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the heme horseradish, peanut and barley peroxidases. All peroxidases have conserved

arginine and histidine residues adjacent to the heme-binding site.

Plant peroxidases are believed to be involved in many physiological and biological
processes, including the cross-linking of molecules in the cell wall, auxin oxidation,
oxidation of cinnamyl alcohols prior to the their polymerisation during lignin and
suberin formation, and responses to biotic and abiotic stresses (Boudet 1998, Siegel

1993, Normanly 1997, Kawano 2003).

1.1.1 Peroxidases and Endole-3-acetic acid

Peroxidases play an important role in auxin catabolism, being responsible for the
oxidative carboxylation of indole-3-acetic acid (IAA) (Normanly 1997). IAA is one of
the most studied of the plant growth regulators. It is found throughout the plant, but is
at highest concentrations in the apical and other meristematic regions. Auxin affects
numerous aspects of plant development including apical dominance, cell elongation,

ethylene formation and adventitious root formation.

Plant peroxidases are believed to be involved in the oxidation of auxin by two
mechanisms: i) the conventional HyO,-dependent pathway, which does not involve
specificity between peroxidase and its substrate, ii) a pathway requiring O, and not
Just H2O5. In this second mechanism, plant peroxidase will act as specific IAA

oxygenases with domains highly similar to auxin-binding proteins, which are missing

in non-plant peroxidases (Gazaryan and Lagrimini 1996).

Gazaryan and Lagrimini (1996) showed that tobacco plants over-expressing an
anionic peroxidase presented depressed IAA levels. These plants have changed
phenotypes, including decreased root branching and closed stomata. On the other
hand, plants with suppressed anionic peroxidase showed increased levels of TAA and

rapid shoot growth, fused leaves and shorter time to flower.

Jansen et al. (2001) studied the contribution of the activity of phenolic peroxidases to

UV tolerance and auxin catabolism. They concluded that increased peroxidase
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activity in transgenic tobacco is correlated with increased UV tolerance and decreased

IAA levels.

Schopfer (2001) proposed that plant peroxidases might be responsible for the TAA
action in cell elongation. [AA-induced cell elongation is due to cell wall loosening,
and HO' is necessary for this reaction. It is believed HO™ (as well as O, and H,O) is
generated by plant peroxidases. It was also shown (Kawano 2003) that cell wall-
bound peroxidases can bind to extracellular TAA, and could influence IA A-mediated
responses in two different ways. Firstly, peroxidase could generate a negative control
of IAA action by breaking down both the IAA and the downstream signal H,O, via
the conventional peroxidase cycle. Alternatively it could contribute positively to the
action of TAA by releasing O, and starting the cell wall loosening and cell elongation

process explained above.

1.1.2 Peroxidases, lignification and wood.

Wood is the most abundant component of the terrestrial biomass. It is a very
important raw material, and thus a main factor in the global economy. The major
components of wood are lignin, cellulose and hemicellulose. 15 to 36% of the dry
weight of wood is lignin, making it the second most abundant plant biopolymer, only
to cellulose (Whetten and Sederoff 1995).

Lignin is a polymer of aromatic subunits usually derived from phenylalanine. It serves
as a matrix around the cell wall polysaccharides, rendering them stronger and more
rigid, but also making the cell walls hydrophobic. Lignin molecules are found mainly
in specialised cell types in the plant, and particularly in tissues that have stopped
growing and have specific roles, such as support (sclerenchyma), water conduction
(xylem) and protection or defence (periderm). The basic lignin molecule is derived
from the monomeric units, the monolignols: p-coumaryl alcohol, coniferyl alcohol
and synapyl alcohol (Neish 1968, Boudet 1998). The idea that lignin is derived from
the polymerisation of these alcohols has been studied since the 19" century, and the
general outline of the biosynthesis pathway was proposed about 30 years ago (Fig. 1)
(Boudet 1998). The relative proportions of the three monolignols in lignin vary

depending on the species, and can also be influenced by environmental factors.



The polymerisation of the phenolic precursors, or monolignols, into lignin involves an
oxidative mechanism with the consequent formation of phenoxy radicals, through the
action of oxidative enzymes, such as peroxidases. The exact mechanism of
lignification and the involvement of peroxidases in the polymerisation of monolignols
are not yet thoroughly undersiood. There ts so far no exact link between a specific
peroxidase and the very complex mechanism of lignification. This is partly because
there is very high redundancy of peroxidase genes, and the immunological properties
of the different isoenzymes can be very similar, but also, because these enzymes have
a wide range of substrates (Christensen er ¢/. 1998).

Manipulation of specific genes and enzymes is a very important stage in the better
understanding of the lignin pathway. Several genes involved in the pathway have
been the targets of genetic manipulation. The main enzymes targeted are involved in:
1) the phenylpropanoid pathway [phenylalanine ammonia-tyase (PAL), cinnamate 4-
hydroxylase (C4H) and hydroxy cinnamate: CoA-ligase (4CL)], ii) the methylation of
monolignols (COMT and F5H), and iii) monolignol biosynthesis [hydroxy
cinnamoyl-CoA: NADPH oxidoreductases (CCR) and hydroxy cinnamyl alcohol
dehydrogenase (CAD)] (Boudet 1998).

Peroxidases have been also studied for their role in lignification. Méader and Amberg-
Fisher (1982) studied cell wall peroxidases and demonstrated their ability to
polymerise cinnamy! alcohols (monolignols precursors of lignin) in the presence of
hydrogen peroxide. Andrews et al. (2002) showed the link between anionic
peroxidase tsoenzymes in tomato and the cross linking of cell wall components and
the deposition of “lignin-like” phenolics in the epidermis of the fiuits. Christensen ef
al. (1998) purified and characterised five classical anionic peroxidases in poplar
xylem and analysed their correlation with lignification by the oxidation of
syringaldazine (a lignin monomer analogue). Ostergaard er «f/. (2000) isolated an
extracellular anionic peroxidase ATP A2 from lignifying Arabidopsis thaliana cell
suspension cultures and showed a correlation between this enzyme and the increased
levels of lignin in a mutant which presents higher levels of lignin when compared to
the wild tvpe Arabidopsis. They proposed a link between ATP A2 and the cross

linking of the plant cell wall.
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Figure 1. Simplified lignin biosynthetic pathway
(PAL phenylatanine ammonia-lyase, C4H cinnamate 4-hydroxylase, 4CL 4-Coumarate:CoA ligase,
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This evidence for a role of peroxidases in lignification has been supported by studies
on transgenic plants with altered peroxidase activity, For example, Quiroga ef al.
(2000) showed that expression of a tomato peroxidase gene 7PXI, specifically
expressed in roots, in transgenic tobacco resulted in an increase in lignin content.
Lagrimini er al. (1997) showed how transgenic tobacco plants overexpressing an
anionic peroxidase presented higher levels of lignin than the wild type plants.
However, lignin levels were not affected in plants transformed with the antisense

gene, expected to show a decrease in lignin.

