
Peroxidase (POD) is one of the main components of

the immune system of plants. It is activated under various

impacts in different organs of diverse plant species [1�4].

POD is implicated in wound� or pathogen�induced for�

mation of protective barriers composed of lignin and

suberin, which are produced due to the H2O2�dependent

oxidative polymerization of oxycinnamoyl alcohols (p�

coumarol, coniferol, and sinapol) and formation of ester

bonds with cross�linking agents, namely, phenolcarbonic

acids (p�coumaric, caffeic, ferulic, etc.) [5�8].

Also, various stress agents can result in fast produc�

tion of reactive oxygen species (ROS) on the surface of

plant cells, so�called oxidative burst [9�12]. Most

researchers associate POD activation with activity of an

antioxidative system. Moreover, POD is offered as a stress

marker [13, 14]. POD is in fact a good stress marker, but

its functions do not only come to elimination of hydrogen

peroxide. Under certain conditions (in particular, in oxi�

dation of pyridine nucleotides and polyphenols) some

apoplastic PODs exhibit their oxidase activity by produc�

tion of superoxide anion radical (О 2
�) and H2O2 at physi�

ological pH values [15�18]. Thus, under stress conditions

POD can play a role of either anti� or prooxidant. ROS

are known to play a role of signaling mediators and can

control important biological processes [19�21].

Significant activation of О 2
��producing POD during the

initial period after root excision from seedlings is sup�

posed to be necessary for development of nonspecific

adaptation syndrome in wheat root cells [22]. It was

shown that under biotic stress H2O2 production by extra�

cellular POD during oxidative burst requires an elevation

of apoplastic pH and presence of reducing agents [17].

Nevertheless, problems concerning possible mechanisms

and factors providing stimulation of the ROS�producing

activity of POD have not yet been resolved.

We previously reported that excised wheat roots can

be effectively used as a test system for study of reactivity

and adaptive processes in response to adverse factors [23,

24]. The cell surface POD is one of the main sources of

О 2
� in roots excised from wheat seedlings [25, 26].

Moreover, weakly associated POD isoforms localized in

the apoplastic space of root cells are released into the

extracellular solution [27]. It is known that soluble sub�

stances, possibly including electron donors, such as

ascorbate and phenolic compounds, are released from

cells under stress conditions [5, 28]. Coniferol is sup�

posed to stimulate H2O2 production [29, 30], and signifi�

cant accumulation of phenolcarbonic acids, particularly,

ferulate, facilitates the cytotoxic effect observed under

biotic stress in wheat and rye [31, 32]. The purified extra�

cellular wheat PODs possess high enzymatic activity in
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oxidation of ferulate acid and coniferol [33]. The ques�

tion arises as to whether phenolic compounds released

into the apoplast under stress conditions can “switch” the

functioning of peroxidases from peroxidative to oxidative

activity and serve as POD substrates in ROS production?

The goal of the present work was to study effects of exoge�

nous POD substrates, ferulate and coniferol, on activity

and О 2
��producing ability of the extracellular POD from

wheat root seedlings.

MATERIALS AND METHODS

Seedlings of spring wheat (Triticum aestivum L.),

variety Lyuba, grown on 0.25�mM CaCl2 solution for five

days were used as the object for study. When the effect of

ascorbate on activity of guaiacol POD was examined, the

seedlings were grown on distilled water. Immediately after

excision from the seedlings, the roots were incubated in a

tested solution for 1 h. The solution after root incubation

and removal served as the extracellular solution (ECS).

The roots were incubated in 0.25 mM CaCl2 for a control

or in distilled water in experiments with ascorbate.

Activity of POD (EC 1.11.1.7) in ECS was deter�

mined by spectrophotometry with the following sub�

strates: guaiacol (436 nm; ε = 25.5 mM–1⋅cm–1), o�dian�

isidine (460 nm; ε = 30.0 mM–1⋅cm–1), ferulate (310 nm;

ε = 16.6 mM–1⋅cm–1), and coniferol (265 nm; ε =

7.5 mM–1⋅cm–1). Guaiacol POD was determined as

described earlier [22]. In the cases of dianisidine, ferulic,

and coniferyl PODs, the reaction mixture contained

0.05�mM sodium citrate buffer, pH 5.4, 1 mM of the cor�

responding main substrate (o�dianisidine, ferulate, or

coniferol), and 0.5 ml of ESC in a total volume of 3 ml.

When the effect of a second substrate on POD activity

was examined, NADH, ascorbate, o�dianisidine, feru�

late, coniferol, epinephrine, or salicylate was also added.

