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Peroxidases have more functions than a Swiss army knife
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Abstract Plant peroxidases (class III peroxidases) are
present in all land plants. They are members of a large
multigenic family. Probably due to this high number of iso-
forms, and to a very heterogeneous regulation of their ex-
pression, plant peroxidases are involved in a broad range of
physiological processes all along the plant life cycle. Due to
two possible catalytic cycles, peroxidative and hydroxylic,
peroxidases can generate reactive oxygen species (ROS)
(•OH, HOO•), polymerise cell wall compounds, and regu-
late H2O2 levels. By modulating their activity and expres-
sion following internal and external stimuli, peroxidases
are prevalent at every stage of plant growth, including the
demands that the plant meets in stressful conditions. These
multifunctional enzymes can build a rigid wall or produce
ROS to make it more flexible; they can prevent biologi-
cal and chemical attacks by raising physical barriers or by
counterattacking with a large production of ROS; they can
be involved in a more peaceful symbiosis. They are finally
present from the first hours of a plant’s life until its last
moments. Although some functions look paradoxical, the
whole process is probably regulated by a fine-tuning that
has yet to be elucidated. This review will discuss the factors
that can influence this delicate balance.
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Multigenic family, evolution and homology

Heme peroxidases specific to plants belong to a super-
family that contains three different classes of peroxidases
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(Welinder 1992b): the intracellular class I (EC
1.11.1.5/.6/.11), the class II released by fungi (EC
1.11.1.13/.14), and the secreted class III plant peroxidases
(EC 1.11.1.7).

In their regular catalytic cycle, class III plant peroxidases
(Welinder 1992a) catalyse the reduction of H2O2 by taking
electrons to various donor molecules such as phenolic com-
pounds, lignin precursors, auxin, or secondary metabolites
(Hiraga et al. 2001). Their encoding genes form large multi-
genic families (Tognolli et al. 2002; Duroux and Welinder
2003; Passardi et al. 2004a) that are present in all land
plants, but were not detected in the unicellular green algae
(Passardi et al. 2004a). From the appearance of the first
class III peroxidase, probably around the emergence of the
terrestrial plants 450 MY ago, to the most evolved plants,
the number of gene copies has largely increased. This in-
crease seems to be correlated with the evolution of the plant
architecture and complexity, as well as with the diversity
of the biotopes and the pathogens.

The class III peroxidases gene structure, as well as key
amino acid residues and protein size, are highly conserved
between orthologs and paralogs. In spite of this conser-
vation, their isoelectric points largely differ (anionic and
cationic forms). Until now, no correlation has been estab-
lished between their pI and their putative enzymatic func-
tion (Welinder 1992a).

The elevated number of paralogs found for example in
Arabidopsis thaliana (Tognolli et al. 2002) and in Oryza
sativa (Passardi et al. 2004a) can be related to the high
duplication and conservation rate of the peroxidase genes.
The conservation of duplicated genes can be explained by
the acquisition of either a new expression profile (subfunc-
tionalisation) or a novel function (neofunctionalisation).
These two acquisitions can explain the rationale for the ex-
istence of multigenic families. Additionally, the diversity
of the reactions catalysed by plant peroxidases accounts
for the implication of these proteins in a broad range of
physiological processes (Penel et al. 1992; Hiraga et al.
2001). Furthermore, the recent description of a separate
hydroxylic cycle, which leads to the formation of vari-
ous radical species, opens a new range of implications for
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Fig. 1 Class III plant
peroxidase cycles. The
hydroxylic cycle (with grey
arrows) can regulate the H2O2
level and release ROS (•OH,
HOO•). The peroxidative cycle
(with black arrows) can oxidise
various substrates (XH) and
release their oxidised form (X)

the peroxidases (Fig. 1) (Liszkay et al. 2003; Passardi et
al. 2004b). Indeed, the reactive oxygen species (ROS) are
considered as very reactive compounds, which can possess
an intrinsic activity, or can act as part of signal transduction
pathways.

Due to their implication in a broad range of physio-
logical processes such as auxin metabolism, lignin and
suberin formation, cross-linking of cell wall components,
defence against pathogens or cell elongation, peroxidase
activity can be easily detected in the whole lifespan of
various plants: from the early stage of germination to
the final step of senescence, through the control of cell
elongation, defence mechanisms, and several other roles
(Fig. 2).