Burbridge et al. (in preparation) showed that overexpression of a cell wall barley
peroxidase prx8 in tobacco plants resulted in an increase in extractable lignin levels in

the stem.

1.1.3 Peroxidases and stress
1.1.3.1 Oxidative stress and Reactive Oxygen Species

Many stress-induced dysfunctions in plants are due to the multitude of forms and

intermediates that atmospheric oxygen can take and the high reactivity of these forms.

Reactive Oxygen Species (ROS), also referred as Reactive Oxygen Intermediates
(ROIs), are partially reduced forms of atmospheric oxygen (Oa). ROS are usually
produced by the excitation of oxygen to form a singlet oxygen (O,') or from the
transfer of electrons to O, to form, superoxide radical (O;) in the case of one
electron; hydrogen peroxide (H»O;) if two electrons are transferred; or hydroxyl
radical (OH') when three electrons have been transferred to oxygen. The reduced
species of oxygen O, H;O, and OH" are highly reactive; they are capable of oxidising
various cellular components leading to the oxidative damage of the plant cell. These
compounds are also needed in halogenation and hydroxylation reactions, thus the
need of a delicate regulation of their levels. (Mittler 2002, Asada 1999, Pellegrineschi
et al. 1994),



In plant cells, ROS production has been observed in chloroplasts, mitochondria, the
plasma membrane, the endoplasmic reticulum and the apoplastic space, and also in
the cell walls (Mittler 2002, Blokhina er a/. 2003). In fact, cell walls are active sites of
metabolism and oxygen activation. ROS can be involved in reactions against
pathogens, or in the degradation of xenobiotic chemicals, but mostly in biosynthetic
reactions. For example, the H>O, necessary for the link of lignin precursors can be

generated by cell-wall peroxidases (Mader and Amberg-Fisher 1982).

ROS can be produced by normal metabolism in plants, such as photosynthesis and
respiration. Also, they can be gencrated when plant tissues are exposed to several
environmental stresses, and they can be rapidly produced as a defence response to
pathogen attack (Bolwell ef al. 2002).

In plants, the oxidative damage caused by the over-accumulation of ROS is usually
associated with the peroxidation of membrane lipids, but ROS also contribute to
protein oxidation, enzyme inhibition and DNA and RNA damage. In fact, elevated

levels of ROS can result in Programmed Cell Death (PCD) (Mittler 2002).

ROS are also thought to be important signalling molecules. Over time, plants develop
mechanisms to increase their level of tolerance to ceirtain abiotic and biotic stresses.
For this, when faced with a stress, plants need to perceive it and then transfer the
information to onset the reactions that will protect the plant, usually by starting signal
transduction pathways. ROS can act as signals for the activation of these pathways

{Knight and Knight 2001).

1.1.3.2 ROS and Programmed Cell Death

Programmed Cell Death has been investigated mainly during plant-pathogen
interactions, but also during environmental stress. The generation and excessive
accumulation of ROS correlates with the onset of cell death in plants. Dat er al.
(2003) showed that PCD was triggered in transgenic tobacco plants with a modified
H>O; homeostasis, linking high H.O; production and cell death. The perturbation of
the H,O, homeostasis in catalase deficient transformants stimulates a signalling

cascade leading to an oxidase-dependent burst and consequently, cell death.



Also, Pellinen er al. (2002) studied the involvement of H,O, produced by ozone
stress, in birch with PCD. They showed that these stress factors induced the
expression of stress related genes, and thus placed H,O, at the beginning of this

pathway for cell death.

1.1.3.3 ROS and antioxidants

The toxicity of ROS, combined with their importance in signalling pathways
necessitates a fine regulation of their levels in the cells. They can be regulated by
ROS-scavenging enzymes, such as superoxide dismutase (SOD), ascorbate peroxidase
(APX) peroxidases and catalase (CAT) (Asada 1999, Shigeoka ef a/. 2002, Bowler et
al. 1991).

Superoxide dismutase catalyses the dismutation of superoxide to hydrogen peroxide
and oxygen: O,” + 0y + 2H™ — H-0, + Oy, SODs are found in almost all cellular
comportments and are believed to have a central role in the defence against oxidative

stress (Bowler et a/ 1991).

Ascorbate peroxidases are enzymes believed to be involved in the detoxifying of
photoproduced hydrogen peroxide, and use ascorbate as their specific electron donor
to reduced H,0, to water (Shigeoka 2002). They are located mainly in peroxisomes

but also in mitochondria (at least in maize) (Willekens ef al. 1997).

Antioxidant enzymes are not the only mechanisms plant cells utilize for defence
against oxidative stress. Antioxidants, such as ascorbic acid and glutathione are also
of tremendous importance for the protection of the plant from ROS. Ascorbate is a
major antioxidant able to react directly with hydroxyl radicals, superoxide and singlet
oxygen. Glutathione is involved in sulphur metabolism, regulating sulphur uptake in
the roots, but most importantly in the defence mechanisms of plants. It is an important

antioxidant and a redox buffer (Noctor and Foyer 1998).



1.1.3.4 ROS and peroxidases

The levels of H»O; in the cell are enzymatically regulated by catalases and

peroxidases. They are located in almost every cellular compartment of the plant.

Peroxidases are enzymes that require H,O, for their functioning, but they can act in

compartments such as the cell wall where the level of H,O; 1s very low,

It is believed that the cell wall peroxidase, through an oxidase cycle, is not only
capable of scavenging H,O»_ but can also catalyse O, and H>O, formation by a series
of reactions in which subsirates such as NADH and IAA are oxidized, in the absence
of exogenous added H,0O, (Blokhina er al. 2003). Peroxidases generate H,O; in a first

phase and then function as a typical enzyme in the second phase (Siegel 1993),

Peroxidases are considered to be stress indicators of plants because they are among
the first enzymes to increase their levels considerably after a stressful stimulation.
Lignification also often occurs as part of these stress responses (Jansen er a/. 2001). In
this case, the function of lignin is not only structural but also serves as a mechanism

to evacuate oxygen from the cells via peroxidation.

1.1.4 Abiotic stresses and peroxidases

1.1.4.1 Heat stress

Heat stress can be identified as when the temperature is high enough and of sufficient
duration to cause trreversible damage to the plant. It can also refer to non-permanent
damage when the high temperature increases the rate of reproductive development
and in consequence, reduces the time for photosynthesis, reducing the total fruit or
grain yield.

