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ABSTRACT

This study aimed to explore the prospects for enhancing abiotic stress tolerance through
expression of a cell wall-targeted peroxidase in transgenic plants. Abiotic stresses result in the
production of several Reactive Oxygen Species (ROS), including hydrogen peroxide (H,O,), in
higher plants. H,O, is highly diffusible and has a stress signhalling role, but is also the source,
through Fenton reactions, of highly destructive hydroxyl free radicals. Type III peroxidases, a
family of heme-containing proteins which oxidise a range of substrates using H,O,, as oxidant, are
capable of depleting H,QO, levels in several cellular compartments and specific peroxidases have been
linked to stress defences. In the present study, we demonstrate expression of a pathogen-induced
apoplastic barley peroxidase in transgenic tobacco plants and show that it confers improved
tolerance to several abiotic stresses, including high and low temperatures, salinity, metal ion and
osmotic stress.
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INTRODUCTION

Abiotic stresses, such as high and low temperatures, drought, salinity, heavy metals, high light
and UV, exert a profound effect on the viability, growth, morpholegy and productivity of plants.
Hence, these stresses have been inewvitable targets for crop improvement through genetic
engineering and the progress has been reviewed several times (Wang et @f., 2003; Vinocur and
Altman, 2005; Bhatnagar-Mathur et al., 2008). One strategy with potential to confer broad-range
stress tolerance is to address the generation of reactive oxygen species (ROS, e.g., superoxide
anions, O, and hydrogen peroxide, H,O, and the highly destructive, hydroxyl radical, OH*). These
ROS have a high capacity for oxidation of lipids, nucleic acids and proteins, leading to extensive
cell damage (Blokhina et al, 2003; Badawi et al., 2004). ROS are generated during normal
metabolic processes, such as photosynthesis and cellular respiration, but their levels are generally
controlled by a number of enzymes and anti-oxidants which have evclved for the purpose. The
enzymes involved include Supercxide Dismutases (SODs), which convert O,” into H,O, and a
number of enzymes responsible for regulating H,0, and minimising its conversion to OH* via
Fenton reactions. The latter enzymes include catalase and peroxidases, as well as components of
cycles such as the water-water cycle, the ascorbate-glutathione cyele, or the glutathione peroxidase
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cycle (Mittler, 2002) which depend on redox changes to the low molecular weight antioxidants,
ascorbate and/or glutathione, for the reduction of H,O,. It is now well established that most abiotic
stresses generate ROS to levels which may overwhelm these endogenous defense mechanisms and
this is a major contributor to stress-mediated cellular damage (Mittler, 2002; Cheeseman, 2007).

Numerous efforts to engineer stress tolerance through manipulation of one or other of the ROS
scavenging enzvmes, have yielded frequently promising, but sometimes conflicting, results. For
example, over-expression of S0Ds 1n the chloroplasts generally results in enhanced tolerance to one
or more stresses (Bhatnagar-Mathur ef al., 2008), but Tepperman and Dunsmuir (1994) found no
effect of greatly increased SOD activity on oxdative stress tolerance and Bowler et al. (1991)
observed that while large increases in chloroplast MnSOD levels increased oxidative stress
tolerance, smaller increases were actually deletericus. These discrepancies doubtless relate to the
complexity of the ROS-scavenging network and of the interactions between the different players,
a feature of which is the signalling role of redox changes in the anti-oxidants and of the ROS
themselves. The role of H,O,, is particularly challenging {(Cheeseman, 2007). Clearly, as an oxidant
in its own right, as well as the precursor for highly destructive OH®* radicals, it 1s a ROS to be
controlled. However, it also has an important stress-signalling role (Neill et al., 2002}, including
retrograde signalling from the chloroplast (the principal site for ROS generation) to the nucleus,
where it can regulate expression of stress-related nuclear genes (Nott et al., 2006). These functions
are facilitated by the fact that it is relatively stable and can readily diffuse between cellular
compartments (Neill ef al., 2002). It is also a reactant in a wide range of biochemical reactions,
including polyphenol metabolism and lignification (Lopez-Serranc ef al., 2004) as well as auxin
(IAA) metabolism (Gazaryan et al., 1996),

