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Cell wall involvement in desiccation tolerance in the resurrection plant Craferostigma

wilmsii

Resurrection plants have the unique capacity to revive from an air-dried state. In order to cope
with desiccation, resurrection plants have to overcome a number of stresses, mechanical stress
being one. This occurs when the cytoplasm shrinks creating tension between the plasma
membrane and the cell wall. In leaves of the Craterostigma species, an extensive shrinkage
occurs during drying as well as a considerable wall folding. It is thought that this folding is a
well controlled process rather than a simple collapse and that the ability of the wall to fold is
important for the viability of the tissues upon drying.

The aim of this study was to characterize the cell wall architecture and composition in
hydrated and dry leaves of C.wilmsii using microscopical and biochemical techniques.
Calcium and hormone contents were also determined during drying. The development of
anhydrous fixation for microscopy confirmed the important folding of the wall previously
observed with chemical fixation. Using immunocytochemical techniques and a variety of well
characterized antibodies, the nature and composition of wall polymers was investigated. There
was nothing unusual in the wall composition of C.wilmsii leaves as compared with other
dicotyledonous plants. The results show a significant increase of the hemicellulosic
polysaccharide xyloglucan and of the unesterified pectins during drying with levels declining
again during rehydration. In contrast no increase was observed in others polysaccharides such
as [ (1-4) galactans and methylesterified pectins. Biochemical analysis allowed further
characterization of cell wall composition of C.wilmsii. The data demonstrate marked changes
in the pectic and hemicellulosic wall fraction from dry plants compared to hydrated ones. The
most conspicuous change was a decrease in ghicose content in the hemicellulose fraction of
the dry plant. Together these findings show that dehydration causes important alteration of
polysaccharides content in the cell wall of C.wilmsii. Such modifications might be involved in
the modulation of the mechanical properties of the wall during dehydration. Furthermore
calcium ions content was shown to increase in the cell wall of dry plants, this could also have
a role in stabilizing the wall architecture. All these alterations might be undef the control of

auxin, an hormone whose content was shown to increase during dehydration.
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CHAPTER 1: LITERATURE REVIEW

Water is essential for the life of the plants. It is involved in major functions such as the
maintenance of cell turgor, transport of solutes and nutrients or as a solvent. Water
provides hydrophobic and hydrophilic interactions essential for macromolecular structure
and is involved in all aspects of plant metabolism. Most of the plants can not survive even
mild water deficit and are killed due to irreversible damages when water is lost (Bohnert
et al., 1995; Whitsitt ez al., 1997).

Over one third of the earth’s surface is considered to be arid or semi arid because it is
subjected to permanent drought. Plants found in dry areas have developed astonishing
ways to survive water deficit stress.

Three main strategies have been recognized whereby plants are able to cope with water
stress: evasion, avoidance or tolerance (Levitt, 1980). Water deficit stress evasion occurs
in plants which accomplish their cycle of growth and reproduction when moisture is
available. Dry periods are survived by the production of desiccation tolerant seeds. Plants
with water deficit stress avoidance strategy retard the loss of water and/or increase their
capacity for water retention (Bewley and Krochko, 1982). Such is the case of many desert
succulents such as Euphorbia or Cacti which can survive months and even years without
water. Water-deficit tolerance is a completely different strategy in which the plant will
be able to experience protoplasmic dehydration without permanent injury (Bewley and
Krochko, 1982). Except for seeds and pollen, this last mechanism is extremely rare in
higher plants. However, many lower plants and a few angiosperms have the capacity to

withstand severe water loss or desiccation. These plants are called “resurrection plants”.





































Pectins are also known to have a composition which is dependent on the cell types, the
plant species and it can be modified with the age of the plant (Freshour et al., 1996; Vicré
et al., 1998 a; Mogami et al., 1999).

Hemicelluloses

Hemicelluloses are a class of components including xylans, mannans, glucomannans,
galactomans and xyloglucans (Figure 10). Depending of the cell type, one of the
hemicellulose predominates whereas the others are found in lesser quantities.

Xylans are made up of a backbone of B(1-4) xylose (Xyl) substituted by 4-0-
methylglucuronic acid (4-O-Me-B-GlcA), arabinose (Ara) and acetyl esters (Figure 10a).
Side chains in xylans are not distributed following a regular pattern. Glucomannans are
found in large quantities in the secondary wall of gymnosperms. They consist of a chain
of p(1-»4) linked Glc and mannose (Man) in a ratio of about 1:3 (Figure 10b). Mannans
and galactomannans are essentially found in the cell walls of some seed endosperms.
They are known to play a role in storage nutrients providing a source of soluble
carbohydrates to the young seedlings during germination. They consist of a backbone of
B(1->»4) Man where side chains containing Gal are linked (Figure 10c and d). The
numerous Gal side chains of the galactomannans made the molecule hydrophilic and play
a role in water retention. It facilitates the water uptake when the seed is in a moist
environment and protect the embryo from desiccation when the seed is under water stress
(Brett and Waldron, 1990).

Xyloglucan (XG) is the major hemicelluiose found in the primary wall of dicotyledonous
plants (Roberts, 1990). As it is the case for cellulose, XG has a backbone of p1,4 glucans
but possesses side chains varying among the species (Hayashi and Maclachlan, 1984;
Brummel and Maclachlan, 1989; Edashige and Ishii, 1998; Kakegawa ef al., 1998).
Mature xyloglucans of dicot plants possess three xyloses linked out of four sequentiaily
linked glucans. At regular intervals, the trisaccharide xylose, galactose and fucose are
linked to the backbone (Figure 10e). Side chains consisting of galactosyl-xylose
disaccharide have been found in seeds. Xyloglucans from monocotyledons are usually
lacking fucose and are less substitued with xylose and galactose than dicots (Brummel
and Maclachlan, 1989). Partial hydrolysis of pea, sycamore, soybean and mung bean
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xyloglucan revealed the presence of a nonasaccharide (Gle4. Xyl3. Gal2. Fuc) and a
heptasaccharide (Glc4. XyI3) unit. In mung bean small amounts of the decasaccharide
(Gled. Xyl3. Gal.2. Fuc) was also found. Some XG serve as “temporary” storage reserve
of sugars in cotyledons and their structure differs from primary cell wall XG by being
nonfucosylated (Desveaux et al., 1998).