Plants can be damaged in different ways by heat stress, and different species and

cultivars differ in thetr sensitivity to high temperatures (Hall 2001).
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High temperatures can have a direct damaging effect due to the heating of the plant
tissues, but also indirect effects associated with the evaporative demands and the
deficit of water. They can affect germination by reducing ptant emergence, or affect
the plant at the vegetative stage, damaging the components of leaf photosynthesis.
The latter effects include reduction of carbon dioxide assimilation rates, damage to
components of photosynthesis 1T located in the thylakoid membranes, and also
impairment of membrane properties. Membrane thermostability can be affected and
has been measured by clectrolyte leakage. Stable membranes show slower leakage
(Whitlow er al. 1992). Extreme temperatures can damage the reproductive system of

many crop species, and ultimately can induce PCD (Hall 1992, Hall 2001).

The effect of peroxidases and other ROS-scavenging enzymes on heat stress has been
examined. Larkindale and Huang (2004) showed a correlation between heat stress and
the levels of antioxidant enzymes. They demonstrated how, after heat treatment of
crecping bentgrass plants, levels of ascorbate peroxidase, peroxidases and superoxide
dismutase increased, while those of catalase decreased. Dat ef af. (1998) observed a
link between heat acclimation and levels of antioxidants in mustard seedlings. tn fact,
they observed an increased of 30% in the activity of ascorbate peroxidase after heat
acclimation at 45°C. Edreva ef al. (1998) studied the activity of cell-wall peroxidases
and their correlation with heat treatments in bean plants. They observed an increase in

total peroxidase activity in high temperature-treated plants.

Again, transgenic plants have contributed to such studies, Shi er @l (2001) obsetved
an 1increase in thermotolerance of transgenic Arabidopsis thaliana plants
overexpressing a peroxisomal type ascorbate peroxidase (Hv4APX/) from barley

leaves.

1.1.4.2 Cold stress
Low temperature is one of the most important factors determining the adaptation and

distribution of plants. A plant can be exposed to two types of injury from low

temperature: chilling injury or freezing injury.
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Chilling injury occurs from approximately 20 to 0°C. The damage to the plant can
include disruptions in germination, flower and fruit development and yield. Most
tropical and subtropical crops are susceptible to chilling temperatures, Hmiting the
production yields and the distribution of the plants (Fowler and Limin). Chilling
affects the entire metabolism of plants, influencing enzymatic reactions, substrate

diffusion rates and membrane transport (Kratsch and Wise 2000).

Freezing injury occurs when temperatures drop below the freezing point of water,
This type of injury is probably due more to formation of ice than the temperature

itself. ice formation can be either extracellular or intracellular,

In intracellular freezing, the protoplasm structure is damaged by the formation of ice
crystals, which is fatal for the cell and induces cell death, When the plant suffers
extracellular freezing, the protoplasm of the plant can become dehydrated due to the
water deficit created by the formation of ice crystals in the intercellular space, and can

in fact protect the cells themselves, at least temporarily (Levitt 1980).

Extracellular freezing can cause cell damage, beginning on the surface of the cell
walls, in water transporting vessels or in extracellular spaces. Cell death can be a
result of the severe dehydration or by the disruption of cell membranes and other
cellular components by the ice crystals. In fact, ion leakage due to membrane
permeability changes is often reported in chilling sensitive plants. It can also have
anatomical effects in the floral tissues, the reproductive organs, affecting the
development of fruits or even causing abscission (Rodrigo 2000).

In an effort to increase the tolerance of plants to chilling and freezing injuries, studies
have been carried out testing the sensitivity or resistance of plants to these siresses,
and exploring the possible correlation with the production of ROS and the levels of

antioxidant enzymes.

Britgggemann et a/. (1999) analysed the contents of antioxidant enzymes in tomato
plants differing in chilling tolerance. They observed that, although levels of
superoxide dismutase and ascorbate peroxidase were the same in both the chilling-

tolerant and the chilling-sensitive genotypes, levels of glutathione reductase (GR),



another enzyme involved in the protection system against ROS, were lower in the

sensitive tomato plants.

McKersie ef al. (1999) tested the hypothesis that decreasing oxidative damage will
improve winter survival, They transformed alfalfa plants with a Mn-superoxide
dismutase gene. Transgenic plants showed a higher survival rate after one winter,
when compared fo the wild type plants as well as a higher herbage yield, but they did

not find any increase in tolerance to freezing damage.

Kaeshvkant and Naithani (2001) showed an increase in ROS and a decrease in free
radical processing enzymes, such as SOD, CAT, APX and peroxidase, in chilling-
sensitive young sal (Shorea robusta) seedlings in response to constant chilling
exposure. They indicate a possible link between the failure of the antioxidant systems,

as well as the increase in superoxide, and the chilling sensitivity of these seedlings.

1.1.4.3 Salinity stress

Salinity is the condition by which the soil water presents an accumulation of dissolved

salts, high enough to affect the growth of the plants.

Salinity can be of two main origins (Neumann 1997, Munns 2002).

a) Natural or primary, which results in the accumulation of salts over a long
period of time. This accumulation can precede either from the breaking down
of rocks and the consequent release of soluble salts or from the oceanic salt
carried by wind or rain.

b) Human-induced salinity, from hwman activities such as salt-rich irrigation or

insufficient drainage

High concentrations of soluble salts in the soil can affect the growth of the plants

mainly in two ways.
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Firstly, the osmotic effect caused by the salts in the soil will decrease the amount of
water that can be absorbed by the roots. This is essentially a water stress. It reduces
the growth of leaves but also, might reduce the growth of roots, and decreases

stomatal conductance and in consequence, photosynthesis (Munns 2002).

Secondly, if there is an excess of salts absorbed during transpiration, the ion excess
will injure the cells in the transpiring leaves. The accumulation of salts over long
periods will exceed the ability of the cells to compartmentalize the salts into vacuoles.
This will inhibit the growth of the younger leaves by limiting the amount of

carbohydrates delivered to the growing cells (Munns 2002).

In order to better understand the mechanisms of salinity stress, and its effect on the
oxidative damage to plants, studies involving salt stress have been carried out. Tanaka
et al. (1999) analysed and studied the overexpression of yeast mitochondrial Mn SOD
in transgenic tice plants. Under salt stress, levels of Zn-SOD and catalase decreased in
both the transformants and the wild type rice, but in the transformant rice, the levels
of total SOD were maintained at a high level and those of APX increased when
compared to the wild type. This might correlate with the protection of the
photosynthetic system against salt stress induced damage.

