metabolic process 0,1 5,14E-21 ol 1 43170
heterocycle metabolic process 0,12 0,0398 % 1 46483
protein metabolic process 0,11 2,9E-21 L 1 19538
purine ribonucleotide biosynthetic process 0,29087 0,019375 KA 23 9152
(obsolete) oxygen and reactive oxygen species metabolic process 545 | 0,0172 % 1 6800
superoxide metabolic process 0,0172 % 1 6801
biological_process 0,002 HEE 1 8150

9 monovalent inorganic cation transport 0,10755 0,0336 * 4 15672
localization 0,0822 0,0213 * 1 51179
regulation of biological quality 0,1304 0,0229 * 1 65008
cellular homeostasis 0,1385 0,0345 % 3 19725




Supplementary table 4: Enriched gene ontologies in the late response supercluster. Classes were determined
using BINGO in Cytoscape , the output of which was subjected to redundancy removal in ReviGO. The extent to
which the ontologies are enriched is given by the o/e ratio (ratio of observed to expected number of genes) and
the Bonferroni-adjusted qvalue for each ontology.

Number of representative

Cluster  Description ofe qval  Significance categories GO term
cellular process 0,07 0,0199 x 1 9987
ribonucleoprotein complex biogenesis 0,19 0,0219 % 1 22613
tetrapyrrole biosynthetic process 0,416 0 rEE 5 33014
biosynthetic process 0,11 0 R 1 9058
lipoprotein metabolic process 0,26 0,0443 x 1 42157
photosynthesis 0,16 0,0376 * 1 15979
nitrogen compound metabolic process 0,1 0 b 1 6807
cofactor metabolic process 0,18 0,0006 A 1 51186
cellular metabolic process 0,07 0,0001 i 1 44237

4 macromolecule metabolic process 0,07 0,0074 HEX 1 43170
lipoprotein biosynthetic process 0,26 0,0443 * 2 42158
heterocycle metabolic process 0,15 0,0002 G 1 46483
cofactor biosynthetic process 0,25 0,0001 R i 51188
ncRNA metabolic process 0,23875 0,006919 ik 16 34660
gene expression 0,1 0,0034 i 2 10467
cellular nitrogen compound metabolic process 0,11 0 e 1 34641
cellular amine metabolic process 0,11 0,0443 il 1 44106
tetrapyrrole metabolic process ) 0 e 1 33013
amino acid activation 0,0208 S 2 43038
cellular biosynthetic process 0,00005 " 4 44249
protein catabolic process 0,000374 Lhi 8 30163
regulation of organelle organization | 0,0287 i 1 33043
cellular localization 0,24 5,73E-05 i 1 51641
cofactor biosynthetic process 0,27 0,0451 * 1 51188
RNA splicing 0,5 0,011 ! 5 8380
regulation of ARF protein signal transduction 0,38 0,0496 5 4 32012

5 transcription from RNA polymerase Il promoter 0,538462 0,013997 = 3 6366
vesicle-mediated transport 0,203297 0,020892 & 1 16192
mRNA metabolic process 0,297872 0,025266 5 3 16071
intracellular transport 10,251497 0,000225 ity 5 46907
transcription initiation from RNA polymerase Il promoter | 0,6 } 0,017061 5 1 6367
proteolysis 0,177177 0,026449 = 1 6508
protein localization 0,229508 0,0012 e 3 8104
macromolecule localization 0,220513 0,002372 L 1 33036
post-Golgi vesicle-mediated transport — 0,00267 ¥ 2 6892
ncRNA metabolic process 0,194 0,005913 &% 5 34660
ribosome biogenesis 0,175 0,0313 ¥ 2 42254
nitrogen compound metabolic process 0,1 4,78E-08 i 1 6807
macromolecule metabolic process 0,06 0,0193 A 1 43170
amino acid activation 0,122  0,020845 B 5 43038

7 microtubule-based movement 0,19 0,00362 L5k 1 7018
microtubule-based process 0,18 0,000536 Ly 1 7017
gene expression 0,08 0,0295 * 1 10467
mismatch repair 0,254  6,83E-05 b 5 6298
cellular amine metabolic process 0,11 0,00911 by 1 44106
amine metabolic process 0,1 0,0196 * 1 9308
cellular ketone metabolic process 0,09 0,0295 % 1 42180
nucleic acid metabolic process 0,1175 0,010576 bk 8 90304
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Supplementary table 5: Enriched gene ontologies in the drought/desiccation elevation cluster supercluster.
Classes were determined using BINGO in Cytoscape , the output of which was subjected to redundancy
removal in ReviGO. The extent to which the ontologies are enriched is given by the o/e ratio (ratio of observed
to expected number of genes) and the Bonferroni-adjusted qvalue for each ontology.