In view of the many facets of H,0), action in plant cells, it is reasonable to suppose that a group
of enzymes, the peroxidases, that utilise H,O, to oxidase a range of substrates will also have
multiple roles. Peroxidases are amongst the enzymes induced by the application of ROS-rich
extracts, from drought-stressed leaves to rose plants {(Gachomo and Simeon Kotchoni, 2008) and
peroxidase activity has been correlated with salt tolerance in barley cultivars (Lilia et al., 2005) and
in the halophyte Soja sieb (Li, 2009). There is a large number of peroxidase genes present in many
plant species; for example at least 73 in Arabidopsis, of which transcripts of 58 could be detected
(Welinder et af., 2002). This diversity of isoforms suggests individual isozymes have different roles
in plant development and/or defence and are differentially regulated and targeted. Studies on
over-expression of type I1I peroxidases in transgenic tobacco plants suggest that isozyme identity
and cellular location can have a major impact on the phenotype. Jansen et al. (2004) explored the
over-expression of a defence-related spruce peroxidase and a synthetic horseradish peroxidase in
transgenic tobacco plants and found that the former had improved UV-tolerance, while the latter
had reduced tolerance. Speculating on the reason for these contrasting results, the authors suggest
that observed structural differences in the region of the heme binding pocket could effect substrate
binding and intermediate stability which, combined with different cellular targeting (the spruce
enzyme was believed to be apoplastic, while the horseradish enzyme was highly expressed in the
cytosol, with smaller increases in the apoplast (Kis ef al., 2004), could differentially effect phenclic
and auxin metabolism. These metabolic perturbations could account for differences in plant
morphology and lignification in the plants expressing the horseradish enzyme (Heggie ef al., 2005).

These findings informed our choice of genefenzyme for the current study aimed at increasing
abiotic stress tolerance by over-expressing a peroxidase gene. There is a strong case for exploring
an enzyme known to be highly induced in response to stress and with a well-characterised pattern
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of expression and localisation. Two pathogen (powdery mildew)-induced peroxidases of barley, prx7
and prx8, exhibit distinct induction kinetics and subcellular localisation, vacuclar in the case of
prx7, apoplastic in the case of prx8 (Kristensen ef l., 1997). The authors demonstrate that prx8
over-expression reduces growth, but fails to increases pathogen resistance in transgenie tobacco,
while a later transient expression study suggests prx7 expression can actually lead to reduced
tolerance (Kristensen ef «l., 1999). Prx8 appears a good candidate for investigations into the
prospects of improving abiotic stress tolerance through peroxidase over-expression, a view
supported by a recent finding that this enzyme (but not prx7) is strongly up-regulated in response
to abiotic (metal 10n) stress in barley roots (Tamas et al., 2009). In this report we demonstrate that
constitutive expression of apoplast-targeted barley peroxidase, prx8, confers improved tolerance to
several abiotic stresses in transgenic tobacco.

MATERIALS AND METHODS

Location: The experimental work was performed in the Plant Cell Biclogy Laboratory, Biology
Department, National University of Ireland, Maynooth, between 1st September 2001 to 31st March
2005.

Plant material: Nicotiana tabacum variety Xanthi was grown under 16/8 h light/dark
photoperiod at 25°C. In vitro grown plants were maintained on MS medium (Murashige and Skoog,
1962) without added phytohormones and subcultured as nodal cuttings to fresh medium every 6
weelks. For seed production tobacco seedlings, rooted shoot cultures were planted in 8 inch pots filled
with potting compost and grown in growth rooms at 22°C under the same day length conditions as
described for the shoot cultures.

Seeds were surface sterilized in 10% domestic bleach (Domestos) for 10 min and germinated on
half strength M.

Vector construction: The barley peroxidase gene prx& was originally provided by Seren K.
Rasmussen, Rise National Laboratery, Denmark. It was placed under control of the Cab promoter
and terminator in a vector which included the kanamyecin resistance gene, nptll, driven by the
cauliflower mosaic virus 353 promoter (CaMV353). The entire sequence was amplified by PCR,
while adding a Kpnl and a Sacl restriction sites at either end of the gene. The sequence was
excised using these sites and ligated into the final vector pBinl9 (Fig. 1). DNA sequencing of
individual clones confirmed the expected sequence and a clone was chosen for biolistic
transformation.