Proteins

Although proteins are not a major component of cell wall structure, a number of
structural proteins or enzymes are present. Most of the structural proteins are
glycoproteins which belong to the hydroxyproline-rich glycoprotein (HRGPs) class.
Extensins (Figure 11) represent the best-known family of the HRGPs class (Fry, 1991).
Extensins are encoded by multigene families and have cell type-specific patterns. They
are characterized by a high content of hydroxyproline (Hyp) which generally occurs
together with serine (Ser) to give the characteristic sequence Ser-Hyp4. A combination of
others amino acids such as valine, tyrosine, lysine and histidine are also very common
(Stafstrom and Stachelin, 1987). Due to their high level of proline, extensins are basic
proteins. Most of the hydroxyproline residues are glycosylated with arabinose (Ara) and
some of the serine residue are glycosylated with galactose (Gal) (Showalter, 1993).
Carbohydrates consist of more than half of the mass of the glycoprotein with Ara (90% of
total sugars) as the major sugar (Stafstrom and Staehelin, 1987). Van Holst and Varner,
(1984) have shown that the carbohydrate moiety plays a role in the conformation of the
peptide backbone by reinforcing its cohesion. Extensins are abundant in dicotyledons but
have also been found in some graminaceous monocotyledons such as Zea mays
(Kieliswekski ef al., 1990). However, during the desiccation phase of seed maturation,
some irreversible changes in the cell wall conformation make extensin extraction and
thus analysis impossible (Cassab and Varner, 1988). Extensins have been shown to be
expressed under stress conditions especially wounding or pathogen attacks. Extensins
have been thought to participate in the tensile strength of mechanical cells such as
sclerenchyma cells (Cassab and Varner, 1988).

Expansins are another class of cell wall proteins. Their role in making the cell wall more

flexible have been demonstrated during cell expansion and thus the growth of the plant.
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These proteins act by disrupting hydrogen bonds within the cell wall matrix polymers
(McQueen-Mason 1995, McQueen-Mason and Cosgrove, 1995; Civello er al., 1999). To
date, two families of expansins are identified, the o~ and - expansins (Cosgrove, 1999).
Several enzymes are associated with cell wall. Most of them play an important role in the
modification of cell wall polymers in muro such as pectin-methylesterases (Goldberg et
al., 1992; Stephenson and Hawes, 1994); xyloglucan endotransglycosylases (XET)
(Pritchard et al., 1993; Potter and Fry, 1994; Antosiewicz ef al., 1997) endo and exo-B-
D-glucanase (Huber and Nevins, 1981).

Arabinogalactan proteins (AGPs) are highly glycosytaled proteins found in all higher
plants. Their protein content represents between 2 to 10% (wt/wt) and contain more than
90% (wt/wt) carbohydrate. The protein moiety is rich in Hydroxyproline (Hyp), Serine
(Ser), Alanine (ala), Threonine (Thr), and Glycine (Gly) (Chasan, 1994). Carbohydrates,
the major constituent of AGPs consist mostly in D-galactose and L-arabinose. The extent
of glycosylation varies among the AGPs, this is reflected by the various molecular weight
of AGPs. AGPs are localized on the plasmalemma, bound to the cell wall or soluble in
the cell wall space (Fincher and Stone, 1983; Showalter, 1993; Majewska-Sawka and
Nothnagel 2000). The specific interaction between AGPs and the Yariv reagent is the
most used criteria for AGPs identification and isolation (Fincher and Stone, 1983;
Cassab, 1986; Classen ef al., 2000). The functions of AGPs are still a matter of debate,
however there is evidence that they are involved in many developmental processes. It is
thought that AGPs have a role in cell communication, in the control of plant cell
proliferation or as lubricants (Fincher and Stone, 1983; Kreuger and Van Holst, 1993;
Schindler et al., 1995 a; Yates et al, 1996). Knox et al (1991) have shown using
immunocytochemistry a change in AGPs expression in root tissues during cell
development and maturation. It has also be shown that AGPs could serve as
developmental markers for future cell differentiation (Schindler er al., 1995 a).

How the cell wall polymers interact to provide cell wall strength.

Cell wall polymers are held together by numerous and diverse linkages including
covalent, ionic or hydrogen bounding. The nature of these linkages is highly complex and

two main networks can be described, the pectic network and the cellulose/hemicellulose
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network. Proteins also participate in the architecture of the cell wall by forming

crosslinking between polymers.

The pectic network

Jarvis, (1982) using different techniques for the pectins extraction, has suggested that
pectins are both ionically and covalently bonded.

In pectins, unbranched non esterified galacturonic blocks are bonded together via calcium
ions forming the “egg-box” model (Figurel2), (Jarvis, 1984; Goldberg et al., 1996). In
this structure, two galacturonan chains are held together in the twofold (2;) helical
conformation with calcium ions assuring a locked structure (figure [3a). When
dehydration occurs, it has been suggested that there is a conformational transition to the
right-handed (3;) helical form (Figure 13b) (Goldberg et al., 1996). Two chains form a
primary structure. If calcium is in excess, this can lead to the formation of an aggregate
with different layers (Jarvis, 1984). The presence of side chains or methyl groups makes
the structure more flexible, and aggregation is avoided by preventing calcium bonding.
The size of the aggregates is related to the quantity of calcium available. The strength of
the binding depends on the length of uninterrupted pectate segments and if there is
enough calcium present to link the structure. Linear molecules with low degree of
esterification and high calcium concentration may be expected to form a structure with
the greatest rigidity (Goldberg et al., 1996). Roy er al., (1994) have concluded that an
exogenous excess of calcium in parenchyma cells of apple modifies the anionic sites in
the cell wall and leads to the formation of calcium bridges. The softening of the fruit is
prevented due to a strengthening of the cell walls. Interactions between pectin chains are
complex and depend on the pH or the degree of esterification (Vreeland, 1989).