Cluster  Description

o/e
embryo development - 0,

developmental process
ion transmembrane transport
hydrogen transport

Number of representative

Significance categories GO term
009878 e 2 9790
0,0197 * 1 32502
0,037525 ¥ 4 34220
0,0308 * 1 6818

Supplementary table 6: Enriched gene ontologies in the ST late response supercluster. Classes were determined
using BINGO in Cytoscape , the output of which was subjected to redundancy removal in ReviGO. The extent to
which the ontologies are enriched is given by the o/e ratio (ratio of observed to expected number of genes) and

the Bonferroni-adjusted gvalue for each ontology.

Numberof representative
Cluster  Description ofe qval  Significance categories GO term
transport 0,126667 0,0178 X 3 6810
response to wounding 0,033 ¥ 1 9611
carbohydrate catabolic process 0,2 0,0184 * 6 16052
6 localization 0,12 0,0277 ¥ 1 51179
catabolic process 0,14 0,0483 * 1 9056
coenzyme A metabolic process 0,56 0,033 * 1 15936
lipid oxidation 0,033 * 1 34440
reproduction 0,18  0,000359 FRA 1 3
protein phosphorylation 0,391818 0,028725 b 11 6468
biological_process 0,04 0,00932 ey 1 8150
metabolic process 0,05 0,00193 L 1 8152
reproductive process 0,18 0,000359 e 4 22414
multicellular organismal process 0,14 0,0029 ot 1 32501
(obsolete) cellular process involved in reproduction 0,18  0,000359 rex 1 48610
multi-organism process 0,17 0,000625 1% 1 51704
11 cell recognition 0,18  0,000359 i 1 8037
cell communication 0,16 0,000685 bl 1 7154
monosaccharide metabolic process 0,112222 0,022487 Fxk 9 5996
generation of precursor metabolites and energy 0,11 0,0208 * 1 6091
coenzyme metabolic process 0,12 0,0499 * 1. 6732
phosphorus metabolic process 0,06  0,000219 BEX 1 6793
macromolecule modification 0,05 0,028 * 1 43412
oxidation-reduction process 0,06 0,0175 * 1 55114
alcohol metabolic process 0,385 0,039 * 4 6066