Biolistic transformation: A PDS 1000/He Biolistic gene gun (BioRad) was used. For the
bombardment, 1 pg of plasmid DNA was mixed with 50 plL of geld (0.6 p, supplied by Biorad) stock

-|—| Cabpmo% prx8 >—|CabterminatorH Canass>—{ Kanamycin%
RB LB

Fig. 1. Schematic representation of the T-DNA region of the vector used for transformation. The

construct contained the prx8 gene driven by the Cab promoter and a selective marker gene
for kanamycin resistance (KanR), driven by CaMV35S promoter
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(40 mg mL1), B0 pL of CaCl, (2.5 M) and 20 pl. Spermidine (0.1 M). The pellet was washed and
resuspended in ethanol. Five microliter of the DINA mix was used per bombardment. The helium
pressure was set. to 1100 psi. The pressure used for the bombardment varied between 26-28 in Hg
and the MS plates containing sterile (1 em diameter) leaf discs the leaves were placed in the
chamber at 6 em below the sample holder. After bombardment, plates were incubated in darkness
for 3 days and then transferred to regeneration medium (4.6 g L™" MS salts + vitamins, 3% sucrose,
2 mg mL™! naphthalene acetic acid, 0.25 mg mL™! kinetin, mg mL™ Thiamine HCIl, pH 5.8 and
0.7% agar) containing 100 mg L™ kanamyecin and incubate under the usual conditions for shoot
cultures. Kanamyein resistant shoots appeared after 4-6 weeks and were transferred to MS rooting
medium containing 100 mg L™ kanamyecin sulphate.

DNA isolation, PCR and Southern analysis: Total genomic DNA was isolated from tobacco
leaves according to Frey (1999). PCR analyses were carried out on 200-300 ng of genomic DNA
using 5’ATG GCT TCT TCATAC 8 and 5 TCA CGA GTT CAC CCT GGA GCA GCT 3’ as primers.
The initial step of 94°C for 4 min was followed by 25 eyeles of 94°C for 1 min, 56°C for 1 min and
72°C for 1 min and cne cycle of 5 min at 72°C. The PCR product was analyzed by electrophoresis
on a 1% agarose gel in 1X TBE.

For Southern blots, 40 pg of DINA were digested with restriction enzyme HindIII overnight.
This enzyme has a unique restriction site on the pCAST/19-prx8 vector outside the prx8 gene and
between the left and right border. This allows differentiation between transgenic plants resulting
from separate events thanks to the size of the fragment hybridising to the probe as well as the
distinction between independent integration sites within a transformant.

Non-radioactive Southern analysis was performed according to the method of McCabe et al.
(1997). In order to obtain the probe, primers amplifying the complete cDINA sequence of the pra8
gene were used while incorporating DIG-labelled nuecleotides. This probe was used to hybridise to
the membrane containing the digested genomic DNA and to detect the presence of homoelogous
sequence in the plant genome.

RNA analysis: RNA was isolated from leaf material by grinding with lysis buffer (0.1 M Tris HCI,
pH 8.0, 50 mM EDTA, 50 mM NaCl, 2% SDS, 0.75% p-mercaptoethanol) and phencl. The lysate
extracted once with phenol and twice with phenocl.chloroform (1:1), finishing with one chloroform
extraction. RNA was precipitated with 8M LiCl and washed with 0.1% DEPC-70% ethanol. RNA
samples were treated with DINAse I and incubated for 25 min at 37°C. Samples were incubated
with 256 mM EDTA for 15 min at 65°C. RT-FPCR was performed with the isolated RINA. The Qiagen

Omniseript™ Reverse Transcriptase kit for 1st strand cDNA synthesis was used.

Protein assays: Total soluble protein was extracted from plant material using extraction buffer
(50 mM sodium phosphate buffer pH 7.0, 1 mM EDTA, 1% Triton X-100, 1% PVP). The extract was
filtered through two layers of Miracloth. Total protein was quantified according to the standard
Biorad method, with BSA as the standard protein.