Germination

Release of peroxidases and ROS during germination in the
medium surrounding the seed has been reported in radish
(Raphanus sativus) (Scialabba et al. 2002). To our knowl-
edge, no in vivo direct proof has demonstrated the role
of peroxidases in the generation of H2O2 during germina-
tion. Peroxidases have the capacity to generate H2O2 and
subsequently •OH radicals via the hydroxylic cycle. Reac-
tive oxygen species released during this cycle could play
a defence role for the seed against pathogens, although
they are also secreted in absence of pathogenic organ-
isms (Scialabba et al. 2002). Class III peroxidases would
then play a critical role in the very first days of life of the
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Fig. 2 From germination to
senescence: implication of the
Class III peroxidases through
the whole plant lifespan
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germinating seed by defending against pathogenic attacks
and by cleaving the cell wall compounds around the radi-
cle protrusion area. In agreement with this hypothesis, a
study on tomato (Lycopersicon esculentum) seeds demon-
strated that peroxidase genes start to be expressed as soon
as the germination begins (Morohashi 2002). This event
breaks down the endosperm, thus creating a wounded re-
gion vulnerable to pathogens: a burst of •OH radicals at
this precise time would certainly confer a great protective
advantage and help the protrusion.

Cellular growth and cell wall loosening

Growth and elongation are related to cell extensibility,
which occurs with a loosening of the cross-linking of cell
wall compounds. Several enzymatic mechanisms are in-
volved in cell wall loosening: the cleavage and the reassem-
bly of xyloglucan polymers by xyloglucan endotransgly-
cosylase or the suppression of hydrogen bonds between
cellulose and xyloglucan by expansins (Cosgrove 2001).
In addition, peroxidases, through their catalytic and hy-
droxylic cycles, regulate directly or indirectly the cell wall
architecture.

The endogenous hydrogen peroxide (H2O2) level can
be related to the elongation process. For example, in the
Dicotyledons, such as soybean, the apoplastic H2O2 level
is lower in the hypocotyl elongation zone (Schopfer 1994).
In A. thaliana, the elongation during root curvature is also
regulated by a variation in H2O2 concentration (Joo et al.
2001). On the contrary, in Monocotyledons such as onion,
the location of H2O2 in the cell wall has been correlated
with lignification and elongation during growth (Cordoba-
Pedregosa et al. 2003). Peroxidases could participate in
the control of the H2O2 level and therefore be directly
related to the control of the elongation process. For ex-
ample, transcripts of APRX, an anionic peroxidase from
zucchini, accumulated strongly in the elongation zone of
the hypocotyl and their accumulations were inversely corre-
lated with lignin level (Dunand et al. 2003). Their specific
localisations could be related to the high elongation rate
observed in this region.

Besides H2O2, ascorbate has been shown to control elon-
gation and expansion processes via the inhibition of en-
zymes involved in the cell wall stiffening. For example, the
activity of apoplastic and cell wall isolated peroxidase in-
volved in root elongation control was inhibited in presence
of ascorbate (Cordoba-Pedregosa et al. 1996). Consider-
ing the peroxidase-driven cross-linking reaction, ascorbate
treatment stimulates root elongation through the peroxidase
inhibition. The same effect was observed during the mech-
anism of gravitropism in maize. Ascorbate can reduce the
root curvature, which is directly related to the elongation
process (differential elongation) (Schopfer 1994).

Other compounds such as hydroxyl radical (•OH) could
be involved in the processes of elongation and expansion.
This highly reactive radical produced by the Fenton reac-
tion is capable of cleaving cell wall polysaccharides such as
pectin and xyloglucan (Fry 1998). The production of •OH

near the cell wall could be related to non-enzymatic wall
loosening mechanisms (Chen and Schopfer 1999). Hy-
droxyl radicals can be produced at the cell wall level from
superoxide radical (O2

.−) and hydrogen peroxide (H2O2)
by peroxidase (Schweikert et al. 2000; Schopfer et al. 2002;
Liszkay et al. 2003). Auxin is also involved in this process,
since it promotes the release of O2

.− and production of •OH
when inducing elongation growth (Schopfer et al. 2002).

The analysis of these results suggests that peroxidases can
regulate the growth elongation in different manners due to
their two cycles and the various numbers of isoforms. They
can be controlled by ascorbate and they can also induce the
elongation process by generating •OH (hydroxylic cycle)
or by regulating the local concentration of H2O2 (owing
to both cycles). However, peroxidases are not confined to
this single elongation role: they can also physically inhibit
the elongation process by creating cell wall cross-linking
(peroxidative cycle).