Supplementary table 6: Transcription factors with known binding sites to the GTCAAHS motif
identified by TomTom.
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TomTomID GenelID X.schlechteriID Optimal p-value E-value Overlap Query Target consensus Orientation
offset consensus
MA1165.1 AT1G49560 0 0.01 7.01 7 GTCAAAG ATCAAAGATTC +
MA1390.1 AT1G68670 2 0.02 9.56 ¥ GTCAAAG GAATCAAAGATTC +
MA1306.1 WRKY11 Xvis03_201752; 5 0.00 0.98 7 GTCAAAG AAAAAGTCAACGCT
Xvis03_213823;
Xvis03_205846;
Xvis03_205928;
Xvis03_214066
MA1075.1 WRKY12 1 0.00 0.30 7 GTCAAAG  GGTCAACG -
MA1314.1 WRKY14 4 0.00 1.04 7 GTCAAAG AAAAGTCAACGAT +
MA1076.1 WRKY15 2 0.00 0.13 7 GTCAAAG AGGTCAACGC +
MA1299.1 WRKY17 5 0.00 1.42 7 GTCAAAG AAAAAGTCAACGCC +
MA1077.1 WRKY18 3 0.00 1.20 7 GTCAAAG ATGGTCAACG +
MA1078.1 WRKY2 Xvis03_212849 2 0.00 1.54 6 GTCAAAG CGGTCAAC +
MA1295.1 WRKY20 Xvis03_200083; 4 0.00 0.43 7 GTCAAAG AATAGTCAACGTT =
Xvis03_218672
MA1079.1 WRKY21 3 0.00 0.33 7 GTCAAAG AAGGTCAACG +
MA1303.1 WRKY22 4 0.00 1.49 7 GTCAAAG AAAAGTCAACGAT +
MA1080.1 WRKY23 Xvis03_221572; 1 0.00 0.17 7 GTCAAAG AGTCAACG +
Xvis03_203616;
Xvis03_203836;
Xvis03_211583
MA1315.1 WRKY24 6 0.00 1.19 7 GTCAAAG AAAAAAGTCAACGA -
MA1081.1 WRKY25 2 0.01 2.57 6 GTCAAAG CGGTCAAC +
MA1297.1 WRKY26 Xvis03_209784 4 0.00 0.95 7 GTCAAAG AAAAGTCAACGGT +
MA1318.1 WRKY27 4 0.00 1.62 7 GTCAAAG AAAAGTCAACGAT -
MA1311.1 WRKY28 Xvis03_211038 4 0.00 0.64 7 GTCAAAG AAAAGTCAACGAT -
MA1298.1 WRKY29 4 0.00 1.06 7 GTCAAAG AAAAGTCAACG
MA1309.1 WRKY3 Xvis03_200369; 4 0.00 0.34 7 GTCAAAG AAAAGTCAACG +
Xvis03_208183;
Xvis03_215320;
Xvis03_206017;
Xvis03_219578
MA1083.1 WRKY30 1 0.00 0.37 7 GTCAAAG GGTCAACGCT +
MA1307.1 WRKY31 12 0.00 231 7 GTCAAAG GGATAAAAAAAAGTCAACG +
MA1301.1 WRKY33 Xvis03_210468; 4 0.00 0.34 7 GTCAAAG AAAAGTCAACG o
Xvis03_221299
MA1084.1 WRKY38 1 0.00 0.36 T GTCAAAG GGTCAACG =
MA1085.2 WRKY40 Xvis03_201790; 3 0.01 2.89 7 GTCAAAG AAAGTCAAAA +
Xvis03_219584;
Xvis03_214127;
Xvis03_205822
MA1310.1 WRKY42 Xvis03_223134 4 0.01 2.91 7 GTCAAAG AAAAGTCAACGCTAATTAAAA -
MA1086.1 WRKY43 2 0.00 1.01 7 GTCAAAG AAGTCAACAC +
MA1087.1 WRKY45 1 0.00 0.27 7 GTCAAAG GGTCAACG -
MA1296.1 WRKY46 Xvis03_201984; 4 0.00 0.38 i GTCAAAG CAAAGTCAACG -
Xvis03_209794
MA1312.1 WRKY47 2 0.00 0.67 7 GTCAAAG AAGTCAACGCCGGT =
MA1088.1 WRKY48 3 0.00 0.24 7 GTCAAAG GAGGTCAACG +
MA1317.1 WRKY50 Xvis03_214509; 6 0.00 0.53 74 GTCAAAG AAAAAAGTCAAAG -
Xvis03_220179
MA1305.1 WRKY55 3 0.00 0.89 7 GTCAAAG AAAGTCAACGCT w
MA1089.1 WRKY57 Xvis03_200381 3 0.00 0.22 7 GTCAAAG AAAGTCAACG A2
MA1304.1 WRKY59 5 0.00 0.07 7 GTCAAAG AAAAAGTCAAAG +
MA1300.1 WRKY6 Xvis03_215220; 12 0.00 211 7 GTCAAAG ATGTTAAAAAAAGTCAACG o
Xvis03_201108;
Xvis03_209315
MA1090.1 WRKYE0 3 0.00 0.16 7 GTCAAAG CCGGTCAACGT +
MA1091.1 WRKY62 2 0.00 1.71 6 GTCAAAG TGGTCAAC +
MA1092.1 WRKY63 2 0.01 7.18 6 GTCAAAG CGGTCAAC +
MA1302.1 WRKY65 Xvis03_204587; 4 0.00 0.81 T GTCAAAG AAAAGTCAACG +
Xvis03_207150;
Xvis03_211384;
Xvis03_213501;
Xvis03_211410
MA1313.1 WRKY7 5 0.00 1.19 7 GTCAAAG AAAAAGTCAACGCT -
MA1308.1 WRKY70 Xvis03_210487; 4 0.00 1.25 7 GTCAAAG AAAAGTCAACGCT -
Xvis03_217167;
Xvis03_203971
MA1316.1 WRKY71 Xvis03_215653; 4 0.00 0.46 7 GTCAAAG AAAAGTCAACG +
Xvis03_221542
MA1093.1 WRKY75 Xvis03_200827; 2 0.00 1.40 6 GTCAAAG AAGTCAAC +
Xvis03_221600;
Xvis03_223511
MA1094.1 WRKY8 2 0.00 0.16 7 GTCAAAG AGGTCAACG %
MAO0589.1 ZAP1 6 0.01 5.81 5 GTCAAAG GGCTCGGTCAA -
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Supplementary table 7: Transcription factors with known binding sites to the CRCGTWS motif identified by