Savouré ef al. (1999) analysed the impact of NaCl and CuSOy4 on the levels of
oxidative enzymes in Nicotiana plumbaginifolia. They concluded that the different
types of salt at different periods of time would induce distinct patterns of antioxidant
responses. In fact, CuSO, treatments stimulate the activity of SOD, APX and

peroxidase, while NaCl treatments only stimulate CAT activity.

Amaya ef al. (1999) assessed the role of a cell wall peroxidase in the response to salt
stress. Seeds from transgenic tobacco plants overexpressing this peroxidase (TPX2)
were germinated under osmotic stress and salt stress. An increased in germination
rates was observed when the plants with higher levels of peroxidase activity were
used. They hypothesized that an increase in peroxidase activity was affecting the
structure of the cell wall, and confirmed a reduction in the size of pores by
thermoporometry. The higher germination rate was then believed to be due to the
better capacity to retain water, reducing the effect of water deficit caused by the

salinity.
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Pujari and Chanda (2002) tested the effect of high salinity on the levels of peroxidase
and TAA oxidase activities in vigna seedlings. They noted a lower activity of both
peroxidases and TAA oxidase in control plants when compared to those treated with

NaCl, concluding the induction of these enzymes by the salt stress.

1.1.4.4 Metal stress

Metals such as manganese (Mn), zinc (Zn) or copper (Cu) are part of the terrestrial
system and are necessary for the plant development in trace amounts, but they can

become toxic substrates when they are present at excessive levels.

Levels of toxicity from metal ions depend on the particular plant, but in general, they
are considered toxic when the levels cause significant growth decrease. This is often
defined by a yield decrease of 10% (Zhang et a/. 1998, Gonzalez et al, 1998). Metal

toxicity can result in a multitude of symptoms in plants.

Manganese toxicity can cause chlorosis in older leaves, and necrotic spotting and
“crinkle leaf” symptoms in younger foliage (Gonzalez et al. 1998). Zinc toxicity
symptoms range from chlorosis and reddening due to anthocyanin production, to
smaller leaves, brown spots and necrotic lesions, ultimately leading to death of the

plant (Fontes and Cox 1995).

The range of symptoms observed, at whole plant and organ level, in response to metal
ion stress, has its basis in the way these ions influence metabolism, e.g. through the
reduction of photosynthesis, affects on enzymes and other proteins, nutrient transport
and ion homeostasis. Plants have developed several mechanisms to increase their
tolerance to metal ion stress, inciuding ion exclusion at the cell wall level, and the

sequestration of 1ons in vacuoles (Reichman 2002).

Peroxidase levels increase as a gencral response to toxic uptake of various metals.
- . 2+ I- == =
Leaves and roots treated with toxic doses of Zn*", Cd™", Ni- and Pb™ have shown

induction of peroxidase activity (Assche and Clijsters 1990). Even though the exact

~
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mechanisms by which levels of peroxidase increase when plants are treated with
metals are not known, it is believed that this increase is a defensive response to metal
ion toxicity, but that it can in turn impair other aspects of normal celtular functioning.
Prasad et al. (1999) exposed Brassica plants to toxic levels of Zn*" and established a
link between the metal stress and the production of free radicals. The induction of
peroxidases is necessary for scavenging the H,O» generated as a result of the toxicity.
Fang ef al (2000) investigated the induction of peroxidases activity and the
isoenzyme patterns after exposure to iron, copper and zinc in rice leaves, and
concluded toxic levels of these metals would induce both quantitative and quaiitative
changes.

Mn 1s thought to be responsible for the production of free radicals and the induction
of oxidative stress. Lindon and Teixeira (2000) studied the effects of Mn-treatments
on rice chloroplasts and they established a cormrelation between the levels of
manganese and the production of oxy radicals. In fact, at toxic levels, Mn promotes an

increase in the production of both superoxide and hydroxyl radicals.

Gonzalez et al. (1998) studied the levels of antioxidants, antioxidant enzymes and
chlorophyll content in bean plants exposed to high levels of Mn. They believed the
accumulation of antioxidants might protect the tissues against the oxidative stress.
They observed an up-regulation of SOD under conditions of Mn toxicity, Also, an

increase in ascorbate peroxidase was recorded after the Mn treatment.

1.1.4.5 Other stresses:

1.1.4.5.1 Ultraviolet radiation stress

Light, including ultraviolet-B radiation (UV-B, 280-315 nm), is a very important part
of the environmental factors that affect the development and the growth of plants.
UV-B also has the potential to change gene expression, by up-regulating and down-

regulating genes (Jordan 2002). [t can interfere with the plant metabolism, affecting

photosynthesis, flowering, pollination and transpiration.
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UV tolerance has been linked to levels of peroxidases in plant. [t was shown by
Jansen ef al. (2001) that UV-tolerant plants contained more free indole-3-acetic acid
than the sensitive type, and it was hypothesized that higher activities of peroxidases
were involved in the degradation of TAA. Transgenic tobacco plants altered in their
peroxidases levels comoborate a link between the increased UV tolerance and
decreased IAA levels, thus demonstrating that peroxidases are able to contribute to
the protection of photosynthesis from UV radiation stress.

More recently, Jansen ef al. (2004) have analysed several tobacco lines with altered
peroxidase expression patterns to prove a clear link between peroxidase activity and
UV tolerance. They showed that a change in activity induced a change in UV
susceptibility, but also that different peroxidase isozymes have different effects on

this susceptibility.

1.1.4.5.2 Herbicide stress — Paraquat stress

Paraquat 1s a bipyridylium (viologen) herbicide, effective as a non-selective herbicide
when applied to leaves. It is a free radical generator whose action is directed to the
chloroplast, leading to swelling and finally, breakdown of the thylakoids and the
chloroplast envelope. The main symptoms associated with it are a loss of water and
desiccation of the leaf that ends up in necrosis within 24 hours (Dodge and Lawes,

1974).

Resistance to Paraquat has been investigated in numerous studies but its mechanism
seems fo be quite complex. Resistance has been correlated with increased activity of

superoxide dismutase and other free radical scavenging enzymes.

Bowler ef al. (1991) showed reduced damage from Paraquat in tobacco plants
overexpressing a Mn superoxide dismutase, but SOD is not the only enzyme that

might be involved in the tolerance to activated oxygen produced by Paraquat.