Cell wall cross-linking

Peroxidases can create a physical barrier by catalysing
cross-linking of cell wall compounds in response to differ-
ent stimuli such as wounding, pathogen interactions, and
climatic aggressions. This process also occurs simply as
a normal cell wall evolution during the growth and senes-
cence. The implication of the peroxidases in cross-linking
is related to the oxidative capacity of the peroxidative cycle
(Passardi et al. 2004b).

Lignification and suberisation

Cross-linking of the phenolic monomers in the forma-
tion of suberin and the oxidative coupling of lignin sub-
units has been associated with reduction of cell extensibil-
ity and growth. Peroxidases (Lewis and Yamamoto 1990)
and laccases (EC 1.10.3.2) (Kiefer-Meyer et al. 1996) are
both candidates for lignin units assembly by oxidative
polymerisation. Using H2O2 as oxidant, peroxidases can
generate monolignol phenoxy radicals that spontaneously
form lignin polymers (Lewis and Yamamoto 1990). Down-
regulation of the tobacco peroxidase TP60 and of the aspen
anionic peroxidase prxA3a expressions lead to the reduc-
tion of lignin content (Blee et al. 2003; Li et al. 2003). Other
peroxidases such as HRP A2 from horseradish, AtPrx21
(ATP2) from A. thaliana, various anionic peroxidases from
poplar, and cationic peroxidases from tomato (TPX1) and
Zinnia have also been shown to be involved in the lignifi-
cation process (Ostergaard et al. 2000; Quiroga et al. 2000;
Christensen et al. 2001; Nielsen et al. 2001; Lopez-Serrano
et al. 2004).

The in vitro oxidation of lignin monomers by particu-
lar peroxidases and their specific localisation in lignifying
plant tissues both suggest their role in the lignin biosyn-
thetic pathways. Peroxidases are also involved in suberin
formation through a similar process (Bernards et al. 1999;
Keren-Keiserman et al. 2004).
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Diferulic bonds and extensin network

The lignification step is not limited to the assembly of phe-
nolic units. The cell wall network is further stiffened by
association of monolignols to polysaccharides and by in-
ternal cross-linking of polysaccharides (mainly cellulose
and pectin) through formation of diferulate bonds (Iiyama
et al. 1994). The relationship between formation of difer-
ulates and peroxidases is well-known in vitro. Different
Pinus elliotti peroxidase fractions (soluble, ionically- and
covalently-bound) were isolated from the cytoplasm and
the wall of callus or cambial cells: only the cell wall
fraction of cambium exhibited a ferulic acid oxidation
activity (Whitmore 1976). Further studies confirmed this
fact (Sanchez et al. 1996; MacAdam and Grabber 2002)
and additionally showed that the proportion of different
diferulic isomers varied according to the plant species
(Ralph et al. 1994). Growth and cell wall extensibility
are therefore inversely correlated with the increase in
the content of diferulic acids in the cell wall (Sanchez
et al. 1996; Kawamura et al. 2000; MacAdam and Grabber
2002).

Peroxidases are also major players in the building up
of a dense extensin network destined to rigidify the
cell wall. Peroxidases devoted to extensin cross-linking
have been isolated from a large variety of plant species
(Schnabelrauch et al. 1996; Magliano and Casal 1998;
Jackson et al. 2001); they are known to act on the phe-
nolic moiety of tyrosine, and maybe also on lysines, hence
creating Tyr–Tyr or Tyr–Lys bonds (Schnabelrauch et al.
1996). Tyrosines and lysines are evenly spaced on extensins
within conserved motifs, hence contributing to the forma-
tion of a very uniform mesh within the cell wall structure
(Kieliszewski and Lamport 1994). Pectin is supposed to be
involved in bringing together peroxidases and extensins,
due to the affinity of some peroxidases to pectate–calcium
complexes, and to a possible covalent bond between pectins
and extensins (Qi et al. 1995; Dunand et al. 2002).

Abiotic and biotic stresses

Plants exposed to acute stress are known to up-regulate their
overall peroxidase activity. This reaction happens equally
with various abiotic and biotic stresses such as chemical
(heavy metal, industrial, or agriculture pollution), biolog-
ical (pathogens), or physical (wounding) assaults. Perox-
idase expression results in plant defence either passively
(building up of stronger walls) or actively (production of
ROS against attacking organisms). When the stress fac-
tor manages to overcome the plant barriers and penetrates
inside the plant, peroxidases may play a major role by iso-
lating or eliminating the foreign body.