TomTom.
TomTomID  GenelD X. schlechteri ID Optimal p-value E-value Overlap Query Target Orientation
offset consensus consensus
MA0930.1 ABF3 1 0.01 5.96 6 CACGTT ACACGTGT +
MAQ0931.1 ABIS Xvis03_213691 3 0.02 8.19 6 CACGTT TGACACGTGG +
MAQ0959.1 AIB (BHLH) 1 0.01 5.43 6 CACGTT GCACGTGC +
MA0956.1 BEE2 2 0.02 8.99 6 CACGTT AGCACGTGCT +
MA0960.1 BHLH104 2 0.02 8.99 6 CACGTT GGCACGTGCC +
MA0958.1 BHLH13 Xvis03_204378; 1 0.01 5.96 6 CACGTT GCACGTGC +
Xvis03_222948;
Xvis03_211193
MAQ957.1 BHLH3 1 0.01 5.96 6 CACGTT GCACGTGC +
MA0962.1 BHLH34 1 0.01 5.43 6 CACGTT GCACGTGG +
MA0963.1 BHLH78 1 0.01 5.96 6 CACGTT GCACGTGC +
MA0964.1 BIM1 Xvis03_223143 1 0.02 9.90 6 CACGTT GCACGTGACC +
MA0965.1 BIM2 Xvis03_203332; 2 0.02 8.19 6 CACGTT GGCACGTGCC +
Xvis03_223142
MA0966.1 BIM3 2 0.02 7.49 6 CACGTT AGCACGTGCT +
MA0969.1 CMTA2 4 0.02 9.12 5 CACGTT AAACCGCGT +
MA0970.1 CMTA3 1 0.01 6.23 6 CACGTT CCGCGTTAC +
MAO0566.1 MYC2 Xvis03_216854; 1 0.01 6.57 6 CACGTT GCACGTGC +
Xvis03_218694;
Xvis03_218787
MAO0568.1 MYC3 1 0.01 7:27 6 CACGTT GCACGTGC +
MAO0569.1 MYC4 Xvis03_216855; 1 0.01 5.96 6 CACGTT ACACGTGC +
Xvis03_201608;
Xvis03_218693
MA0935.1 NAC025 0 0.01 4.20 6 CACGTT TACGTAAC +
MA1045.1 NAC043 2 0.01 6.33 6 CACGTT TTTACGTAAT &
MAQ937.1 NACO55 1 0.00 0.61 6 CACGTT ACACGTAA +
MA1033.1 0J1058_F05.8 1 0.01 5.96 6 CACGTT ACACGTGT +
MA0988.1 PHYPADRAFT_143875 2 0.02 8.19 6 CACGTT CGCACGTGCG +
MA1021.1 PHYPADRAFT_48267 1 0.01 5.96 6 CACGTT CCACGTGC +
MA0561.1 PIF4 0 0.01 6.57 6 CACGTT CACGTGGC +
MAO0562.1 PIF5 1 0.02 8.84 6 CACGTT TCACGTGG +
MA1061.1 SPT 2 0.02 8.24 6 CACGTT CCCACGTGC +
MAO0129.1 TGA1A Xvis03_217288 1 0.02 8.50 6 CACGTT TGACGTA -
MA1411.1 TSAR1 2 0.02 8.19 6 CACGTT AGCACGTGCG +
MA1412.1 TSAR2 2 0.02 8.99 6 CACGTT TGCACGTGCG +
MA1074.1 UNE10 Xvis03_220116 1 0.01 5.96 6 CACGTT CCACGTGC +
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Supplementary Figure 2: Motifs upstream from key regulators in X.schlechteri senescence
subnetwork. TomTom identification of motifs in enriched sites:

A ERF096 binding site with motif conserved in all upstream regions of the WRKY TFs identified in
senescence subnetwork identified by DREME and TomTom.

B EF096 binding site in upstream regions of ethylene biosynthesis genes ACC oxidase and ACC
synthase identified by DREME and TomTom.

C ERF096 binding site on ERF096 upstream region identified by MEME and TomTom.

D MYB3 binding site in ERFO96 upstream region identified by MEME and TomTom.

E ERFO1B binding site in all upstream regions of the WRKY TFs identified in senescence
subnetwork identified by DREME and TomTom.