Pectins contain ferulic and coumaric acids which are subjected to some oxidative
coupling leading to the formation of dimers like diferulic acids (DFA) (Fry, 1986).
Through this coupling, pectin molecules become cross-linked in the cell wall via
diferulate bridges. This reaction is catalysed within the cell walls by extracellular
peroxydase (Figure 14). In spinach cell walls, Fry,.( 1983) has demonstrated that the
principal feruloylation sites are the arabinopyranose termini and the galactopyranose

termini of the pectic polysaccharides. Wall bound DFA have been shown to confer
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strength to the cell wall (Wakabayashi ef al., 1997). An increase in the amounts of DFA
has been correlated to a decrease in the cell wall extensibility caused by ageing or light
irradiance (Kamisaka et al., 1990). Direct ester linkages involving the carboxyl groups of
uronic acid residues in a pectin and the hydroxyl group of a neighbouring pectin chain
have also been proposed (liyama et al., 1994). Borate cross-links the apiose residues of
RG-II and produce dimers. Recent studies suggested that borate, calcium and RG-II have
a major role in influencing the porosity of the cell wall (Fleischer et al., 1999; Hervé du

Penhoat ef al., 1999).

The cellulose- hemicellulose network

Xyloglucan plays a key role in the architecture of the cell wall by linking together
celluloée microfibrils (Brummel and Maclachlan, 1989). Xyloglucans are associated with
the cellulose microfibrils by hydrogen bonds (Figure 15) in a pH-dependant manner
(Hayashi ef al., 1987, McCann and Roberts, 1991). It is possible that the ends of an
individual xyloglucan molecule could be hydrogen- bonded to two different microfibrils
(Fry, 1989 a). Xyloglucan is important in regulating the spacing and the maintainance of
cellulose microfibrils. The association between xyloglucan and cellulose results in such a
strong network such that only concentrated alkali can extract the xyloglucan from the
cellulose framework (Brummel and Maclachlan, 1989). This network is responsible for
the structure and rigidity of the cell wall. Whitney et al., (1999) using tensile testing
methods demonstrated that xyloglucan/cellulose network provides a balance for
extensibility and strength which is not possible with cellulose microfibrils alone. Ferulic
and coumaric residues also occur in gluco-arabino xylans the major hemicellulosic

polysaccharides of monocotyledons (Schooneveld-Bergmans ef al., 1999).

The interactions between the pectin and cellulose-hemicellulose networks

It has been suggested that pectins form an independent network from the cellulose-
hemicellulose network (McCann and Roberts, 1991, 1996). However, many interactions
may occur between the two networks making the cell wall a complex architecture (Figure

16). Some of the pectin molecules can be linked to the xyloglucan chain (Jarvis, '1984).
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Chambat ef al., (1984) suggested that glycosidic linkages occur between xyloglucan and
pectins but Fry, (1986) has hypothesised non covalent linkages between these molecules.

Brady er al., (1998) have demonstrated the presence of pulcherosine, an oxidatively
coupled trimer of tyrosine, in cell wall proteins of tomato. Pulcherosine could be involved
in interpolypeptide bridge contributing to the cross linking of the polypeptide chains. It
has been shown that extensins can be ionically linked to the acidic polysaccharides

(Brady et al., 1998).

The cell wall is a dynamic structure

Cell walls as, mentioned previously, are very dynamic compartments. Cell wall
composition is subjected to many modifications in their chemistry or in the linkages
influencing the strength of the cell wall and its overall architectural organisation. Such
modifications can occur in events as growth and development. The following section

presents some examples and illustrates how the cell wall can cope with such events.

Plant growth

Cell growth consists of an irreversible increase in volume occurring by expansion or
elongation. Tugor pressure and cell wall loosening are major factors regulaﬁng the cell
elongation (Cosgrove, 1997). An extensive turnover.of cell wall polysaccharides has been
associated with the cell growth (Lorences et al., 1987). -

During cell growth the existing cell wall has to undergo major modification in order to
incorporate new material and to allow the water uptake from the protoplaét. At this stage
cell wall is characterised by a high extensibility to permit microfibril separatit;n and
insertion of new wall polymers.

A transverse reorientation of the cellulose microfibrils has been observed during cell
elongation (Pritchard et al., 1993). It is accompanied by a reorientation of others matrix
component but in a tissue specific manner (McCann and Roberts, 1994). Possible
rearrangements of microfibrils within and between layers require enzymes that act on the
xyloglucans that cross-link them into the network. Two proteins acting on the
cellulose/xyloglucan network have been characterised. The first one is the .xyloglucan

endotransglycosylase (XET) able to cleave xyloglucans allowing movement of the
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microfibrils and then catalyse the bounding of the XG fragments to maintain wall
strength (Potter and Fry, 1994; Campbell and Braam, 1999). The second protein,
expansin, could also be involved in displacing xyloglucans from cellulose microfibrils by
disrupting the hydrogen bounding (Cosgrove, 1997). One of the major changes
concerning the pectin composition during growth consists of the modification of their
degree of esterification. This has been identified using mainly FTIR spectroscopy.
Lorences and Zarra, (1986) have studied growth in a gymnosperm species Pinus pinaster. ‘
Gas liquid chromatography study indicated that a glucose rich polysaccharide was
involved during growth and a partial degradation of xyloglucan has been suggested.