Peroxidase activity of all samples was determined using the substrate guaiacol. Fifty microgram
of protein extract was mixed with a solution containing 0.3 mM guaiacol and 0.1 mM H,O, in
100 mM Na,HFPO,, pH 7.0. The increase in absorbance was followed for 3 min at 30 sec intervals
at 436 nm. The rate of this reaction was used to express peroxidase activity, A Cary 1 E
spectrophotometer was used for all enzyme assays.
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Salt stress/metal stress treatments: Sterilized seeds were placed on Petr dishes containing MS
medium plus 250 mM NaCl, 250 mM KC1, 470 mM mannitol for the salt stress or 5 or 10 mM ZnCl,
and b or 10 mM MnCl, for the metal ions stress; or MS medium without additives. Three dishes with
40 seeds each were used per treatment. Germination was scored after 3 dayvs, 1, 2 and 3 weeks.
Seeds were considered to have undergone germination after the radicle and green cotyledons
emerged.

Electrolyte leakage: Leaf discs (1 em diameter) cut with a cork borer were obtained and exposed
to 44°C for 6, 8 and 10 h or 4°C for 17, 24 or 48 h. The Electrolyte Leakage (KC) was measured
immediately after the temperature stress (EC, ...} using the ECZ215 Conductivity meter
{Hanna Instruments). The bathing solution containing the leaf discs was then boiled for 5 min and
EC,..; was measured. To obtain the Index of Injury (Id), the formula was used:

Id = 100 (R, -R)/1-R,)

where, R, = EC, .. J/EC,  for stressed tissues and R, = KC, . /EC, ., for nonstressed tissues.

initial
Effect of heat stress on callus: Friable calli were obtained from leaf strips that were placed on
callus induction medium (4.6 g L™ M8 salts medium, 3% sucrose, 2 mg mL™! naphthalene acetic
acid, 0.256 mg mL™" kinetin, 1 mg mL™" thiamine HCI, pH 5.8, 0.7% agar) and incubated at 25°C
for 4 weeks. Cultures were exposed to 35, 40 and 44°C for 2, 4 and 6 h and then replaced in normal
growth conditions for 3 weeks.

Heat stress of soil-grown plants: Two-week-old seedlings, germinated in vitro, were planted in
soil and maintained under normal growth conditions for 2 weeks, then transferred to 40°C for one
week, Plants were returned to normal temperature to recover for two further weeks.

RESULTS

Molecular analysis and gene expression in transgenic plants: All putative transformants
were analyzed by PCR and DNA hybridization. Transcription of the transgene was confirmed by
RT-PCR. PCR analyses performed with internal prx8 primers on DNA extracted from the
transgenic lines showed the presence of the prx8 gene (data not shown). This was confirmed by
Southern analysis {data not shown) that indicated multiple (2-5) inserts in the five independent,
lines examined. Stable integration and expression of the transgene was confirmed the five lines by
reverse transcriptase-polymerase chain reaction (RT-PCR). Figure 2a shows the RT-PCR results
for TO plants. A band of 947 bp represents the cDINA synthesized from the RINA. This confirms the
transcription of the transgene in the plants. No e[DNA was present in the sample from wild type
RNA.

Asgide from the usual inter-plant variation in plants recovered from tissue culture, there were
no differences in anatomy or growth rate between transgenic and wild type plants grown in soil
after regeneration and propagation tn vitre (TQ generation). Similarly, no differences were detected
between the selfed progeny (T1 generation) of transgenic and wild type lines. The peroxidase
activities of transgenic tobacco plants which tested positive for the insertion and transcription of the
prxf gene were determined in both TO and T1 (selfed) plants. For TO plants (data not shown) the
five transgenic lhines (GG0O3, GGOB, GG0O6, GGOT7 and GG16), all showed higher foliar levels
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Fig. 2: Transcription and enzyme analysis of transgenic tobaceco plants. RT-PCR products from TO
plants: Lane 1: 1 Kb ladder (Promega); lanes 2-6: positive transgenic tobacco lines GGO3,
GGOB, GGO6, GGOT and GG16; lane 7. wild type tobacco; lane 8 positive control
{(prx8 construct). Peroxidase activity was determined from leaf samples of 6 weeks old
soil-grown plants. Samples are from T1 plants of transgenic lines: GGO03, GGO5, GGO6,
GGOT and GG18, as well as wild type (wt) tobacco samples. Results are presented in
uM/min/mg. Data are the mean from three independent experiments

{from 2 fold up to a 4.5 fold increases) of peroxidase activity when compared to wild type plants,
while levels in the roots were unchanged. Figure 2b shows the foliar peroxidase activities in T1
plants. In these samples, the levels of peroxidase were between 2.5 and 6 fold higher compared to
the wild type. One line, GGO03, consistently exhibited much higher levels of peroxidase activity than
all the others and was chosen for all the following tests on stress tolerance.