Chemical stresses

Toxicity of heavy metals in plants is probably due to
their ability to promote damaging oxidative reactions

(Schützendübel and Polle 2002). Cu and Fe ions can di-
rectly generate ROS from oxygenated molecules through
the Haber–Weiss and Fenton reactions. However, the mech-
anisms of ROS production by metals such as Pb, Cd, and Zn
ions is less clear, and may be mediated, for instance, by ac-
tivation of lipoxygenase or binding to membrane proteins,
thus triggering electron leakages responsible for formation
of ROS (Seregin and Ivanov 2001). A possible function of
peroxidases in treatment of heavy metals is their contri-
bution in accumulating plants. For example, the waterlily
Nymphaea probably uses peroxidases to produce phenolic
polymers that trap Cd and isolate it in the form of Ca–Cd
crystals in specific glands situated on the aquatic side of
its leaves (Lavid et al. 2001b). When another aquatic plant,
Nymphoides peltata, which contains a lower basal level of
phenols, was subjected to the same growth condition and
Cd exposure, it showed severe damages, thus supporting
the implication of phenolic polymers and peroxidase in
phytoaccumulation of metals (Lavid et al. 2001a).

Besides their participation to the entrapment of heavy
metals, peroxidases can also degrade toxic molecules.
Hairy root cultures of turnip (Brassica napus), are very ef-
ficient in degrading the toxic pesticide 2,4-dichlorophenol
(2,4-DCP) (Agostini et al. 2003). The resulting products
have not yet been precisely identified both in terms of chem-
ical nature and toxicity, but they are probably a mixture of
polymers created by the action of peroxidases. These en-
zymes can indeed attack phenolic moieties and form radi-
cals that will then non-enzymatically polymerise. A further
proof of the importance of peroxidases in the process was
the appearance of an isozyme on an IEF gel upon repeated
exposure to 2,4-DCP.

Although peroxidases are clearly induced by heavy met-
als and other toxic chemicals, it is still difficult to as-
sign them a precise role in phytoremediation. Despite the
poor knowledge about their function, the peroxidase up-
regulation as a response of the plant to pollutants can
already be used for the phytomonitoring of industrial or
densely urbanised areas. Peroxidases have been shown
to be quite sensitive to atmospheric pollution, with a re-
sponse that can be stronger than the one of other classi-
cal biomarkers, such as superoxide dismutase, glutathione
reductase levels (Wu and von Tiedemann 2002) or ascor-
bate concentration (Moraes et al. 2002). Similar observa-
tions have been made with heavy metals present in soil
(Cho and Park 2000; Geebelen et al. 2002), although the
response may be lower than that observed with atmo-
spheric stress (Klumpp et al. 2000). The major drawback
of this method is that it does not allow to distinguish be-
tween pollutants. However, it still remains one of the most
sensitive methods to biologically evaluate the impact of
pollution.

Biological stresses

Peroxidases are known to be activated in response to
pathogen attacks and several roles have been attributed to
plant peroxidases in host–pathogen interaction. They can
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have a cell wall cross-linking activity (formation of lignin,
extensin cross-links, dityrosine bonds) and create a highly
toxic environment by massively producing ROS (oxida-
tive burst), which results in adverse growth conditions for
microorganisms.

In the defence of cotton against bacterial blight (Xan-
thomonas campestris pv. malvacearum), the resistance phe-
notype is characterised by a rapid localised tissue collapse
resulting in necrotisation and immobilisation of the intrud-
ing pathogen at the sites of attack. Production and accu-
mulation of superoxide anions and hydrogen peroxide in
cell wall has been related to the presence of pathogens
(Martinez et al. 1998). Total peroxidase activity is highly
increased in the infected region 12 h after treatment and
mainly localised in the apoplast and close to the bacte-
rial infection site (Martinez et al. 1998; Delannoy et al.
2003). Similarly, rice leaves infected by rice blight (Xan-
thomonas oryzae pv. oryzae) strongly upregulated a sin-
gle peroxidase isoform in xylem parenchyma. This per-
oxidase was then secreted to the xylem vessels, resulting
in secondary wall thickening and reducing access of the
pathogen to the pit membrane (the pathogen’s contact point
with living cells) (Hilaire et al. 2001). Lignin is not the
only phenolic subunit that is used by peroxidase in defen-
sive polymerisation reactions. Several other phenolics are
involved and result in different morphological “barriers”
against pathogens. In onion, for instance, granular deposits
formed upon Botrytis allii infection contained tyramine
derivatives, thought to strengthen the cell wall against fun-
gal intrusion. These phenolics were probably polymerised
by peroxidases (McLusky et al. 1999).