F ERFO1B binding site in upstream regions of ethylene biosynthesis genes ACC oxidase and ACC
synthase identified by DREME and TomTom.
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Chapter 4

A model of senescence in Xerophyta schlechteri: integrating

insights from the physiology, metabolome and transcriptome
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Mitigation of desiccation-related stress in non-senescent tissues

Like other resurrection plants, non-senescent tissue (NST) of Xerophyta schlechteri enters the
desiccated state with a suite of protectants intended to prevent cellular death, these being
summarized in Figure 1. Prior to this, with initial decrease in relative water content (RWC) to 75%
signaling via abscisic acid (ABA) is evident (Chapter 2 Fig. 6), driving transcription of genes within the
ABI3 regulon, including oleosins, seed maturation proteins and 1-Cys peroxiredoxin (PER1) (confirming
data from Costa et al.,, 2017). These protectants, in addition to late embryogenesis abundant (LEA),
heat shock proteins (HSPs), especially small HSPs, and other chaperone proteins, have been proposed
to stabilize macromolecules within cells (Costa et al., 2017). Stabilization of proteins is crucial for their
functioning in catalyzing the reactions that bring about quiescence, as well as preventing programmed
cell death (PCD) signaling via the unfolded protein response (UPR) (Griffiths, et al. 2014). It is proposed
here that photosynthetic decline brought about by water deficit, as evidenced by dramatically
decreased abundance of transcripts relating to photosynthesis (Chapter 3, Fig. 5) and dismantling of
thylakoid membranes (Chapter 2, Fig. 4) and diminishment of chlorophyll by 50% RWC (Chapter 2,
supplementary Fig. 1). This cessation of photosynthesis likely prevents formation of reactive oxygen
species (ROS), which have been proposed to damage cellular constituents and activate PCD signalling
(Petrov et al.,2015). ROS are likely further mitigated by both enzymatic (increased transcript
abundance of PER1 and peroxygenase) (Chapter 3, anti-oxidants tab — Desiccome app) and non-
enzymatic anti-oxidants (chlorogenic, quinic, caffeic and aminocaproic acid) (Chapter 2, Fig. 5),
decreasing their likelihood of signalling for PCD. Mechanical stress and potential rupture of the
plasmalemma is prevented by the observed vacuolation in desiccating cells, as well as limited cell wall
folding (Chapter 2, Fig. 4). Vitrification likely plays a role in this stabilization, as water is replaced with
increasing concentrations of sucrose and other compatible solutes (Chapter 2, Fig. 5). Until NST
reaches ~35% RWC, senescent tissue (ST) follows this same desiccation tolerance programme,

deviating only in the very final stages of drying.
Signaling Senescence in X. schlechteri

This study revealed that cellular death during water deficit in X. schlechteri occurs at low water
contents - within the desiccation range (20% - <5% RWC). It is proposed here that senescence is
initiated in response to mounting ROS levels in severely stressed cells of the ST (modelled in Figs 2 and
3). These unmitigated ROS are presumably the result of activity within mitochondria, as they maintain
activity of the electron transport chain (ETC) to supply the energy demands of the cell as it undergoes
major structural changes required for quiescence. Enzymatic and non-enzymatic anti-oxidants are

deployed, however do not successfully mitigate the ROS built up thought this energy
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Figure 1: A model of desiccation tolerance in X. schlechteri leaf tissues during desiccation. Defining features of desiccation
(below 35% RWC) in NST are presented here. Processes, gene products and compounds that are highly
accumulated/triggered in NST relative to FT NST are shown in red; those lowly accumulated/triggered are shown in blue.
The central vacuole is fragmented, and chloroplasts lose their chlorophyll, unstack their grana and accumulate plastoglobuli.
Photosynthesis transcripts (PS) are diminished, and chloroplasts swell to aid in mechanical stabilization. As NST cells reach
the desiccated state, they have accumulated protectants that prevent PCD on several fronts. ROS are mitigated by
accumulation of enzymatic (PER1, PER2) and non-enzymatic anti-oxidants (not shown) Sugar metabolism is directed towards
sucrose and RFO biosynthesis, probably in aid of vitrification. Compatible solutes (amino acids), LEAs, chaperones and sHSPs
protect proteins against misfolding and overcrowding as the cell volume decreases. Oleosins accumulate to protect stored
lipid bodies and DNA repair enzymes accumulate to repair UV and ROS-imposed DNA damage. Transcripts encoding enzymes
of glycolysis and the TCA cycle are highly accumulated, implying that energy generation and amino acid biosynthesis proceed
via these processes (further evidenced by the accumulation of asparagine, alanine and citrate). Tyrosine, phenylalanine and
tryptophan are highly accumulated, as are the transcripts encoding their synthesis via the shikimate pathway. The UPR is
triggered to prevent accumulation of proteins that are not essential for quiescence, and the resulting pool of free amino
acids is presumably converted to asparagine for storage. Repression of Senescome genes is achieved by binding of repressors

to the CRCGTW and GTCAAHS motifs in their promoter regions. Acronyms: PER1 (1-cys peroxiredoxin); PER2 (2-cys peroxiredoxin); DRT
(DNA-damage-repair/toleration protein DRT111); UVH3 (ULTRAVIOLET HYPERSENSITIVE 3); DPL (Deoxyribodipyrimidine photo-lyase); PS (photosynthesis
transcripts); HSP (heat shock proteins); UPR (unfolded protein response); RFO (raffinose family oligosaccharides).
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generation (Chapter 2, anti-oxidants tab — Desiccome). ROS are known to signal PCD processes in a
variety of scenarios (Petrov et al., 2015). Here it is proposed that they trigger activation of MAPKS,
leading to activation of WRKY6, MYB3 and ACC synthase, leading to enhanced biosynthesis of ethylene
(Chapter 3, Fig. 10).