Transgenic tobacco plants overexpressing a glutathione reductase from E. coli showed
reduced susceptibility and less visible leaf damage in the presence of Paraquat when

compared to the wild type plants (Aono ef al. 1991).
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1.2 Genetic transformation of plants

Inserting foreign genetic information into plant cells has become possible through the
development of a range of genetic engineering techniques. Protocols for the
production of transgenic plants consist of the introduction of exogenous DNA into
plant tissue, and regeneration of whole plants from the resulting transformed cells.
They allow the introduction of a gene corresponding to a beneficial property into the
otherwise unaltered genome of the plant. Thanks to this technology, the development
of plant transformation in the last two decades has permitted the production of many
transgenic crops, some of them released for commercial purposes around the world.
The use of Agrobacterium-mediated DNA transfer and particle bombardment are the
most favoured methods in plant genetic transformation. Methods involving the direct
uptake of DNA, such as electroporation and Polyethylene Glycol (PEG)-meditaie
transformation have also been used (Hoekema et a/. 1983, Sanford 1988, Fromm er

al. 1985, Negrutiu et al. 1987).

1.2.1 Transformation strategies

1.2.1.1 Agrobacterium-meditated transformation

Agrobacterium tumefaciens 1s a soil bacterium and a pathogen to a number of dicot
plants. It is capable of transferring and integrating parts of its DNA into these plants.
It forms a crown gall or tumour at the site of the infection, making the plant produce
amino acids called opines as a source of carbon and nitrogen for the bacterium, at the
expenses of the plant. When 4. tumefaciens infects, it transfers to the plant cell
nucleus a portion of its own DNA, called the T-DNA, present on the Ti plasmid. The
T-DNA contains the genes involved in opines synthesis as well as the genes
responsible for the biosynthesis of auxin and cytokinin, which allow the tumour
induction and the subsequent formation of the gall. It is bounded by two 23 base pair
direct repeats, the “border” regions (Br and Bg), which delineate the DNA segment to
be transferred to the host cell. The Ti plasmid also contains a series of virulence genes
(vir) responsible for the infection and the transfer of the T-DNA into the host cell

(Slater e al. 2003).



In order to use this natural system in genetic engineering, Ti plasmids need to be
“disarmed”, meaning the removal of all the genes in the T-DNA, making the strain
not oncogenic and substituting this DNA with the gene(s) of interest (Hellens and
Mullineaux 2000).

Using this natural capacity, techniques have been developed to genetically modify a
large number of plant species. The method usually involves incubating the target
tissue with the strain of A. tumefaciens previously disarmed and harbouring a Ti
plasmid that contains the gene or genes of interest to be transferred. Afiter transfer has
occurred, plants are generated from the tissue which has been in contact with the

Agrobacterium (Van Wordragen and Dons 1992, Hood et al. 1993).

In order to be able to use the natural capacity of this bacterium to transfer DNA,

Agrobacterium-based plasmid vectors have been created using molecular techniques.

Initially, vectors were derivatives from Ti plasmids, and they were called “co-
integrative vectors”. The main characteristic of this type of vectors is that the T-DNA
sequence containing the gene of interest is situated in the same vector as the genes
responsible for the transfer (Fowler ef a/. 2003). Subsequently, the development of
binary Ti vectors allowed considerable advances in plant transformation. In the case
of these plasmids, the T-DNA and the vir region are found in two separate vectors.
The sequence to be transferred is located in the T-DNA and resides in one vector. The
vir genes are situated in the disarmed Ti plasmid, which is already located in the
Agrobacterium strain (Hellens and Mullineaux 2000). Table 1 summarizes the

characteristics of several binary vectors.

Vectors used in plant transformation are characterised by certain basic features.
Firstly, for each gene to be expressed, a promoter that will express in plants is the
most important requirement, in addition to a terminal sequence that will allow the
transcription to cease at the right position. Constitutive and non-specific promoters,
such as CaMV (cauliflower mosaic virus) 35S, and nos (nopaline synthase from A.
tumefaciens) have been widely used. These promoters drive the expression of

transgenes in most tissues and without temporal regulation.
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Size Bacterial Replication
Vector (bp) selection origin
Agrobacterium E. coli

pBIN19 11 777 | Kanamycin pRK2 pRK2
pC22 17 500 | Ampicillin, pRi ColE"

streptomycin and

spectinomycin
pGA482 13 200 | Tetracycline pRK2 ColE1
pPCV001 9200 | Ampicillin pRK2 ColE1
pCGN1547 14 440 | Gentamicin pRi ColE1
pJJI188I 25 700 | Tetracycline pRK2 pRK2
pPZP111 8909 | Chloramphenicol pVS1 ColE1
pGreen0029 4632 | Kanamycin pSa puUC

Table 1, Selection of binary Ti vectors {adapied from Hellens and Mullineaux 2000).




It has become a matter of a great importance to target the expression of transgenes to
specific tissues of the plant and even to control it not only spatially but also
temporally (Potenza er a/ 2004). Tissue specific promoters have also been used in the
production of transgenic crops. Genes of the family encoding chlorophyll a/b binding
proteins (cab) are activated by light, in a similar way to those from the small subunit
of ribulose-1, 5 bisphosphate carboxylase (rbcS) (Bischoff er of. 1997). Luan and
Bogorad (1992) isolated and studied the role of the photoregulated rice Cab1R gene
by overexpressing a reporter gene in transgenic tobacco plants and studying the role
of the cab promoter. Aida ef al. (2004) also studied the use of Cab promoter from
chrysanthemum-wild species and analysed the expression of the gus gene in
chrysanthemum. Gittins et @/. (2000) studied the expression of a marker gene gusA
using the promoters from Rubisco small subunit (SSU) genes from tomato and
soybean, The expression of the Rubisco SSU genes in both species is rcgulated by
light, transcribed in cotyledons and leaves but undetectable in roots. These promoters
showed a similar activirty when driving the expression of the gus gene in apple plants.
Gittins ef al. (2001) described the expression of the reporter gene gusA using the
promoter from the Brassica napus extensin A (extA). This promoter has shown high
expression levels in the roots of plants, Lin et ¢/. (2003) have worked with several
promoters from Arabidopsis thaliana in order to study the expression in time or space
of these promoters in white clover. They studied a promoter constitutive in root
vascular tissues (atmyb32), a senescence-associated promoter (SAGJ2) and stress

inducible promoters (adh and xero 2).

In order to select the transformed tissues, selectable markers are necessary in plant
transformation vectors. Resistance to toxic substances in the culture medium, such as
antibiotics or herbicides is the most common method for selection. One of the most
widely used antibiotic resistance genes is the Escherichia coli nptll gene that confers
resistance to the antibiotic kanamyecin. Bacterial genes conferring resistance to other
antibiotics such as spectinomycin and hygromycin are also commonly used in plant
transformation (Hellens and Mullineaux 2000). Among the herbicide resistances, the
most commonly used are gluphosinate, paraguat and bialaphos (Nolte er a/. 2003,
Mohapatra ef af. 1999, Ye et Gressel 1994). In some cases, reporter genes have been
included to confirm the transformation or to study the action of different promoters.