During germination, the aleurone layer of radish seeds
functions as a secretory tissue. The seeds release ROS and
peroxidases in the apoplastic space, respectively, between
6 to 12 h and between 24 and to 36 h after sowing to pre-
vent pathogenic attack (Schopfer 2001). Reactive oxygen
species and peroxidase act probably as a constitutive de-
fence reaction against possible infections. A strong increase
in H2O2 has also been reported following bacterial inocu-
lation of lettuce (Lactuca sativa L.), together with a rise in
apoplast peroxidasic activity. Localisation of the protective
response was confined to the site of pathogenic intrusion
(Bestwick et al. 1998).

Besides their functions during symbiosis, peroxidases
from legumes have been associated with the plant’s de-
fence mechanisms. For example, FBP1, a French bean per-
oxidase, is responsible for the apoplastic oxidative burst
and can generate hydrogen peroxide using cysteine (Blee
et al. 2001). LEP1 from lupine is highly efficient in the
cross-linking of extensin and could therefore form a phys-
ical barrier against invading organisms (Price et al. 2003).
Other examples are reported, although no specific role has
been assigned to the peroxidase: GMIPER1, from soy-
bean, is induced in response to infection with Phytoph-
thora sojae and other external stresses (Yi and Hwang
1998); Msprx1B, and the similar 1A and 1C peroxidases
from Medicago sativa, were identified in alfalfa leaves af-
ter infection with Pseudomonas syringae (el-Turk et al.
1996).

Plant parasitism, the special case of Orobanche

Orobanche sp. (broomrape) are obligate root holoparasitic
plants (Musselman 1980). They are one of the most impor-
tant agricultural pests in several major cropping systems
worldwide (Goldwasser and Yoder 2001). Several control
strategies have been proposed and employed, but none have
provided complete protection (Rubiales et al. 2003).

Several reports reveal that typical plant defence responses
against pathogenic microorganisms are also induced upon
parasitic plant infection. These include an increase of per-
oxidase activity, lignification, and cell-wall phenolic de-
position (Goldwasser et al. 1999; Vieira Dos Santos et al.
2003a). For example, among the genes induced after in-
fection of A. thaliana by Orobanche ramose, a gene cod-
ing for a class III peroxidase was upregulated (Vieira Dos
Santos et al. 2003a). The expression of this gene was tran-
sient, early induced, and the transcript accumulated during
the first 24 h after infection. A second induction was fur-
ther detected at 7 days when the first parasite attachment
was observed (Vieira Dos Santos et al. 2003b). A time-
dependent increase of peroxidase activity was also reported
in O. aegyptiaca-infected vetch (Vicia sativa cv. Yovel)
plants (Goldwasser et al. 1999). However, O. aegyptiaca
inoculation resulted in a relatively small increase in the en-
zyme activity in roots of susceptible vetch plants, whereas
in roots of resistant plants (Vicia atropurpurea Desf. cv.
Popany) the activity was four-fold increased compared to
the non-inoculated treatments (Goldwasser et al. 1999).
In addition, a sharp increase in free and bound phenolics
was reported as well as an increase in lignin for resistant
vetch, whereas only low increase in lignin and phenolics
in response to infection were found for susceptible vetch
(Goldwasser et al. 1999). Interestingly, another study re-
vealed that most of the Orobanche-pea (Pisum spp.) re-
sistant genotypes showed a higher constitutive peroxidase
activity than susceptible ones (Castillejo et al. 2004). It
can, therefore, be suggested that peroxidase proteins play
a crucial role in plants’ resistance against Orobanche by
increasing the cell wall cross-linking or the generation of
ROS.

Physical stresses

During a pathogenic attack, plant tissues can be damaged.
Alternatively, wounding can occur through meteorological
adversities or larger animals. Peroxidase expression during
wounding is probably triggered in order to repair the dam-
aged tissue, but also as a preventive defence mechanism
against foreign attacks.