When the combined effect of two additional substrates on

dianisidine POD activity was evaluated, the reaction mix�

ture contained 1 mM epinephrine and either 1 or 5 mM

ferulate beside the main substrate. Activity of ascorbate

peroxidase (EC 1.11.1.11) was determined from decrease

in the level of ascorbate determined by spectrophotome�

try (265 nm; ε = 8.24 mM–1⋅cm–1). The reaction mixture

(total volume of 3 ml) contained 0.05 mM sodium�phos�

phate buffer, pH 7.0, 1 mM ascorbate, and 0.5 ml ECS. In

all experiments, the peroxidase reaction was initiated by

addition of 1 mM H2O2.

Protein was determined by the Bradford method

[34]. One unit of POD was defined as the amount of the

enzyme that oxidizes 1 µmol of o�dianisidine per minute.

The ability of ECS to produce О2
� was judged from oxida�

tion of the О 2
� acceptor epinephrine to adrenochrome,

which was determined by spectrophotometry (480 nm;

ε = 4020 M–1⋅cm–1). Specificity of О 2
� formation was

confirmed using superoxide dismutase (SOD). The stan�

dard reaction medium, total volume 2.34 ml, contained

ECS with POD concentration of 0.8 U/ml in 0.05�mM

sodium�phosphate buffer, pH 6.8, 1 mM epinephrine,

and effectors (H2O2, ferulate, and coniferol) in different

combinations. The standard incubation time was 20 min.

Experiments were performed in 3�5 biological repli�

cations, each with three analytical replications. Data were

processed using Microsoft Excel software. Representative

data of each experimental series are shown.

The following chemicals were used: ferulic acid,

coniferol, CaCl2 (Fluka, Switzerland); o�dianisidine

(Acros Organics, Belgium); SOD, NADH (Sigma, USA);

epinephrine (ICN, USA). All other chemicals of chemi�

cal or analytical purity grade were purchased from

Reakhim (Russia).

RESULTS

Reducing agents such as ascorbate and NADH

inhibit the activity of guaiacol POD. Incubation of roots

with 1 mM ascorbate led to complete inhibition of guaia�

col peroxidase in ECS (Fig. 1a). Activity of the extracel�

lular dianisidine POD was also completely inhibited both

after incubation of roots with 1 mM ascorbate and after

addition of ascorbate to ECS (data not shown).

Considerable inhibition of guaiacol POD activity in ECS

was observed after incubation of roots with 0.5 mM

NADH for 1 h. Direct addition of 0.5 mM NADH to

ECS led to virtually complete inhibition of the enzyme

activity (Fig. 1b). The ferulic POD was activated by addi�

tion of 0.1 mM o�dianisidine into the reaction mixture;

the effect was enhanced with increase of its concentration

to 1 mM (Fig. 1c). Similar results were obtained with

coniferyl POD: addition of 0.1 mM of o�dianisidine

resulted in activation of the enzyme, and the effect was

more pronounced when the concentration of the second

substrate was increased tenfold (Fig. 1d). No ascorbate

peroxidase activity was found in ECS.

Activity of dianisidine POD did not change when

salicylate in concentrations ranging from 1 µM to 10 mM

as the second substrate was added into the reaction medi�

um (Fig. 2a). Addition of either 0.1 mM ferulate (Fig. 2b,

column 2) or 0.1 mM coniferol (Fig. 2c, column 2) as the

second substrate led to considerable decrease in the

enzyme activity. Elevation of ferulate concentration by 10

(Fig. 2b, column 3) and 50 times (Fig. 2d, columns 4 and

5) did not result in statistically significant change in the

activity. Unlike ferulate, the increase in concentration of

coniferol from 0.1 to 1 mM resulted in a small but statis�

tically significant elevation of dianisidine POD activity

(Fig. 2b, column 3). Epinephrine taken at the concentra�

tion of 0.1 mM inhibited the dianisidine POD activity.

This inhibition was more pronounced when the epineph�

rine concentration was increased to 1 mM (Fig. 2d,

columns 2 and 3), but less expressed in comparison with
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effect of 1 mM ferulate (Fig. 2d, columns 3 and 4).

Considerable inhibition of the dianisidine POD activity

was also observed when 1 mM epinephrine and 1 mM fer�

ulate were added simultaneously (Fig. 2d, column 6).

This inhibition was more pronounced than that caused by

1 mM epinephrine only and less pronounced than that

caused by 1 mM ferulate only (Fig. 2d, columns 3, 4, and

6). However, the joint inhibitory effect of 1 mM epineph�

rine and 5 mM ferulate on the dianisidine POD activity

was exactly the same as the inhibitory effect of 5 mM fer�

ulate only (Fig. 2d, columns 5 and 7).

Both H2O2 and phenolic compounds serving as both

peroxidase substrates and possible factors enhancing free

radical production were used in experiments on the О 2
��

producing capability of POD determined from oxidation

of epinephrine. Addition of 1 mM H2O2 to ECS had no

effect on epinephrine oxidation (Fig. 3a, column 2).