Fruit ripening and cell wall polymers

Fruit ripening is a highly controlled process requiring multiple factors such as the age,
environmental signals and endogenous hormones (Civello er al., 1999). Ripening is
accompanied by a loss of flesh firmness mainly due to the dissolution of the cell wall.
Pectic polysaccharides and hemicelluloses are actively involved in this process
(McCollum et al., 1989; Redgwell et al., 1990; Chin ef al., 1999). Redgwell er al., (1992)
have noticed a considerable solubilisation of the pectic polymers during ripening of
kiwifruit. After solubilisation these polysaccharides are subjected to some degradation
such as depolymerisation and degalactosidation. It has been thought that the cell wall
breakdown during ripening is a consequence of the activity of polysaccharide hydrolases
such as the endopolygalacturonase (PG) or B-galactosidase (Crookes and Grierson, 1983;
Redgwell er al. 1992; Chin et al., 1999; Rose and Bennett, 1999). Mc Collum et al.,
(1989) have shown a large increase in solubility and decrease in molecular weight of
polyuronides during the ripening of muskmelon fruit. However these modifications were
not due to a polygalacturonase activity. A decrease in the molecular size of
hemicellulosic components was also found and this decrease was correlated with a large
loss in galactose and glucose content. Expression of expansin genes have been shown to
occur in ripening strawberry fruits and could be involved in the cell wall disassembly
(Civello er al., 1999). Almeida and Huber, (1999) proposed that the decline in apoplastic
pH and the increase in ionic strength during fruit ripening could be the factor regulating
the cell wall hydrolases. The synthesis of new cell wall polymers has been described by
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Greve and Labavitch, (1991) in ripening tomato pericarp tissue. A gas chromatographic-
mass spectrometric technique utilising D-[U-13C] glucose indicated an increased
incorporation in xylosyl and mannosy! residues into hemicellulosic cell wall fraction
during ripening. The synthesis of certain polymers and their incorporation into the cell

wall could induce its relaxation and its weakening.

Stress responses

Changes in the composition of the cell wall polysaccharides and proteins has been shown
to be an important event of plant adaptive responses to many stresses including
dehydration (Iraki et al., 1989 a,b,c). It has been reported that cell wall polysaccharides
and proteins alterations occur in cold acclimated pea seedlings (Weiser ef al., 1990).
Accumulation of extensin mRNA and incorporation of extensin into the cell wall is
suggested to increase cell wall rigidity which is proposed to be necessary to prevent a cell
collapse due to cold-associated dehydration (Weiser et al., 1990; Murai and Yoshida,
1998). In cold acclimated leaves of winter oilseed rape, exposure to low temperature
results in an increase especially in non-covalently bound pectins. The galactose,
arabinose and glucose content in these pectins increased whereas a high level of galactose
and arabinose was detected in the hemicellulosic fraction. Kubacka-Zebalska and
Kacperska, (1999 ) suggested that the enrichment of hemicellulose in galacatose and
arabinose might be explained by a linkage of these components to the xylosyl units of the
xyloglucan. If this is the case xyloglucan would play a role in cold acclimation of leaves
of winter oilseed rape. The low temperatures bring important modifications in cell wall
contents. The response to chilling depends on whether the plant has been subjected to
temperature above or below 0°C. In freezing adaptations, the cell walls of oilseed rape
are different in their content of bound proteins, the amount of xylose and glucose of the
hemicellulosic component declined. These adaptations could be explained by an increase
in cell wall extensibility. In drought-affected spruce needles, a decrease in pectin content
and an increase in hemicellulose level were observed and proposed to play a role in cell
tolerance to dehydration (Zwiazek, 1991). Iraki et al., (1989 b) have shown that
adaptation of tobacco cells to water and saline stress resulted in the formation of a loosely

bound shell of polygalacturonic acid and rhamnogalacturonan. Marshall er a/., (1999)
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have shown that roots of jack pine subjected to osmotic stress had adjusted plasticity of
the cell wall to maintain the cell turgor. This process requires synthesis and incorporation
of cell wall proteins as well as an oxidative insolubilization of these proteins within the
wall. Overexpression of peroxidase was correlated to salt tolerance of tomato cells
growing in suspension culture (Medina et al., 1999), to the improved germination under
osmotic stress of tobacco plants (Amaya et al., 1999) or in drought response of Lolium
temulentum (Bacon et al., 1997). The variability in the modifications of cell wall
components suggest a different role of cell walls in plant adjustement to water or to cold
stress and thus to dehydration (Iraki er al, 1989 ab; Kubacka-Zebalska and
Kacperska,1999; Stefanowska et al. 1999). Depending on the nature of the stress plants

could react either by a relaxation or an increase in the rigidity of its wall.

3. CRATEROSTIGMA SPECIES : A MODEL OF CHOICE TO UNDERSTAND
THE MECHANISM OF DESICCATION TOLERANCE.

The production of transgenic crop plants with desiccation tolerant properties would be
particularly useful for cultivation in semi arid areas in Africa. Although some attempts to
get transgenic plants with drought tolerance properties have already been realised, only
minor improvements were obtained (Table 3). The production of these plants is highly
complex as desiccation tolerance is not conferred by a single gene but by gene products
from different pathways (Ingram and Bartels, 1996). In order to obtain such plants, the
complex and various mechanisms allowing the resurrection plants to withstand

desiccation must be fully understood.