A study in sweet potato showed that the acidic peroxi-
dase gene swpa4 is not expressed in any tissue of the plant
during normal growth, but that it is strongly up-regulated
upon wounding of leaves, as well as incubation with high
concentrations of H2O2 or NaCl (Park et al. 2003). This
would mean either that the stress factors wounding and
some chemicals follow the same pathway leading to per-
oxidase activation or that swpa4 promoter is involved in
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several response pathways. The latter hypothesis would
not be surprising considering the high number of differ-
ent regulatory sequences generally present in promoter se-
quences of peroxidase genes. Similarly, ZmPox2 gene from
Zea mays was both induced by wounding and ethylene, but
not by methyl-jasmonate, another well-known wounding
marker (Reymond et al. 2000; de Obeso et al. 2003). In
striking contrast, two isozymes from northern red oak tree
(Quercus rubra L.) were specifically induced by wound-
ing and jasmonate, whereas another isozyme was induced
by wounding, but not by jasmonate (Allison and Schultz
2004). This discrepancy may reflect the existence of dif-
ferent pathways in wounding signalling, that could also be
due to the nature of the wounding. Indeed, a more detailed
analysis performed on rice showed that the nature of the
wound induces different peroxidase isoforms: rubbing or
cutting leaves or tips did not induce the same peroxidases
(Hiraga et al. 2000).

Symbiosis

During pathogenic interaction (fungi or bacteria), plants
have the capability to respond with a set of defence reac-
tions that include several peroxidases (as described above).
In the case of symbiosis, the question arises whether sym-
bionts influence peroxidase activities and isozyme patterns
in a similar or different manner than pathogen attacks. In-
deed, in symbiotic interactions, defence mechanisms have
to be controlled and limited to allow the association of two
different organisms.

Nodulation

After inoculation with compatible rhizobia, certain legu-
minous plants form nodules on their roots, providing con-
ditions necessary for bacterial conversion of atmospheric
dinitrogen to ammonia. Rhizobia soil bacteria colonise host
cells and tissues through infection threads, which are tubu-
lar in-growths of the plant cell wall (Rathbun et al. 2002).
The initiation of infection threads is apparently preceded by
localised cell wall degradation (van Spronsen et al. 1994)
and may be accompanied by modifications in cell wall per-
oxidase activities (Salzwedel and Dazzo 1993; Cook et al.
1995). Prior to infection, flavonoids or other plant metabo-
lites contained in root exudates induce the expression of
a set of bacterial genes (nod genes) (Cook et al. 1995;
Mathesius 2001). The nod genes are required and are es-
sential for the synthesis of rhizobial signal molecules called
“Nod factors” and then for nodulation.

A Rhizobium-induced peroxidase, rip1, is rapidly and
transiently expressed in the very early interactions of Med-
icago truncatula, with compatible R. meliloti (Cook et al.
1995). The R. meliloti Nod factor is both necessary and
sufficient for the rip1 induction (Peng et al. 1996) and for
ROS production (Ramu et al. 2002). The rip1 transcript
and the ROS accumulations are both localised in the root
epidermal cells and the level of rip1 is maximal by 3 h

post-inoculation and decreases by 48 h (Peng et al. 1996;
Ramu et al. 2002). In contrast, maximal induction of other
early genes by Nod factors is associated with rhizobial in-
fection and early nodule morphogenesis, and these genes
continue to be expressed in mature nodules (Cook et al.
1995). The rip1 gene is also activated by exogenous H2O2
treatment in absence of Nod factors (Ramu et al. 2002),
with a dose response similar to that of other characterised
ROS-responsive genes (Chen et al. 1996). The RIP1 per-
oxidase could, therefore, mediate cell wall alteration in the
early nodule development and at sites of infection thread
formation (Salzwedel and Dazzo 1993). The increasing
level of RIP1 and ROS could contribute to cell wall loos-
ening facilitating early infection events. In addition, other
peroxidases could be involved in cell wall cross-linking
rapidly after rhizobia infection.

Several investigators highlighted the involvement of
auxin in nodulation by demonstrating that the external ap-
plication of auxin transport inhibitors lead to the formation
of nodule-like structures (Allen et al. 1953; Hirsch et al.
1989). Moreover, auxin accumulated at the site of nodule
initiation and subsequently diminished during nodule pri-
mordium formation (Mathesius et al. 1998; Penmetsa et al.
2003). The increase of peroxidases during nodulation could
be related to the control of auxin level in roots. Indeed, some
class III peroxidases are known to oxidise auxin and could
then indirectly control nodule formation through the auxin
catabolism (Savitsky et al. 1999; Mathesius 2001).

Mycorrhization

Ectomycorrhizal (ECM) and arbuscular mycorrhizal (AM)
fungi are ubiquitous symbiotic microorganisms associated
with plants of most families of Angiosperms and Gym-
nosperms (Koide and Schreiner 1992). They play an essen-
tial role in plant nutrition and stress tolerance and may
be related to expression of various oxidative enzymes.
Mycorrhiza are known to modify root enzymes (activity,
isoforms, etc.), including peroxidase activity. As during
nodulation, the mycorrhizal symbiotic interaction is also
probably associated with a modification of the cell wall
structure of the infected cells.