Considering the initiation-reorganisation-termination senescence paradigm, evidence for all three
phases is present in the AD ST sampling point. Initiation (Fig. 2) is evidenced by the increased
abundance of transcripts associated with hormone biosynthesis and transcriptional regulation
(Chapter 3, Hormones and RNA tabs — Senescome). Signaling for this process may occur earlier in the
timeline of imposed water deficit — increases in the phytohormone methyl-salicylic acid was observed
from 35% RWC in this tissue (Chapter 2, Fig. 5), as were the transcripts encoding its biosynthesis in ST
(Chapter 3, Hormones tab — Senescome app). Abscisic acid biosynthesis transcripts increased in
abundance in the early response to drying (at 75% RWC in NST), tapering off at 55% RWC in NST.
During the late stages of drying, however, they are observed to peak in AD ST (Chapter 3, Hormones
tab — Senescome app), corresponding with an increase in abscisic acid abundance in AD ST (Chapter
2, Fig. 6). Similarly, ethylene biosynthesis transcripts increased in abundance in AD ST. These
hormones, along with ROS, drive transcription of XsSAGs (senescence-associated or Senescome

genes), integrating signaling via kinases OXI1 and MAPK6 (Chapter 3, Fig.2).

Reorganisation (Fig. 3) is evidenced by an increase in transcripts to do with autophagy, correlating
with an increase in trehalose abundance (Chapter 2, Fig. 5), a known intermediate in signalling for this
process (Williams et al.,, 2015). There is also increased expression of transporters responsible for
transporting nitrogenous compounds (amino acids, peptides, nitrate) (modelled in Figs 3 and 4),
sugars, sugar phosphates, fatty acids and ions (phosphate, potassium, sulphate, zinc) (Fig. 3).
Termination is evidenced by the increased abundance transcripts encoding of mitochondrial
uncoupling proteins, nucleases, proteases and decreased abundance of DNA repair transcripts
(Chapter 3, Senescome app, Fig 3). The timeline between initiation and termination is unclear,
however it is evident that this occurs between 20% RWC and AD in ST. These observations indicate
that cells are undergoing this process beyond the threshold for desiccation tolerance — they employ
the mechanisms for desiccation tolerance, but these are insufficient to prevent cellular death. There
is evidence of controlled cellular death, however, in the observed accumulation of pro-senescence
hormones and transcripts encoding their biosynthesis. This indicates that cellular death is not