The resurrection plant C.plantagineum has been largely studied as an experimental model
for understanding the molecular basis of desiccation tolerance (Piatkowski ef al., 1990;
Bianchi ef al., 1992; Schneider ef al., 1993; Velasco ef al., 1998; Kleines er al., 1999).
The following part will summarise the previous works performed on Craterostigma

species.
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Molecular and biochemical studies revealed accumulation of transcripts and proteins
upon dehydration or rehydration. The cellular processes involved include major changes
in the carbohydrate composition during the dehydration/rehydration cycle (Bianchi et al,
1992; Bernacchia ef al., 1996) and an accumulation of desiccation-specific proteins in
dried and ABA-treated tissues (Bartels et al., 1990; Piatkowski ef al., 1990; Nelson ef al.,
1994; Velasco ef al., 1994; Alamillo and Bartels, 1996).

Sugar metabolism play a major role in desiccation tolerance of C. plantagineum (Bianchi
et al., 1992; Ingram et al., 1997; Norwood et al., 1999, 2000). This resurrection plant
accumulates large amount of octulose (a rare sugar in higher plant) in fully hydrated
leaves tissues whereas upon dehydration octulose level decreases and sucrose
concentration increases up to 90% of the total sugar content (Bianchi et al., 1992). It
would appear that Craterostigma species have evolved a capacity to accumulate sucrose
very rapidly from carbohydrate sources already present in the leafl In roots there is no
conversion from 2-octulose to sucrose during dehydration but large quantities of
stachyose are presents. In more recent studies, the activity of enzymes implied in sugar
metabolism was investigated according to the drying rate (Ingram et al. 1997, Kleines et
al., 1999, Norwood et al, 1999, 2000). The activity of sucrose-phosphate-synthase
(SPS), a key enzyme in the regulation of sucrose metabolism responsible for the synthesis
of sucrose 6-phosphate is increasing in leaves and roots upon dehydration. These
observations suggest a role for SPS in the sugar interconversions related to desiccation in
C.plantagineum (Ingram er al., 1997). Sucrose synthase (SS) transcripts and protein
levels are also regulated by dehydration and rehydration. The accumulation of this
enzyme involved in the breakdown of sucrose could be explain by an increased glycolytic
demand during stress and early phases of recovery in the plant (Kleines et al., 1999).

A number of desiccation-related transcripts have been cloned, they are highly expressed
in dried leaves but also in callus treated by ABA (Bartels ef al., 1990, Piatkowski er al.,
1990). Accumulation of both cytosolic and chloroplastic proteins upon dehydration have
been reported as protectant for the cytoplasm and chloroplast structures during
desiccation stress (Schneider ef al., 1993).
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C.wilmsii, a species similar to C plantagineum has been less studied although recent
studies have focused on the protection developed by the plant against free radical
damages (Sherwin and Farrant, 1998) and in its ability to tolerate rapid drying (Farrant et
al, 1999). In this plant dehydration leads to an increase in anthocyanin content and a
decline (30%) in chlorophyll content. Light-chlorophyll interactions are reduced as the
chlorophyll becomes masked by anthocyanins but also due to leaves curling. Ascorbate
peroxidase (AP) increased during dehydration and then decreased when the plant is
desiccated. Superoxide dismutase (SD) and glutathione reductase (GR) activities
increased during rehydration as the leaves uncurled preventing free radical damages until
full hydration and metabolic recovery had occurred. Electrolyte leakage measurements
have shown no difference among hydrated, dry and rehydrated leaves suggesting that the
plasma membrane integrity is maintained during the dehydration/rehydration cycle
(Sherwin and Farrant, 1996). C.wilmsii is characterised by the ability to rapidly put
protection mechanisms into place during drying and also a rapid recovery upon
rehydration. Leaves can put protection into place within 4 —8 hours (Farrant ez al., 1999)
and become fully hydrated after 48h of rewatering (Sherwin and Farrant, 1996) and the
the chloroplasts become functional after only 36h of rehydration.

A consequence of dehydration in resurrection plants is the considerable shrinkage of cells
as the water is lost from them. In the resurrection plant C wilmsii a diminution of 78% of
the initial cell volume occurs when the plant is dried (Farrant e al., 2000). This reduction
in cell size is due entirely to an extensive folding of the cell wall. Such wall folding
was also noticed in some seeds (Webb and Arnott, 1982). It is believed that this
phenomena is a controlled process, rather that a simple collapse of the cell wall (Sherwin,
1995). If this is the case, the active participation of the cell wall would involve a change
In its composition or structure as the plant dries. Although cell wall is known to play a
major role in dehydration caused by factors such osmotic, cold, salinity or drought
stresses, no studies have been done on the role of the cell wall in desiccation tolerance in

resurrection plants.
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4. AIMS OF THIS THESIS

The aim of the study was to do a detailed analysis of the cell wall composition of the
resurrection plant, C. wilmsii. The walls of leaves were analysed in the hydrated and dried
states and comparisons drawn. As the time of drying does not affect the response of
C.wilmsii to desiccation (Farrant ef al, 1999) rate of drying was not considered in this

study.

The cell wall of C wilmsii leaves folds considerably upon drying. On rehydration, cell
walls expand once more without apparent damages. How is this achieved?

These following questions will be addressed in this study:

1. Is the wall composition of C.wilmsii leaves differ from other species?
Immunocytochemical techniques will allow mapping of the wall polymers
distribution and determine if there is any unusual repartition of different molecules in

C.wilmsii compared to previous models described in cell wall literature.

2. The cell wall is known to be a metabolically active compartment. Changes can

occur rapidly in response to environmental stress. In the case of C.wilmsii what is the
nature of the changes allowing the cell wall to folds upon dehydration without any
apparent damages? Biochemical techniques would allow a quantitative and qualitative
analyze of wall polymers in both hydrated and dry plants. The results should give
indications whether this folding is due to active metabolic modifications (changes in
polymer composition between hydrated and dry leaves) or due only to physical
changes as the plant dehydrates (water, pH...).

3. lons, and more especially calcium ions, are major factors in wall architecture.