Addition of either 1 or 10 mM ferulate to ECS containing

1.6 U/ml of POD led to stimulation of О 2
� production

(Fig. 3a, columns 3 and 4). Note that neither 5 nor

10 mM ferulate had an effect on the О 2
��producing capa�

bility of ECS containing 0.8 U/ml POD (Fig. 3b,

Fig. 1. Activity of tetraguaiacol (a, b), ferulate (c), and coniferol (d) PODs in ECS in the presence of various substances. 1) Control (distilled

water) (a), 0.25 mM CaCl2 (b�d); 2) after incubation of roots for 1 h with either 1 mM ascorbate (a) or 0.5 mM NADH (b); 3) with 0.5 mM

NADH (b); 2, 3) with 0.1 and 1 mM o�dianisidine, respectively (c, d). Here and in Figs. 2 and 3, the difference is significant at P < 0.05 (*),

< 0.01 (**), and < 0.001 (***).
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columns 2 and 3). The linear stimulating effect on the

О 2
��production by ECS was observed under combined

action of H2O2 and ferulate taken at varied concentra�

tions (Figs. 3a (columns 5 and 6), 3b (columns 4 and 5),

and 3c (columns 2�4)). Considerable stimulation of О 2
��

production was also observed under the combined action

of 1 mM coniferol and 1 mM H2O2 (Fig. 3c, columns 5

and 6).

The О 2
��producing activity of ECS in control was

inhibited by 74 ± 7% by addition of 250 U/ml SOD.

Unfortunately, we could not confirm О 2
� production in

the reaction medium containing ferulate and H2O2 by

inhibitory analysis because of the interaction between

SOD and ferulate in the presence of H2O2.

The О 2
��producing activity of POD in the presence

of H2O2 insignificantly increased with increase in con�

centration of О 2
� acceptor (epinephrine) in the incuba�

tion medium from 1 to 2 mM (Fig. 3d, columns 1 and 3).

Similar effect was observed under the combined action of

10 mM ferulate and 1 mM H2O2 (Fig. 3d, columns 2 and

4). The difference became significant with elevation of

epinephrine concentration to 4 mM (Fig. 3d, columns 1,

Fig. 2. Activity of o�dianisidine POD in ECS in the presence of 0.25 mM CaCl2 (control) (1) (a�d), 1, 10, 100, 1000, and 10,000 µM salicy�

late (2�6, respectively) (a), 0.1 and 1 mM ferulate (2 and 3, respectively) (b), 0.1 and 1 mM coniferol (2 and 3, respectively) (c), 0.1 and 1 mM

epinephrine (2 and 3, respectively) (d), 1 and 5 mM ferulate (4 and 5, respectively) (d), and 1 and 5 mM ferulate together with 1 mM epi�

nephrine (6 and 7, respectively) (c).
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Fig. 3. Superoxide production by ECS estimated from adrenochrome accumulation under the action of various effectors. The reaction medi�

um (total volume of 2 ml) containing 0.05�mM sodium�phosphate buffer, pH 6.8, 1.6 U/ml (a) or 0.8 U/ml (b�f) POD, and effectors was sup�

plemented with 335 µl epinephrine solution (final concentration in the medium 1 mM). The final concentration of epinephrine was increased

to 2 and 4 mM in variants 3, 4 and 5, 6 (d), respectively. Oxidation of О 2
� acceptor was detected after 20 min of incubation. The incubation

time was extended to 40, 60, and 80 min for variants 3, 4 (e), 5, 6 (e), and 7, 8 (e), respectively, and to 45 min for variant f. The following effec�

tors were added to the reaction medium: a�c, f) 0.25 mM CaCl2 (control) (1); a) 1 mM H2O2 (2), 1 and 10 mM ferulate (3 and 4, respective�

ly); 5, 6) the same as 3, 4 but with addition of 1 mM H2O2; b) 5 and 10 mM ferulate (2 and 3, respectively); 5, 6) the same as 3, 4 but with

addition of 5 mM H2O2; c) 0.78, 5, and 10 mM ferulate together with 1 mM H2O2 (2�4, respectively), 1 mM coniferol (5); 6) the same as 5

but with addition of 1 mM H2O2; d) 1 mM H2O2 (1, 3, 5), 10 mM ferulate together with 1 mM H2O2 (2, 4, 6); e) 1 mM H2O2 (1, 3, 5, 7),

10 mM ferulate together with 1 mM H2O2 (2, 4, 6, 8); f) 5 mM ferulate together with 1 mM H2O2 (2); 3) the same as 2 but with addition of

5 mM ferulate together with 1 mM H2O2 after 15 min of incubation; 4) the same as 2 but with two additions of 5 mM ferulate together with

1 mM H2O2 after 15 and 30 min of incubation, respectively.
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2, 5, and 6). Moreover, when the incubation time was

increased from 20 to 40�80 min, the О 2
� production in the

presence of H2O2 significantly increased only after 80 min

of incubation (Fig. 3e, columns 1, 3, 5, and 7).