Arbuscular mycorrhizal fungal inoculation of leeks
(Allium porrum) resulted in a transiently higher level of per-
oxidase activity compared to uninoculated controls (Spanu
and Bonfante-Fasolo 1988). Ultrastructural localisation of
peroxidase activity further revealed an accumulation in the
middle lamella of cortical cells penetrated by intercellular
hyphae, whereas no activity was found in the walls of cor-
tical cells already containing arbuscular intracellular struc-
tures (Spanu and Bonfante-Fasolo 1988). Similarly, perox-
idase activity in the fine roots of Pinus sylvestris seedlings
planted in forest humus was highest at the beginning
of the experiment and decreased during growing season
(Tarvainen et al. 2004). This decrease of peroxidase can be
associated with the increase of the number of ECM mor-
photypes as well as root biomass. These and several other
results (Albrecht et al. 1994) suggest that the mycorrhizal
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fungus generally induces peroxidase expression during the
initial stage of symbiotic interaction (Günther et al. 1998;
Salzer et al. 1999) and that this response is later either
controlled by the plant or circumvented in mature myc-
orrhiza (Münzenberger et al. 1997). Nevertheless, some
contradictory results have also been reported. In roots of
Medicago sativa L. colonised by a mature AM fungi (Glo-
mus mossae), increased peroxidase levels were observed
(Criquet et al. 2000). A similar amount of peroxidases was
found in roots of Scots pine (Pinus sylvestris) colonised
and not colonised by different ECM fungi (Timonen and
Sen 1998). However, the differences reported between the
different mycorrhizal fungi are likely to be due to potential
species-specific enzyme activities. Eucalyptus roots inocu-
lated with different ECM strain of Pisolithus spp. showed a
transient increase of peroxidase activity during the first days
of inoculation in relation to the colonisation efficiency of
the strain. Peroxidase activity of “poor” root colonisers re-
mained relatively low, whereas activity in roots inoculated
with “good” root colonisers increased sharply (Albrecht
et al. 1994). Besides acting on the total peroxidase activity,
mycorrhyza interaction can also regulate specific isoforms.
Changes in root peroxidase profile following mycorrhiza
colonisation were observed indicating a specific differen-
tial isozyme expression in roots (Münzenberger et al. 1997;
Timonen and Sen 1998).

It has been suggested that auxins produced by the ECM
fungi reduce peroxidase-catalysed cross-linking of cell-
wall constituents (Salzer and Hager 1993; Charvet-Candela
et al. 2002). This mechanism may make the cell walls in
roots less rigid and allow colonisation of the intercellu-
lar space by symbiotic fungi. However, other investigators
have shown that IAA levels were inversely related to per-
oxidase activity (Mitchell et al. 1986), suggesting that in
mycorrhiza like in nodules, peroxidases could be involved
in auxin catabolism. The role of auxin and peroxidases in
mycorrhization is still difficult to define, because of the
lack of information about the relative importance of these
two mechanisms.

From these results it appears that symbionts, mycor-
rhizal fungi, as well as bacteria, may not trigger the full
host defence response particularly where peroxidase ac-
tivity is concerned. In successful infections, these defence
responses are either controlled by the plant or overcome
by the successful symbiont. The contradictory reports con-
cerning the interactions of peroxidase with auxins afford
only a limited first insight into mutual interactions of the
symbiotic partners and need further exploration to be clar-
ified. Expression of peroxidases in host roots might nev-
ertheless limit and regulate the growth of the symbiont.
During the early infection, peroxidase production can gen-
erate ROS implicated in the cell wall loosening to facilitate
the symbiont entrance. During the time of colonisation and
development of symbiosis, it is also likely that defence-
related peroxidases are expressed to limit the intracellular
spreading of the fungus but also to protect against soil mi-
crobial pathogens, through the establishment of a highly
toxic environment by massively producing ROS (oxidative
burst).

Senescence

It is generally accepted that cell death, senescence, ripen-
ing, necrosis, and lesions are correlated and depended on
overlapping mechanisms. The first three events can be con-
sidered as normal evolution for a plant, the last ones being
related to foreign actions. One difference could be the no-
tion of reversibility: until a specific threshold, cell death,
senescence, and ripening can be considered as reversible
processes.