Does the removal of water from the plant induces a relocation or change in

concentration of calcium in the wall?
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4. The following plant hormones zeatin (Z), zeatin riboside (ZR), absisic acid (ABA)
and the auxin indole-3 acetic acid (IAA) have been shown to be involved either in
drought stress or in the regulation of cell wall mechanical properties. Do these

hormones play a role in desiccation tolerance in C.wilmsii?

The results of these studies will be organised as followed:

Chapter two presents microscopical observations of C.wilmsii performed on leaves using
different techniques.

Chapter three deals with immunocytochemical analyses using well characterised
antibodies directed against various wall polymers.

Chapter four presents biochemical analysis of wall composition after sequential
extraction of cell wall polymers. The qualitative and quantitative data are also presented.
Chapter five focuses on calcium distribution using different analytical methods.

Chapter six deals with hormones quantification such as zeatin, zeatin riboside, abscisic
acid and auxin.

Chapter seven correspond to a general discussion of the major results obtained with

different approaches.
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Table 1. Characteristics of the antibodies used in this study The antibodies, anti

PGA/RGI, JIMS, JIM7, anti-RGII, LMS, anti-bupleuran and anti-XG recognise non

cellulosic polysaccharide and the antibodies anti-laccase and anti-peroxydase recognised

enzymes involved in cell wall metabolism.

Antibody Antigen/epitope Characteristics | References
Anti- Mostly unesterified Polyclonal Moore et al., (1986)
PGA/RGI Homogalacturonan Lynch and Staehelin, (1992)
JIMS Unesterified Monoclonal VandenBosch et al., (1989)
homogalacturonans Knox ef al., (1990)
M7 Methyl-esterified Monoclonal Knox et al., (1990)
homogalacturonan
Anti-RGII Rhamnogalacturonan IT | Polyclonal Matoh et al., (1998)
LM5 B(1-4) glucan Monoclonal Jones et al., (1997)
Anti- (1-3,6)-B-D-galactosyl | Polyclonal Sakurai et al. | (1996)
Bupleuran epitope rich in uronic
2IIc epitope | acids associated with
pectins
Anti-XG B(1—4) glucose of the | Polyclonal Moore et al., (1986)
main backbone of the Moore and Staehelin,
hemicellulose, (1988)
xyloglucan Lynch and Staehelin, (1992)
Anti- Deglycosylated Polyclonal Driouich et al.,
peroxydase horseradish peroxydase {unpublished)
Anti-laccase | Deglycosylated laccase | Polyclonal Driouich ef al., (1992)































Figure 8: Immunolocalization of pectins with a high degree of methylesterification ranging
between 35% and 90% with the monoclonal antibody JIM7 in hydrated (a,b) and dry (c.d)
leaves. (cj) corner junction; (Cp) chloroplast; (cw) cell wall; (cyt) cytoplasm; (ml) middle

lamella; (—) cell wall folding.

























Figure 12:Immunolocalization of laccase in the cell wall of hydrated leaves. (a) epidermis; (b)
vessels; (¢) junction in parenchyma cells; (d) parenchyma cells. (c¢j) comer junction; (Cp)
chloroplast; (cut) cuticule; (ew) cell wall; (cyt) cytoplasm; (ecw) epidermal cell wall; (ml)

middle lamellea; (pm) plasma membrane; (sw) secondary wall; (V) vacuole; (Vs) vessels.







































































































































cell walls. The changes in XG structure may have exposed more antigenic sites for
attachment of antibodies and may account for the apparent increase in antibody labeling
reported in Chapter 3.

In the future, it should be interesting to further characterize cellulose fraction between
hydrated and dry plants as xyloglucan/cellulose network seems to be highly modified
during C. wilmsii dehydration. Iraki ef al. (1989) found that cellulose/extensin framework
was determinant for wall tensile strength with tobacco cells adapted to osmotic stress.
Complete formation of this framework was apparently sacrificed to divert carbon to
substances needed for osmotic adjustment. The same situation might be true of C.
wilmsii. Furthermore, the glucose released from the cell walls might be an important
energy source within the cytoplasm, for the induction of protection mechanisms involved

in desiccation tolerance in this species.
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apparent. After RWC 17% a second increase had occurred which remained constant at

ca 400 ng/g dry mass until at least RWC 77.5%.

4. DISCUSSION

The changes in the cytokinins zeatin and zeatin riboside contents varied in a quite
similar way. Dehydration induced first a slight decrease of zeatin and zeatin riboside
contents and this effect was particularly evident with zeatin. Levels of both cytokinins
were maintained low during dehydration and increased remarkably when the plants
get completely dry. Upon rehydration both zeatin and zeatin riboside contents
declined progressively to recover the initial level. These results suggest that zeatin
and zeatin riboside are involved in desiccation tolerance of C.wilmsii. As the increase
occurs at the end of dehydration and remained high during rehydration, these
hormones might play a role during rehydration when the plant recovered its
metabolism.

The response of ABA to water stress was extremely rapid in the case of C.wilmsii. A
slight decrease in relative water content (RWC 97 %) in the leaves was enough to
induce the synthesis of this hormone. This result support the data obtained by Gaff
and Loveys (1984) with the leaves of the desiccation tolerant plant Borya nitida. The
authors have found that ABA acts in tolerance induction mainly above water potential
equivalent to 90% r.h (relative humidity). This increase in ABA levels in C.wilmsii
leaves can be attributable either to a water-stress-induced increase in synthesis or by a
release from the roots. Cornish and Zeevaart {1985) have suggested that root cells can
synthesise ABA in response to stress before leaves become stressed.