Response to salinity and osmotic stress: Seeds from GG0O3, as well as wild type tobacco seeds,
were germinated on dishes of MS medium supplemented with 250 mM NaCl. In order to distinguish
between specific ion (Na®) and osmotic effects, seeds were also germinated on 250 mM KCl and
470 mM Mannitol. Figure 3 shows the results after three weeks. No differences were detected in
germination rates or seedling growth when MS medium without added salts was used. However,
seeds from the transgenic tobacco plants overexpressing the barley peroxidase gene exhibited
higher germination rates on medium containing 250 mM NaCl than the wild-type plants. A similar
pattern was obtained when KCIl or Mannitol was added to the medium. About 40% of transgenic
seeds growing on KCl and 25% growing on Mannitol germinated compared to only 2.5 and 5%,
respectively for the wild-type.

Response to metal ion stress: Seeds from transformed homozygous tobacco plants (GGO3)
expressing barley peroxidase were germinated on MS medium supplemented with ZnCl, and MnCl,.
Seeds from transformed and wild type tobacco germinated at the same frequency when MS medium
without added salts was used. Seeds from the transgenic tobacco plants gave higher germination
rates than the wild type plants on medium containing zinc and manganese at both 5 and 10 mM
(Fig. 4a, b). More than 80% of transgenic seeds growing on 5 mM ZnCl, and MnClL, germinated
compared to 20% for the wild type. Also, between 60 and 80% of the transgenic seeds germinated
in the presence of 10 mM of the added salts compared to about 20% for the wild type seeds.
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Fig. 3: Effect of salt and osmotic stress on tobacco seed germination. Germination of seeds from
lineGGO3 and wild type tobacco seeds, under salt and osmotic stress, was determined after
3 weeks. MBS medium was supplemented with: 250 mM NaCl, 250 mM KCI or 470 mM
mannitol. Germination was determined when radicle and green cotyledons were visible.
Data are the means from three independent. plates
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Fig. 4. Effect of metal 1ons on tobacco seed germination. Germination of seeds from lineGGOS and
wild type tobacco seeds, under metal stress conditions, after 3 weeks. Seeds were germinated
on MS medium supplemented with (a) 5 mM and (b) 10 mM, ZnCl; or MnCl,. Germination

was considered when radicle and cotyledons were visible., Data are the means from three
independent plates

Response to high temperature stress: Electrolyte leakage was calculated using the conductivity
of the bathing solution and referred to as the Index of Injury (Id). The Id was calculated using leaf
discs incubated for 6, 8 and 10 h. Figure ba shows the comparison of Ids between the wild type and
the prx8 leaf discs and reveals smaller Ids for the prx8 plants after every incubation period. The
low Ids indicate less membrane damage caused by the temperature stress. After 6 and 8 h, the wild
type showed a 2 fold increase in the Ids when compared to the transgenic line. After 10 h, Ids of
the transgenic line increased but the wild type’s [ds remain higher, showing greater damage.

The consequences of peroxidase expression for heat tolerance were also explored in call us
cultures and whole plants. Friable calli, initiated from leaves of T1 GGOS3S plants, were exposed to
35, 40 and 44°C for 2, 4 and 6 h, transferred to normal growth conditions for 3 weeks and analyzed
for their capacity to regenerate shoots. After exposure to 35 and 40°C, no differences were observed
between the wild type and transgenic calli. However, after 6 h at 44°C, calli from the transgenic
leaves showed an important difference when compared to the wild type. Wild type calli appeared
necrotic, did not grow and failed to regenerate shoots (Fig. 5b). The transgenic calli appeared
healthy, grew vigorously and regenerated several green shoots after 3 weeks.
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Fig. 5. Effect of heat stress on transgenic (line GG03) tobacco leaves, callus, and whole plants. (a)