The most commonly used reporter genes are the f-glucuronidase (uidA or gus), the
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green fluorescent protein (gfp) and the luciferase gene (/ux and fic) (Slater et al.

2003).

Finaily, binary Ti vectors require a replication origin (or7), which will atlow the
replication of the plasmid in both E. coli and Agrobacterium. In some cases, two
separate ori can be found in these vectors, allowing replication in the two different

bacterial species (Hellens and Mullineaux 2000).

1.2.1.2 Particie bombardment

Microparticle bombardment is a mecthod where microprojectiles coated with
exogenous DNA are accelerated into target cells. It was first developed and described
by John Sanford (Sanford ef a/. 1987). This technique, also referred to as the particle
gun, the gene gun, particle acceleration, and the bioblast, was first christened as the
biolistic method by its inventor (Sanford 1988). It involved the use of micron-sized
metal particles (usually gold or tungsten) coated with DNA. These particles are
accelerated at speeds higher that 1500 Km/h; enough to penetrate the cell wall and the
cell membrane without damaging the cell. They are displaced due to shock caused by
either a chemical explosion or helium gas under high pressure. Once in the cell
interior, the DNA becomes dissociated to be integrated into the genome of the plant
cell. This method was developed to deal with the difficulties encountered with some
species recalcitrant to the Agrobacterium-mediated transformation, such as cereals

and legumes (Taylor and Fauquet 2002).

The most important advantage of the biolistic approach is the fact that it overcomes
the biological incompatibility found between Agrobacteriium and some species, due to
the strong host-tissue specificity. With this technique, DNA can be delivered to any
tissue of the plant (Aragio 2002). This means that any tissue capable of regenerating a

fertile plant is a possible candidate of the particle bombardment (Finer et al. 1999).

The principal target tissues for this approach are embryogenic cultures and merismatic
tissues, but in other cases, especially when only transient expression is studied, any

tissue can be tested (Finer ef af. 1999).
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Particle bombardment is also commonly used for plastid transformation, which cannot
be achieved using Agrobacterium. The integration of the foreign DNA in the
chloroplast occurs by homologous recombination, and expression levels obtained with
this method can be very high, up to 45% of the total soluble protein (Maliga 2002).
Also, the fact that chloroplasts are subject to maternal inheritance in most species,
makes the spread of transgenes in chloroplasts a less concerning issue (Daniell ef al.

2001, Boyton 1987).

1.2.1.3 Agrolistics

This technique is a combination of the advantages of the Agrobacterium-mediated
transformation and the high efficiency related to the biolistic approach.

It delivers the gene of interest as well as the necessary vir genes for the transfer and
the insertion of T-DNA into the plant genome on particles similar to those used in the
particle bombardments (Hansen 1996).

It has been shown that the use of Agrobacterium bombardment can increase stable
transformation efficiency in species such as strawberry (Cordero de Mesa ef al. 2000)

or sunflower (Knittel e al. 1994).

1.2.1.4 Polyethylene Glycol-mediated transformation

Polyethylene Glycol (PEG)-mediated transformation is another technique based on
the direct infroduction of DNA into the plant tissue. Plant cells need to have their cell
wall removed to become protoplasts and for the DNA to penetrate into the nucleus.
Plant cells are incubated with PEG and the DNA to be transferred in order to allow

the absorption of the gene of interested (Kofer ef al. 1991).



1.2.2 Genetic transformation of trees

Trees are a very valuable source of food, fuel, wood, fibre, timber, fruit and other
products. Tree species have long life cycles with seedlings depending on an extended
juvenile phase. Also, most woody plants are highly heterozygous and sexually self-
incompatible (Ghorbel ef a/. 1999). These factors mean the systematic use of
traditional breeding techniques, such as selfing and backcrossing, can be extremely
slow and not highly productive (Giri ef a/. 2004). . Therefore there has been a strong
incentive to develop plant tissue culture and genetic transformation procedures for

tree species as an alternative for the improvement of woody plants,

Some major considerations need fo be taken into account for the genetic
transformation of trees. First of all, the frequency of transformation is particularly
low, with less than 1% and even 0.1% of Agrobacteritm-treated, or microprojectile
bombarded, explants yielding transformed shoots. This could be due to the problems
related o the regeneration of viable plants and the difficulties of propagation in
culture, 1e. a general recalcitrance of most woody species to tissue culture techniques.
Also, this low frequency can be a reflection of the complex interaction between the

plant cell and the Agrobacterium strain (James, 1993),

Despite these constraints, trees have been the object of much research in molecular
biology techniques and can be amenable to genetic engineering (Herschbach and

Kopriva 2002).

Many tree species, including fruit trees, have now been successfully transformed.
These advances in biotechnological methods have allowed the transfer of genes of
both academic and agronomic importance. The first successful genetic transformation
of trees was in 1987 when Filatti ef a/ (1987) obtained transgenic poplar trees. They
reported the regeneration of Populus with herbicide resistance. Poplar trees have since
been used in many genetic modification experiments, and it is considered a model tree
for molecular studies of woody species (Christensen ef al. 1998). Economically
important species have also been targeted, such as forestry species, Eucalyptus
(Valerio er al. (2003) regenerated Eucalyptus with reduced cinnamyl alcohol

dehydrogenase activity), and fruit trees like apple. The method of choice for most
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transformations of tree species is based on the Agrobacterium technique (Giri ef al.

2004)

Several traits have been targeted by tree technology. Firstly, genes related to the
resistance to insects, herbicides and diseases were introduced, but genes of more
academic interest are also being studied (Herschbach and Kopriva 2002). Some of the

principal targets are summarised in Fig. 2.

1.2.2.1 Transformation of fruit trees

There are a number of examples of fruit trees having being successfully genetically
transformed. Wong et al. (2001) worked on the breeding of citrus plants with
enhanced resistance to abiotic stresses and improved post-harvest quality of fruits.
They manipulated the ethylene biosynthesis in citrus plants Carrizo citrange and
Poncirus  trifoliate  using Agrobacterium  tumefaciens-mediated gene transfer
technology. Another citrus plant (Citrus reticulate Blanco) has been used in
Agrobacterium-mediated transformations in order to study the possibility of obtaining
seedless citrus fruits (Li et al. 2002). Ravelonandro ef al. (2000) investigated the
resistance mechanisms in woody plants, in particular plum (Prunus domestica), to the
Plum pox virus (PPV), responsible for the plum pox disease or sharka. They
introduced the cDNA coding for the PPV coat protein into these trees and studied the
effect of the overexpression of the transgene in this fiuit species. Another example is
the successiul transformation of horse chestnut trees expressing the gus gene by

infection with Agrobacterium rhizogenes (Zdravkovic-Korac ef al. 2004).