These data suggest that ABA is involved in the desiccation tolerance in leaves of
C.wilmsii as it is the case for C.plantagineum (Bartels et al., 1990; Schiller et al.,
1997 ) or other resurrection plants such as Borya mnitida and Myrothamnus
Sflabellifolius (Gaff and Loveys, 1984). Its role on desiccation tolerance can be
diverse, protein accumulation (dehydrin synthesis), regulation of the stomatal
movement. However it is not excluded that ABA might also play a role in the cell
wall. Pastor ef al. (1999) have noticed an increase in ABA content in some water-
stressed lavender (Lavandula stoechas 1.), a plant well adapted to survive under

water-stress conditions. In mildly stressed plants, a rapid increase in ABA was
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specifically detected in cell wall compartment whereas longer stress reduced the ABA
levels in cell walls. Bertrand ef al. (1992) shown a specific accumulation of both ABA
and polygalacturonic acid in the cell walls, the vesicles and the mucilage in tomato
root cap cells. The authors suggested that this similarity in labeling distribution might
reveal the relationship between pectic substances and ABA.,

A large increase in IAA was detected during dehydration of C.wilmsii. This increase
occurs very early during dehydration and the maximum was detected at a RWC of
20%. A second increase in IAA has been noticed during plant’s rehydration. Many
studies have shown the effect of IAA on cell wall enzymes (Inouhe and Nevins, 1991,
Xu et al., 1995; Wu et al., 1996). IAA promotion of extension-growth is mediated by
changes in cell wall chemistry (Thomas ef a/., 1984). Although the precise role of
TAA has been extensively discussed and is not always clear, the main effect noticed
has been degradation of the hemicellulose XG. In Dicotyledonous plants auxin causes
degradation (Fry, 1989 a), solubilization (Terry e al, 1982) and a decrease in
molecular mass of the polysaccharides (Nishitani and Masuda, 1981; Hoson et al,
1991). Xu et al. (1995) have demonstrated that the Arabidopsis TCH4 gene encoding
for a xyloglucan endotransglycosylase (XET) expression was dependent upon IAA
and it was hypothesised by Fry (1989 b} that auxin regulates a cellulase activity. The
action of TAA on the regulation of a glucanase has also been reported in maize
coleoptiles (Inouhe and Nevins 1991). More recently Wu ef al. (1996} have cloned an
endo-f-(1,4) glucanase gene from pea epicotyl which activity was significantly
increased by the application of the synthetic auxin analog 2.4-dichlorophenoxyacetic
acid.

It should be expected that in response to environmental cues, the availability of cell
wall-modifying enzymes would be regulated (Xu ef a/, 1996). Regulation of genes
encoding enzymes that alter cell wall property may underlie the rapid adaptation to
environmental stress. IAA does not have to my knowledge a clear role in drought,
desiccation or osmotic stress. However it could play a role by acting at the cell wall
level by regulating some cell wall enzymes in C.wilmsii during desiccation. More
especially TAA could be involved in the XG regulation by inducing its partial
degradation. Nishitani and Masuda (1981) have postulated that TAA would induce a
drop in pH in the cell wall which could break hydrogen bounds between XG and

cellulose. Such a process could also be possible in C.wilmsii where TAA could
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promote the sliding of XG molecules from cellulose and then allow the loosening of a
cell wall thereby allowing cell wall folding observed during dehydration (see the

general discussion).
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CHAPTER 7 : CONCLUSIONS AND FUTURE PROSPECTS

The leaves of the resurrection plant C.wilmsii respond to desiccation stress by an extensive
cell shrinkage ( 78% reduction in cell area, Farrant, 2000) and considerable cell wall folding.
Sherwin, (1995) suggested that cell wall folding in C.wilmsii was necessary to maintain
plasma membrane / cell wall contacts and thus preserve the integrity of the tissue in the dry
state. One important finding of the current work was the confirmation of the cell wall folding
in desiccated leaves by the use of different fixation methods.

Such folded cell walls are also a common feature in dry seeds and the manner of the cell wall
collapse is characteristic for a given species (Webb and Arnott, 1982). Webb and Amott,
(1982) suggested that this wall folding in seeds is essential for preserving the structural
integrity of the tissue and to retain its viability upon rehydration. It was suggested that this
folding depends on cell wall composition and structure. The results presented in this thesis
have shown that for C.wilmsii there was an important difference in the cell wall composition

of leaves of hydrated compared with dry plants.

Pectins were particularly altered by desiccation. Immunogold labeling indicated that the
density of labeling with anti-PGA/RGI antibodies was higher in the cell wall of dry plants
compared to hydrated ones. Such result can reflect an increase in the synthesis of this
component or a different accessibility of the epitope to the antibody in the cell wall of dry
plants. Biochemical analysis confirmed that acid pectins were subjected to modification
during drying. This was observed in the wall fraction extracted with the calcium chelator
EDTA. A higher content of total sugars and Gal A were detected in the dry plants compared
to hydrated plants. However further solubilization of these fractions tended to reduce the
difference between hydrated and dry plants. Together these results indicate that changes in
pectins occurred during dehydration. These changes could be due to an increase in pectin
synthesis or to a modification in the organisation of the pectins when the plant dries. In the
later case, the increased labeling could be explained by a general loosening and “opening™ of
the cell wall structure as the cell wall folded making PGA/RG1 epitopes more accessible for
labeling in the dry plants. It is clear from these data that modifications occurred in pectin
fraction as the plant dried. Pectin organisation has also been shown to be alter in stresses
which incur cellular dehydration. Kubacka—Zebalska and Kacperska (1999) showed that
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freezing treatment of winter oilseed rape leaves caused changes in the organisation of pectins.
This was also proposed by Iraki ef al. (1989) for tobacco cells subjected to saline and osmotic

stress.

However the more remarkable change occur with the hemicellulosic polysaccharide.
Immunocytochemical analysis revealed that xyloglucan (XG) labeling was greater in the cell
walls of dry plants than hydrated ones. Biochemical analysis also indicated changes in the
XG-containing fractions. A decrease in Glc content occurred in the dry plants compared to
hydrated plants. These results suggest major modifications in XG composition during
desiccation in C.wilmsii leaves.