Index of Injury (Id) values obtained by conductivity measurements of leaf discs of T1 GGO3

and wild type tobacco plants exposed to 44°C for 6, 8 and 10 h. Data are the means from

three independent experiments. (b) Two-week old wild type (left) and T1 GGO3 (right)

tobacco plants were exposed to 40°C for 10 days and returned to normal growth conditions

for a further 2 weeks, before being photographed. {¢) Two-week old callus cultures from T1

G03 (left) and wild type (right) plants were exposed to 44°C for 6 h and incubated at
normal growth conditions for 3 weeks

Two-week old wild type tobacco plants and transgenic plants overexpressing the prx8 gene were
stressed at 40°C for 10 days. They were then returned to normal growth conditions for 2 weeks
before being compared for signs of damage by high temperature (Fig. b¢). Transgenic plants were
able to recover from the heat stress and showed normal growth while, the wild type plants were

killed.

Response to low temperature stress: Wild type tobacco plants and transgenic plants
overexpressing the prx8 gene were tested for tolerance to low temperatures. Leaf dises were placed
in deionised water and exposed to 4°C for 17, 24 and 48 h. Prx8 leaf discs showed insignificant
damage when treated at this temperature after 17 and 24 h, while the wild type discs presented
Index of injuries (Ids) of 9 and 8 respectively. After 48 h, the cold damage seemed to be present in
both the wild type and the prx8 leave dises. Nonetheless, Ids for the wild type discs were twice as
high as for the transgenic dises, indicating a lower tolerance to the temperature stress (Fig. 6).

DISCUSSION

In this report we describe the generation of transgenic tobacco plants containing a barley
peroxidase gene, prx8, normally induced by fungal pathogens, but in cur case placed under control
of a leaf specific (chlorophyll a/b binding protein, Cab) promoter. The transgenic lines produced all
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Fig. 6: Effect of cold stress on tobacco leaves, as determined by measurements of electrolyte
leakage. Index of Injury (Id) values were obtained by conductivity measurements of leaf
dises of T1 GGO3 and wild type (wt) tobacco plants exposed to 4°C for 17, 24 and 48 h. Data
are the means from three independent experiments

contained multiple copies of the transgene, transcription was demonstrated and a 2.5 to 6 fold
increase in total soluble peroxidase activity was detected. The levels of elevated activity were similar
to those achieved in several other studies in which different peroxidases have been over-expressed
in Nicofiana species (Lagrimini et al., 1997; Kristensen et «l., 1997, Kis ef al., 2004),
Eristensen ef al. (1997), studying the expression of prx8, found it was accumulated to several folds
the level of the native peroxidases, was secreted into the intercellular space and caused growth
retardation but failed to improve resistance to powdery mildew infection. The current work was
performed with the same construct (including the 21 amino acid apoplastic targeting peptide),
obtained from those researchers. The plants obtained differ in two important respects, however.
Kristensen ef al. (1997) used N. benthamiana, not N, tabacum, as in the present study. This
Australian species, 1s a widely used model for studies on plant-pathogen interactions (Goodin ef al.,
2008), but is quite distinet from N. tabacum. It is in the Nicotiana section Suaveolentes, restricted
to Africa and Australasia, has a haploid chromosome number of 19 (compared to 24 in N. tabacum)
and exhibits hybrid lethality in crosses with N. tabacum (Tezuka et al., 2010). It also favours arid
environments unsuited to many Nicotiana species (Goodin ef @l., 2008) and therefore may exhibat
more finely tuned molecular adaptations to stress than dees tobacco. The second difference is that
Kristensen ef al. (1997) used a constitutive promoter (CaMV 2585) to drive expression of prx8, while
we restricted expression to the photosynthetic tissue through the use of the Cab promoter, as
indicated by the absence of elevated peroxidase activity in the roots. Kristensen ef al. (1997)
suggested the growth retardation observed in their plants is due to the ectopic expression of
peroxidase promoting the cross-linking between cell wall polymers in cells which are still expanding.
It is plausible that growing roots might be more susceptible than leaf cells to such modifications and
that it is the use of a leaf specific promoter that prevented growth retardation in the current study.