Several strategies have been studied in order to improve the efficiency of
transformation of deciduous fiuits tree. The reduction of tree size by the use of
dwarfing rootstocks has proved helpful. Bell er af. (1999) have studied the effect of
the overexpression of a rolC gene, originally from the pathogenic bacterium
responsible for the hairy root disease, Agrobacteriunt rhizogenes in transgenic pear
trees (Pyrus communis L.). This gene has reportedly been associated with increased

branching and shorter internodes, which resulted in reduced plant size.
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The production of transgenic woody species and the methods used for the
transformation are becoming routine in laboratories and industry. Table 2 outlines the

progress achieved in transgenic tree production.

1.2.2.2 Transformation of apple

Apple trees are part of the subfamily Pomoideae, along with Medlars, Quinces, Pears
and other Genera. They all produce pome fruits. The cultivated apple, Malus pumila
probably derives from Malus baccata and Malus sylvestris. There are more than thirty
species and subspecies of Malus, which readily interbreed. Apple was the first species
to be crossed artificially by pollen transfer and in the last 200 years there has been an

accumulation of vast knowledge of its breeding.

In recent years there has been an increase in the efficiency of regeneration of apple
from cultured tissues. This has allowed for the introduction of genes of academic or
commercial interest into apple varieties via non-sexual methods. DNA delivery has
been by Agrobacterium-mediated transformation, or microprojectile bombardment.
Apple transformation was first repoited by James er al. (1989) with the use of
Agrobacterium tumefaciens and leaf discs from the apple cultivar “Greensleeves™.
The main problem encountered was the low frequency obtained. Several factors could
increase the transformation rate, such as the explant tissue targeted, the strain of
Agrobacterium, and the type of binary vector used.

The first apple transformations were based on the introduction of marker genes, such
as nos (nopaline synthase) and the resistance to antibiotics, like the bacterial
neomycin phosphotransferase gene spfll, which confers selectable resistance to the
antibiotic kanamycin (James er al. 1989). Since then, a number of transgenes of
interest have been introduced into apple cultivars.

James ef al. (1992) very early introduced a gene encoding a cowpea trypsin inhibitor
(CpTI), believed to be an antimetabolic to a wide range of insects, obtaining
transgenic fruit crops engineered for resistance these insects. Other approaches to
insect resistance have also been attempted, as in the introduction of the Cry IA (c)
gene from Bacillus thuringiensis, which encodes endotoxins targeted to lepidopteran

pests (James ef af. 1992, James ef af 1993a),

27



Nature of Transformation Genes
Plant species fissue method transferred References
Acacia mangium 5 Ag UidA, nptil Xie and Hong 2002
Alfocasurina Verlicillata H Ag UidA, nptli Franche et al. 1999
Betula platiphylla H Ag UidA, nptit Mohri et al. 1997
Caslenia saliva H Ag UidA, nptil Seabra and Pais 1998
Coffea canesfphora L Ag UidA, hpt Hatanaka et al. 1999
Eucalyptus camaldulensis L Ag UidA, nptll Mullins et al. 1997
E. camaldulensis H Ag UidA, npti Ho ef al. 1898
Fragaria x ananassa L Ag UidA, nptif Barcelo et al. 1998
Hevea braziliensis C MPB UidA, nplil, Cat Arokiaraj et al. 1924
Larix kaempferix, L. decidua MSE Ag nptit Levee et al. 1997
Malus x domeslica L Ag UidA James el al. 1997
Malus x domeslica L, cot Ag UidA Bondt et al. 1894
Malus x domestica Cot Ag UidA, nptl Bondt et al. 1995
Malus x domestica L Ag rol A Holefors et al. 1998
Malus x domestlica Lpt PEG RSV-F Sandhu et al. 1999
Malus x domestica Pot Ag UidA, npti Yao et al. 1999
Malus x domestica L Ag MB39 Liu et al. 2001
Picea glauca SE MPB UidA, nptit Bommineni et al. 1893
P. mariana ImE MPB UidA, nptii Bommineni et al. 1984
P. mariana SE MPB hpt, UidA Tian et al. 2000
P. silchensis ImE. ME Ag UidA Drake et al. 1997a
P. abies imE, ME Ag bar, nptll Bishop-Harley et al. 2001
Finus sylvestris Col, EC MPB UidA, npti Haggman and Aronen 1898
P. pinea E Ag UidA Humara et al. 1999
P. pinea E, Cot Ag UidA Humara et al. 1999
P. aristata, P. griffithii, P.
monticola Pt MPB UidA Fernando et al. 2000
P. radiate Et MPB Bar, nptii, UidA Bishop-Harley et al. 2001
Popuius nigra L Ag UidA, nptil Confaionieri et al. 1994
P. delloides x P. x euramericana | L Ag UidA, nptil Confatonieri et al. 1997
Prunus amygdalus L Ag UidA, npti Archilletli et al. 19395
F. subhirtella SE Ag UidA Machado et al. 1995
P. dulcis L Ag nptll, UidA, ALS Yao et al. 1999
P. dulcis L Ag UidA, nptil Migue! and Oliveira 1999
Rubus ideaux L, P Ag SA Mase Mathews et al. 1995
Ulmus comprestres IN Ag T-DNA Dorion et al. 1985

Table 2: Genetic transformation of tree species (Ag Agrobacterium-mediated transformation, ALS
Acetolactate synthase, C callus, Cat Chloramphenicl acetyle transferase, Cot Cotyledon, E Embryo, EC
Embryogenic calius, H Hypocotyle, hpt hygromycine phosphotransferase, ImE Immature embryo, IN
Internosde, L Leaf, LPt Leaf protoplast, ME Mature embryo, MPB Microprojectile bombardment,
MSE Mature somatic embryo, npll Neomycin phosphotransferase 11, P Petole, PEG
Polyethyleneglycol, Pot Pollen tube, Pt Protoplast, ro/ A Root inducing loci A, RSV-F Human
respiratory syncytial virus fusion protein, S Stem, SAMase S-adenocvl methionine hydrolase, SE

somatic embrvo, UidA UidA B-glucorinidase) (Giri ef al., 2004).
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Despite this progress, the number of transgenic apple plants obtained is limited. Many
efforts have been applied to improve this. One aspect is the interaction between the
Agrobacterium strain and the tissue targeted. James et af. (1993b) analysed the effect
of acctosyringone (AS) and betaine in the plant transformation method.
Acetosyringone 1s a plant phenolic produced during the wounding of the plant cells
and it is believed to induce the vir genes of A. tumefaciens. Betaine phosphate is a
natural osmoprotectant and it has been shown (o increase the expression of these vir
genes. This group has shown that the presence of these two compounds, if used during
the bacterial induction phase of transformation, increases the expression levels of the

marker gene used for the transformation.