An increase in xyloglucan synthesis could explain the increase in labeling obtained with
immunocytochemical study. However this hypothesis seems unlikely since biochemical
analysis did not reveal an increase in sugar content of the XG containing fraction in dry
plants. Pectic matrix is known to be affected by hydration (Ha ez al., 1997). During drying,
conformational changes in the pectic component to unmask the xyloglucan could be a
possible explanation. The access to xyloglucan chains is likely to be hindered in all
circumstances by pectins, and the conformation of the pectins may well modulate the extent
of such changes. Another possible explanation is a change in the nature of XG. Interestingly
the decrease in Glc content was not correlated with a decrease in Xyl or Gal content.
Consequently, it seems that during dehydration a partial degradation occurs on the Glc
backbone of XG, leaving containing-side chains parts intact. This is not necessarily in.
contradiction with results obtained with immunocytochemistry data, as the anti-XG antibodies
are suspected to bind to the xyloglucan in certain conformation and such modifications in XG
might increase the labeling. A partial degradation of XG would be able to modify the
mechanical property of Cwilmsii cell walls, increasing its elasticity in response to
dehydration. Consistent with this idea is the observation of Sherwin (1995) who showed that
the leaves of C.wilmsii became more elastic during dehydration. Considering the large degree
of shrinkage in cell volumes and the great capacity of the wall to fold, it seems reasonable to
expect the cell wall of C.wilmsii being remarkably elastic during drying in order to prevent
any irreversible damage.

Xyloglucans that hydrogen bond to cellulose microfibrils represent an important factor
determining the strength of the cell wall. Changes in XG have been reported to play a role in
many plant species in response to water stress. Kubacka-Zebalska and Kacperska, (1999)

found that the hemicellulose fraction of cold acclimated leaves of winter oilseed rape
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subjected to frost treatment had decreased Glc and Xyl contents. It was postulated that such
modification might increase cell wall extensibility and cell wall stress relaxation in leaves of
cold acclimated oilseed rape. Sakurai ef al. (1987 b) proposed that water stress affected the
polymerisation of XG in the hemicellulose fraction of squash hypocotyls. Hemicellulose was
also found to be affected during drought acclimation. The proportion of hemicellulose was
higher in the cell wall of water stress adapted cells of tobacco compared to unadapted cells
(Iraki ef al, 1989 b). Zwiazek (1991) indicated that white spruce needles had increased
hemicellulose content after preconditioning treatment or severe drought stress exposure.
Changes in the proportion of hemicelluloses in the cell walls of drought-conditioned and
drought-stressed plants could alter their physical properties including cell wall elasticity. It is
thus likely that in C.wilmsii plants, xyloglucan is involved in the regulation of the cell wall
elasticity during dehydration.

Furthermore, it has been reported that enzymes implied in the cell wall loosening were
induced by drought stress. Xyloglucan endotransglycosylase (XET) has been associated with
several loosening and hydrolysis processes, such as occur in fruit ripening (Redgwell and
Fry, 1993), flooding (Saab and Sachs, 1996) or responses to water deficit (Wu ef al., 1994).
Increase XET activity is associated with maintenance of root elongation at low water potential
and this response requires increased ABA (Wu ef al.,1994). 1t is suggested that XET induction
after water deficit makes the wall more extensible. Wu ef al. (1996) indicated that in maize
roots subjected to low water potential, growth maintenance was due to an increase in cell wall
extension properties correlated to an increase in expansin activity and a greater degree of wall
susceptibility to expansins. It is possible that during the early stages of dehydration, some
enzymes involved in XG hydrolysis or modification (glucanase, XET...) could be activated
under specific conditions (pH, hormones) to increase wall yielding in C.wilmsii. However,
this remains to be demonstrated. Auxin has been shown to regulate hydrolytic enzymes such
as glucanase (Wu ef al., 1996) and XET (Xu ef al., 1995, 1996). Tt is not excluded that in
C.wilmsii the increase in auxin during dehydration could have a role in wall enzyme

regulation. Such modifications would allow cell wall relaxation under dehydration

Although it remains to be conclusively demonstrated that changes in XG or pectins
could contributes to cell wall loosening in C.wilmsii leaves upon drying, these results
provide strong evidence to suggest that xyloglucans and pectins are subjected to
modifications during desiccation. To conclude, cell wall folding induced by desiccation

stress is not a simple consequence of turgor loss. There is a rearrangement of the wall
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architecture and XG and pectin play a key role in these process even if their exact role

needs to be clarified.

This work allows new perspectives for future research. To gain a better understanding of the
role of the cell wall in C.wilmsii during desiccation it would be of interest to focus our

attention on these following points:

1 Structural characterisation of xyloglucan in hydrated and dry leaves of C.wilmsii. This

analysis could be achieved by mass spectrometry and NMR spectroscopy.

2 It is well known that removal of water from the cell wall drastically alters its mechanical
properties. This could mainly be expected for pectins as they are highly hydrophilic. Solid
state magnetic resonance relaxation experiments have yielded novel information on the
rigidity of individual molecules (Ha ef al., 1997). Such analysis on cell walls from hydrated
and dry plants will provide important indications on the interactions between different

polysaccharides as well as their mobility.

3 Cell wall proteins seem to play a key role in water stress. In some plant species, cell wall
proteins are up (Covarrubias ef al., 1995, Weiser et al.,, 1990; Garcia-Gomez et al., 2000) or
down regulated (Harrak ef al,. 1999) by low water potential. Changes in the solubilization of
cell wall proteins during osmotic stress have also been reported (Marshall ef al,, 1999). It
would be interesting to investigate the effect of dehydration on the content, composition and

structure of wall proteins in C.wilmsii.
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