For evaluation of the consequences of elevated peroxidase activity for abiotic stress tolerance,
it was decided to focus on the transgenic line ((GG03) that consistently gave the highest level of
peroxidase activity (about 50% higher than any of the other lines). This line exhibited substantial
improvements, compared to wild type tobacco, in tolerance to high and low temperatures, salinity,
osmotic stress and toxic metal ions (Zn®*, Mn*). Explanations for the improved tolerance could lie
in improved ROS scavenging through the removal of H,Q, (Mittler, 2002), or in biochemical
changes, e.g., in phenolic or auxin metabolism (Jansen ef al., 2004) promoted by higher peroxidase
activity. The diversity of abiotic stresses for which improved tolerance was obtained would appear
to favour the former mechanism. All these stresses have been associated with ROS production and
with the induction of peroxidases or other ROS scavenging enzymes. For example, heat stress
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indueces H,O, and superoxide anions (0,7} in tobaceo (Vacca et al., 2004) and peroxidase activity
in species as diverse as mulberry (Chaitanya et al., 2002) and strawberry (Gulen and Eris, 2004),
ROS have also been invoked in low temperature-induced cell damage (Wise and Naylor, 1987) and
peroxidases are amongst the enzymes induced at low temperatures in tomato (Bruggemann et al.,
1999) and cucumber (Lee and Lee, 2000). Peroxidase activity has also been shown to increase its
levels in the presence of high salinity in Vigna seedlings (Pujari and Chanda, 2002) and
Amaya et al. (1999) showed enhanced tolerance to salinity and osmotic stress in transgenic tobaceo
over-expressing a cell wall peroxidase. As with other abiotic stresses, it has been demonstrated that
excess metal ions such as manganese (Gonzalez ef al., 1998; Lidon and Teixeira, 2000) and zinc
(Prasad et al., 1999) can induce the production of oxygen free radicals and consequently cause
oxidative stress. Gonzalez et al. (1998) found an increased level of Superoxide Dismutase (SOD)
while, Fang and Kao (2000) demonstrated the induction of peroxidase and showed that it was a
direct effect of the metal ions and was not simply induced by the consequent elevation of H,O,
levels.

It appears that elevated type Il peroxidases such as barley prx8, expressed in the apoplast, can
confer improved tolerance to diverse abiotic stresses by minimising the accumulation of H,O, and
its subsequent breakdown to the toxic hydroxyl, OH®, radicle through Fenton reactions. This 1s
despite the fact class III peroxidases are not normally considered at the front line of the ROS
scavenging system, as are superoxide dismutase, catalase, ascorbate peroxidase and other enzymes
in the water-water and ascorbate glutathione cycles (Mittler, 2002), While, the peroxidases clearly
have important roles in plant development, their ability to scavenge stress-induced ROS, may only
become important if the other defences fail. Mittler ef «l. (2004) describe how, in plants with
knockout or antisense catalase or ascorbate peroxidase genes, the levels of class I1] peroxidases 1s
elevated.

It 1s noteworthy that our improvements in stress tolerance are found in plants in which the
peroxidase is targeted to the apoplast. Indeed earlier studies in which a synthetic horseradish
peroxidase gene was preferentially expressed in the cytosol (Heggie et al., 2005) did not reveal any
improvement in tolerance to some of the stresses (high and low temperatures) explored in the
current study. If the main route to stress tolerance is ROS scavenging, it is not clear why apoplastic
expression of a recombinant peroxidase should be more effective than cytosclic expression, where
the enzyme should be closer to the intracellular sites of ROS generation.

Clearly, there is till a great deal to learn about the complex interplay between the various
players in the defence of plants against the challenges posed by the environment and transgenic
plants can be a valuable teol in dissecting the various interactions. It is clear from the present study
however, that it is possible to achieve substantial improvements in abiotic stress tolerance through
manipulation of a single component, in this case peroxidase, providing an appropriate iscenzyme
is used and it 1s targeted to the correct tissue and cellular compartment. This augurs well as we
confront new crop breeding challenges in the face of a changing environment.
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