accidental but controlled and regulated in the near air-dry state and continues following rehydration.
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Figure 2: A model of senescence initiation in X. schlechteri apical leaf tissues approaching desiccation. Defining
features of senescence initiation at <20% RWC in ST are presented here. Processes, gene products and compounds that
are highly accumulated/triggered in AD ST relative to AD NST are shown in red; those lowly accumulated/triggered are
shown in blue. Unmitigated ROS (dark pink star) are proposed here as a crucial signal for initiation of PCD processes.
Energy in the form of NAD(P)H and ATP (pink cog) is required for synthesis of anti-oxidants (both enzymatic and non-
enzymatic) to mitigate these ROS, as well as for functioning of other pro-life strategies, such as functioning of the UPR
(not shown). Increases in transcripts encoding beta-oxidation and fermentation pathway enzymes indicate that cells are
struggling to meet the energetic demands of the imposed stress. This increasingly insurmountable unmitigated ROS
directly activates OXI1, triggering downstream activation of MAPK6. MAPK6 stimulates ethylene synthesis via activation
of ACC synthase and transcription of WRKY TFs via ERF096, exacerbating expression of these pro-death regulators.
MAPKS® is additionally responsive to salicylic acid (SA) and OXI1 to phosphatidic acid (PA) released as a by-product of the
action of lipases. WRKY TFs, including WRKY6, drive expression of Senescome genes, including those encoding
autophagosome components. Simultaneously, sugar metabolism is directed towards synthesis of protective compounds
(RFOs and sucrose) but also towards trehalose, a proposed positive signal transducer for autophagy in resurrection
plants. Acronyms: ACC (1-aminocyclopropane-1-carboxylate); OXI1 (OXIDATIVE SIGNAL-INDUCIBLE 1); TCA (tri-carboxylic acid cycle); ETC (electron
transport chain); ABA (abscisic acid); MAPK6 (mitogen-activated protein kinase 6); RFOs (raffinose family oligosaccharides); Agy (energy in the form of
ATP and NAD(P)H)
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Figure 3: A model ot reorganisation, termination and nutrient redistribution. In response to the action of WRKY TFs and
ethylene, XsSAGs (Senescome genes) increase in expression. Among these are a number of transporters including amino
acid transporter (CAT1; cationic amino acid transporter 1), potassium transporter 5 (KT5), sulphate transporter 3 (ST3),
nitrate transport proteins (NTP; NRT1/ PTR FAMILY 7.3 and 4.6), fatty acid export protein 4 (FEP4), sugar transfer protein
(STP7 and 13) and sugar phosphate transporters (SPT; homologues of At3g11320 and At5g25400). Proteasome
transcripts increase, indicating degradation of proteins for transport of free amino acids. Lipases (phospholipases A1, C1
and D) release free lipids and phosphatidic acid. It is proposed here that these nutrients are externalised from senesced
cells until rehydration, whereupon they are transported to viable tissues apoplastically. With termination comes activity
of endonuclease 1 (ENDO1), which cleaves both DNA and RNA non-specifically. Extracellular ribonuclease (LE) cleaves
extracellular RNA that may leak from perished cells. These free nucleotides are transported apoplastically along with the
other nutrients to viable tissues during rehydration. Vacuolar processing enzyme (VPE) and senescence-specific cystein
protease (SAG39) lyse the vacuole and any remaining proteins in the cells. Autophagosome transcripts increase in
abundance, concomitant with the appearance of macroautophagy visible in rehydrated ST, suggesting that autophagic
PCD may play a role in senescence. Cell wall collapse, disruption of the plasmalemma and shrinkage of the cytoplasm

herald the irredeemable demise of the cell. Acronyms: ATG (autophagy-related protein); Aox (alternative oxidase); ETC (electron transport
chain).
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How NST prevents senescence

As ethylene is synthesised and released as a volatile compound from senescent cells, this signal is
perceived by neighbouring cells. In cells of a certain developmental age, this signal is perceived and
transduced to induce gene expression of Senescome genes (or XsSAGs). Because NST cells are
developmentally younger than ST cells, it is likely this signal does not affect them. A potential
mechanism for this repression of XsSAG expression has been proposed here —the competitive binding
of group llld bHLH transcription factors to the CRCGTW motif upstream from most genes in the
senescence subnetwork, or alternatively, binding of repressors to the GTCAAHS motif in NST cells
(Chapter 3, Fig. 8). Additionally, it was reported here that cells of the NST repress synthesis of salicylic
acid and ABA during late stages of drying (Chapter 2, Fig. 5,6), preventing expression of SAGs driven
by these hormones (Woo et al.,2019). It is also possible that repressors act on the signal transduction
level, through binding of repressors to signal transducers like MAPK6 or OXI1, or via small non-coding

RNAs which act upon transcription factors to regulate their function (reviewed by Woo et al.,(2019)).

As mentioned in Chapter 1, the anti-oxidant status of resurrection plants is the main determinant in
their revival after desiccation (Kranner et al.,2002). Younger cells may simply be more plastic in their
ability to efficiently switch into desiccation tolerance programming than older cells, leading to more
efficient mitigation of ROS as cells enter quiescence, as well as prevention of their accumulation

altogether.
Nutrient remobilisation

As senescence was observed below RWC values of 20%, it is highly unlikely that nutrients are mobilised
and taken up by viable tissues at the time of death. A number of nutrient transporters are highly
expressed in AD ST (Chapter 3, Transport tab — Senescome; Fig. 3, 4), some exclusively at this sampling
point, indicating that an attempt is indeed made to release nutrients for remobilisation. Some
transporters responsible for the retrieval of nutrients were found to be only highly expressed in viable
tissues at this sampling point, indicating directionality of nutrient flow from ST to NST/PST (Fig. 4).
Because of the degree of water deficit experienced by the plant when this process is initiated, it is
most likely that nutrients are exported into the apoplast and transported to viable tissues upon

rehydration.
Implications of this research and future work

This is the first piece of work done to demonstrate how senescence may be regulated on the