Cultivars other than Grensleeves have also been successfully transformed via
Agrobacterium-mediated transformation. Puite and Schaart (1996} reported the
transformation of the cultivar Gala (Regal Prince) and two commercial apple
cultivars, Golden Delicious and Elstar. The procedure involved incubating leaf
explants with an Agrobacterium strain harbouring a vector containing both a
selectable marker gene nprll, and the widA reporter gene encoding the fluorogenic
enzyme f-glucuronidase (gis). Yao et al. (1995} obtained the regeneration of
transgenic apple plants from the cultivar Royal Gala overexpressing the gus gene.
Also, De Bondt ef al. (1996) reported the transformation of the cultivar Jonagold with
the nptll, uidA and the bar gene, coding for the phosphinothricin acetyl transferase,
responsible for the detoxification of the herbicide phosphinothricin,

Several other genes have been introduced into apple trees. Holefors ef al. (1998)
obtained transgenic apple rootstock M26 overexpressing the rofA gene from
Agrobacterium rhizogenes. This gene has been shown to exert dwarfing properties.
The transgenic plants presented reduced stem length as well as internode and leaf arca
reduction in some of the clones.

Atkinson ef al. (2002) studied the effect of overexpressing a fruit-specific
Polygalacturonase (PG) in transgenic apple trees (Malus domestica Borkh. cv Royal
Gala). PGs are associated with fruit ripening, cell separation processes, pollen grain
malfunction, etc. They observed a distinct change in leaf colour, from PG-
overexpressing plants, as well as disrupted leaf organisation, malformed and
malfunctioning stomata and changes in leaf abscission, among other novel

phenotypes.
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Constitutive and non-specific promoters have mostly been used in apple
transformation experiments, but tissue specific promoters have been the subject of
severa] studies. Gittins ef al. (2000) studied the expression of the marker gene gusA
using promoters from Rubisco small subunit (SSU) genes from tomato and soybean.
These promoters permit transcription in light-grown tissues and the gene products are
mostly undetectable in voots. Apple trees have been obtained with the overexpression
of marker genes regulated by light. Gittins ef al. (2001) have also analysed the
expression of the gusA reporter gene when driven by the —940 ext4 promoter. The
Brassica napus extensin A (extA) promoter has been shown to confer higher levels of
expression in roots, with lower levels in stems and petioles and little to none in leaves,
They have reported plants that did not follow this pattern, but that show an increase of
expression at the stems, with very low levels in the leaves and roots. This promoter
could offer an alternative for expression of products with beneficial results in stems,

such are those targeted for dwarfing or lignin composition.

1.3 Aims

Peroxidases, are involved in the responses of plants to abiotic stresses and are also are
linked to the complex process of lignification. In this project, the overexpression of a
pathogen-related cereal peroxidase in a woody species was assessed. The ¢cDNA for
this gene (prx8) was isolated from barley after inoculation with the barley powdery
mildew fungus by Thordal-Christensen et al. (1992). Malus domestica plants were
transformed with the barley prx8 gene via Agrobacterium-mediated transformation in
order to study the effects of the enzyme in both, responses to stress and the influence
on lignification. We used a gene for which the peroxidase product is targeted to the
cell wall, Investigations on stress responses were also carried out with transgenic
tobacco expressing the pra8 gene, as a convenient non-woody model, allowing
parallels to be drawn between the consequences of peroxidase over-expression in

woody and non-woody species.



CHAPTER 2
MATERIALS AND METHODS
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2.1 Plant material

Axenic shoot cultures and/or seeds of the following plant lines were available at the

outset of the project:

Nicotiana tabacum L. cv. Xanthi plants, transformed with the barley peroxidase gene
pra8 by Emma Burbridge, NUI Maynooth, using the prx83201 binary vector, which
consists of the pCAMBIA 3201 vector containing the pathogen-related peroxidase
gene from barley (Fig. 3). These plants were screened for the expression of this cell-

wall peroxidase.

Nicotiana tabacum L. cv. Xanthi wild type plants.

Apple plants Malus domestica var. Greensleeves.

2.2 Tissue culture

2.2.1 Culture media

MS medium

46 g L' MS salts (Murashige and Skoog, 1962) (Duchefa), 3% sucrose, pH 5.8,
solidified with 0.7% agar (Difco)

Apple proliferation medium (A 17) (James and Dandekar, 1991)

4.6 gL' MS salts + vitamins, 3% sucrose, 1 mg L' benzylaminopurine (BAP) and
0.1 mg.L" indole butyric acid (IBA), pH 5.4, 0.7% agar.

Apple root induction medium (R13) (James and Dandekar, 1991)

4.6 g L' MS salts + vitamins, 3% sucrose, 3 mg L™ IBA, pH 5.4, 0.7% agar.

Apple rooting medium (R37) (James and Dandekar, 1991)

46¢g L' MS salts + vitamins, 3% sucrose, pH 5.7 (strawberry) pH 5.4 (apple), 0.7%

agar.



Hired 11 (1049
Pul{ 105’):14'.
Sal LOesn
Nog {10574 8
ezl ] 10658
Swea LOI0EEI N
Kpn [ 0653
e 14007
CeoR 110647,
CAMYIES promoler oo sef oy uting

1922 alpha

| CeMY 35S cremalar
. Gy lirs! exdn

b Neweldl capalass iniron
L T ’

P Gus 3econé eaon

/

Histidine lag

........... J
Ko 119817 / M 12014
it EILOUA)

phoighizaihriein (R) _Sa! 1093421, s B
S 09177 4 e ___Koas polyeA
Kow 119750 T"‘"T-Ebrcu (EPLH]

¢ uvassf;i-,lig'i : oC ﬁ.?al@!,ﬁ.lﬁﬂ] i
T-Borgur (fefl) L1488 e

xamamyvin (R) i
‘Y81 s

poAdLY ori

»BR122 bom L i 145K,

pYS1 rag

Figure 3. pPCAMBIA 3201 / px8 binary vector used in the transformation of Nicotiana tabacum L.

cv. Xanthi plants
The vector contains the BASTA selection gene, the GUS reporter gene and a multiple cloning site

where the prx8 sequence was inserted. The prv8 gene was obtained from the pBKL4-301 vector

(Kristensen et al. 1997).
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