Plant senescence

Leaf senescence is the last stage before complete cell
death. A number of cellular changes have been associ-
ated with this mechanism. For example, increase of ethy-
lene synthesis and peroxidase activity have been reported
(Jimenez et al. 1998). A change in gene expression has
also been observed during senescence: a decrease for the
photosynthesis-associated genes and an increase for the
senescence-associated genes (Abarca et al. 2001). Reac-
tive oxygen species such as O2

.− have been shown to be
involved in the induction and development of the senes-
cence stage. The superoxide radical O2

.− could be gener-
ated by extracellular peroxidase activity following salicylic
acid treatment (Kawano et al. 1998) and could act on the
senescence induction pathway. On the other hand, total per-
oxidase activity increased during A. thaliana leaf expansion
as well as in the senescent tissues, with a stronger increase
at the end of the leaf expansion (Abarca et al. 2001). It
seems difficult to dissociate the leaf senescence from the
cell wall stiffening and cross-linking. In A. thaliana leaf, the
peroxidase activity is mainly associated with cell extension
between the 1st and the 4th week of growth, the 4th to 5th
weeks of growth correspond to a transition phase, and after
the 5th week of growth peroxidase activity is associated
in majority with the cross-linking of cell-wall compounds
(Abarca et al. 2001). In agreement with this observation,
the increase of syringaldazine-peroxidase activity in plants
exposed to ozone may be related to the induction of early
senescence through the activation or acceleration of ligni-
fication process (Ranieri et al. 2000).

Fruit growth and ripening

Fruit growth occurs by cell expansion rather than division.
During tomato fruit development as in other cell elongation
processes described previously, cell expansion is dependent
on cell wall loosening (Andrews et al. 2000). Hence the
implication of peroxidases in such a process is related to
the fine balance between cell wall loosening and stiffening.

However, fruit ripening syndrome, which involves cer-
tain hormonal and enzyme classes, is commonly pro-
moted by ethylene in climacteric plant (Alexander and
Grierson 2002). The final fruit evolution is correlated
with an increased peroxidase activity acting on cell-wall
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modification. The cessation of tomato fruit growth fol-
lows a decrease of wall extensibility at the fruit skin level
(Andrews et al. 2000). Interestingly, peroxidases associ-
ated to the cell wall of the epidermis are induced dur-
ing fruit maturity. These peroxidases are probably not di-
rectly related to the fruit ripening but could control the
growth arrest by changing the mechanical properties of cell
wall and consequently produce a protective barrier in the
epidermis.

Conclusions

In plant cells, class III peroxidases are present in solu-
ble, ionically- and covalently-cell wall bound forms. They
are involved in many functions as a consequence of their
two cycles (Fig. 1): ROS generation and regulation, H2O2
level regulation, and oxidation of various substrates (which
leads to the catabolism or the polymerisation of substrates)
(Fig. 3). Using these three mechanisms, plants have at their
disposal a “Swiss army knife-like” multifunctional tool that
they can use in every tissue at any time throughout their life
cycle. The high number of isoforms further allows a fine
balance between antagonistic peroxidase functions such
as cell wall cross-linking and loosening. The variation of
the number of isoforms between species could explain the
numerous discrepancies reported on the regulation of the
different peroxidases related to physiological processes.

The comparison of the different situations described in
this review shows that peroxidases up-regulation is gener-
ally transient. Peroxidases are often strongly induced at the
beginning of an event, and then slowly decrease with time.

This type of response has indeed been shown in chemical
stress, where peroxidase expression was only significantly
increased in acute stress (Klumpp et al. 2000). Plants re-
spond to pathogens and symbionts similarly, with a rapid
oxidative burst for the former (Blee et al. 2001), and the
increase in peroxidase activity being mainly expressed in
the first moments of colonisation in the latter (Cook et al.
1995; Tarvainen et al. 2004). This transient induction is,
however, not common to all peroxidases. There is always
a basal level of peroxidase activity in plants, probably to
perform “housekeeping” functions, such as growth by elon-
gation and lignification. It is possible that the appearance of
the first peroxidase during evolution has allowed plants to
build up a cell-wall structure that is able to stand out of the
water and hence adapted to land colonisation. Later on, with
the advent of insects, climatic changes, human impact, and
other stresses, a quickly inducible peroxidase was advanta-
geous to respond to these novel factors, and, therefore, was
naturally selected and further duplicated. However, these
assumptions remain purely speculative as long as the in vivo
functions of single peroxidases have not been determined.
To our knowledge, no studies have reported such infor-
mation on peroxidases yet. When identified, this crucial
point will certainly help us to better understand the evolu-
tion, the roles, and the regulations of this multifunctional
enzyme.
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