transcriptional level. Outstanding questions to be answered exist on multiple levels (see text box
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Figure 4: Proposed mechanism for transport of nitrogenous compounds to NST via
the apoplast during senescence. Cells of the ST (represented by the membrane on the
left) upregulate expression of oligopeptide transporter 7 (OPT7), cationic amino acid
transferase 1 (CAT1), proline transporter 2 (PT2), cytinosin homologue (CH) and nitrate
transporters (NTR 4.3 and 4.6), while cells of the NST upregulated expression of
unidirectional amino acid permease 1 (AAP1) and nitrate transporter (NTR 6.2).
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below). This work can be the point of departure for several projects. Of great interest to me is
determining which transcriptional regulators are indeed binding to the identified GTCAAHS and
CRCGTW motifs in both ST and NST. Binding assays such as yeast 1 hybrid screens can be utilised to
determine binding, as well as promoter-reporter and functional assays in A.thaliana (due to the high
degree of homology).Another alternative is to perform ChIP (chromatin immunoprecipitation) assays,
targeting potential transcriptional regulators (e.g. bHLH13, MYC4, WRKY6 and ERF096) and
sequencing the DNA they are bound to. It will also be interesting to investigate whether repression of
signalling via MAPK®6 plays a role in repression of these genes in NST. Co-immunoprecipitation with
MAPK6 and OXI1 might provide insights into this regulation. It will also be interesting to research the

role of microRNAs in the regulation of senescence in resurrection plants.

Outstanding Questions:

Physiological Level:

1. Are unmitigated ROS triggers for leaf senescence in X. schlechteri?
2. Does programmed cell death of root tissue occur during desiccation?
3. How does the water potential of the plant change during leaf senescence?

Molecular Level:

1. What factors influence repression of senescence gene expression in NST?
2. What factors influence signal transduction in NST to repress senescence?
3. Can autophagic cellular death be demonstrated in this species?

Answers to these questions will aid in design of system for prevention of senescence processes in
response to water deficit in monocots. This theoretical senescence prevention mechanism (for
example enhanced expression of the theoretical transcriptional repressor of the CRCGTW motif
upstream of senescence genes) could be deployed in conjunction with a mechanism to prevent ROS
accumulation (such as enhanced expression of anti-oxidants) and a strategy to stabilize
macromolecules (such as enhanced expression of LEA and HSP proteins). Such a multi-pronged
approach could be deployed or engineered in drought sensitive crops, through a transient or stable
expression system (depending on the environmental conditions, regulations of the country, duration
of the stress, etc.) for enhanced stress tolerance. A systems biology approach is essential to improve
stress tolerance, integrating information on the molecular, physiological and ecological levels to meet

the demands of unique food security challenges. How and when to deploy technologies for improved
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stress tolerance in crops is context-specific: these technologies need to be tailored to meet the needs

of specific communities.
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Desiccation-Driven Senescence in
the Resurrection Plant Xerophyta
schlechteri (Baker) N.L. Menezes:
Comparison of Anatomical,
Ultrastructural, and Metabolic
Responses Between Senescent and
Non-Senescent Tissues

Astrid Lille Radermacher, Stephanus Francols du Tolt and JI M. Farramt®

Departrmend of AMokecular and Caf Binlogy, Linersily of Cape Town, Cape Town, South Alica

Drought-induced senescence is a degenerative process that involves the degradation
of cellular metabolites and photosynthetic pigments and uncontrolled dismantling of
cellular membranes and organelles. Angiosperm resurrection plants display vegetative
desiceation tolerance and avoid drought-induced senescence in most of their
tissues. Developmentally older tissues, however, fail to recover during rebiydration
and ultimately senesce. Companson of the desiccation-associated responses
of older senescent tissues (ST) with non-ST (NST) will allow for understanding of
mechanisms promoting senescence in the former and prevention of senescence in
the latter. In the monocotyledonous resurrection plant Xerophyta schiechten (Baker)
MN.L. Menezes®, leaf tips senesce following desiccation, whereas the rest of the leaf
blade survives. We characterized structural and metabolic changes in ST and MST
at varying water contents during desiceation and rehydration. Light and transmission
electron microscopy was used to follow anatomical and subcellular responses, and
metabolic differences were studied using gas chromatography-mass spectrometry
and colorimetric metabolite assays. The results show that drying below 35% relative
water content (0.7 gH,0/g dry mass) in ST resulted in the initiation of age-related
senescence hallmarks and that these tissues continue this process after rehydration,
We propose that an age-related desiccation sensitivity occurs in older tissues, in
a process metabolically similar to that observed during age-related senescence in
Arabidopsiz thaliana.
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Abbreviations: M5T, Mon-Senescent Tissue; 5T, Senescent Tissue
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