Alternatively, the combined effect of 10 mM ferulate and

1 mM H2O2 resulted in gradual decrease in the О 2
� pro�

duction, which only became significant after 80 min of

incubation (Fig. 3e, columns 2, 4, 6, and 8). Repeated

addition of the same substrates to the reaction medium

containing 5 mM ferulate and 1 mM H2O2 every 15 min

did not result in increase of the О 2
� production (Fig. 3f).

DISCUSSION

Earlier, we found that the incubation of roots with

1 mM ascorbate and 0.5 mM NADH led to increase in

formation of extracellular О 2
� [25, 35]. Since the cell sur�

face POD is one of the main sources of О 2
� in roots, there

is reason to suppose that these reductants influence the

peroxidase activity. The absence of ascorbate peroxidase

activity is indirect evidence for the absence of release of

intracellular enzymes into ECS during the root incuba�

tion. Besides, we have shown that cytosolic contamina�

tion of ECS of excised roots comprised only 1.4% [33].

The ECS POD belongs to the class III of secreted plant

PODs weakly oxidizing ascorbate but possessing broad

substrate specificity [36�38]. NADH and ascorbate are

known to be “slow” substrates for class III PODs, where�

as phenols, including guaiacol and o�dianisidine, are the

“rapid” ones. When substrates with drastically different

reactivity underwent simultaneous oxidation with POD,

the effects of their mutual activation or inhibition are

observed [39]. The activation of oxidation of a slowly oxi�

dized substrate and either partial or complete inhibition

of a rapidly oxidized substrate (activator) occur [38, 39].

POD is known to be capable of О 2
� production in the

presence of reductants and small amount of H2O2,

according to the scheme of Chance (cited by [40]):

Fe(III) + H2O2 → CoI + H2O,                 (1)

CoI + RH → CoII + R•,                      (2)

CoII + RH → Fe(III) + R•,                   (3)

R• + O2 → R+ + О 2
�.                         (4)

Thiols, ascorbate, NAD(P)H, and phenols are sup�

posed to act as reductants [41�43]. It remains unknown

which substances can serve as substrates for POD when

О 2
� is formed in vivo. It has been shown in a model system

that horseradish POD oxidizes NADH to form О 2
� [41,

44]. Interaction of the substrate with POD leads to for�

mation of reductant radical that can interact with oxygen

to produce О 2
� [41, 44], which is in agreement with our

previously reported data [35]. Thus, despite the stimula�

tory effect of NADH and ascorbate on the О 2
� production

by roots, these substrates inhibited activity of the extra�

cellular POD when either guaiacol or o�dianisidine

served as oxidized substrates (Fig. 1). It is likely that

enhancement of oxidation when two substrates are simul�

taneously oxidized by POD primarily implicates reduc�

tants rather than guaiacol or o�dianisidine. We anticipate

that emergence of POD substrates with dramatically dif�

ferent reactivity in apoplast under stress conditions is one

of the prerequisites of the oxidative burst. Besides, addi�

tion of some phenols is known to result in decrease in

concentration of the oxygenated lowly active ferroperox�

idase CoII (Eq. (3)), which also can lead to activation of

NADH oxidation [39, 41, 45]. Thus, NADH is a good

candidate for activated substrate in О 2
� formation by per�

oxidase on the surface of wheat root cells. Some

researchers suppose the presence of NADH in plant cell

apoplast [46, 47], but without direct evidence. Ascorbate

is another candidate. Unlike NADH, it can be transport�

ed from cytoplasm and accumulate in apoplast under

stress conditions [48�51]. Ascorbate is known to exhibit

either anti� or prooxidant features depending on substrate

concentration and oxidative reaction conditions [52].

There are no data in the literature on mechanisms of

immediate interaction of ascorbate or its oxidized forms

with O2 followed by О2
� formation. It is possible that О 2

�
formation occurs via a series of intermediates. It was

shown, for example, that the oxidation of ascorbate by

POD in apoplast is mediated by oxidized intermediates of

phenolic acids [49]. The phenolic radicals oxidized in

POD�dependent reactions are supposed to undergo

autooxidation to form О 2
� and H2O2 [38, 53].

Phenolic compounds, being electron donors and

reductants for POD by nature, are one�electron aromatic

substrates of plant PODs [54]. Moreover, phenolic acids

are regarded as more effective electron donors than is

ascorbate [49]. There is just a chance that phenols can

serve as the main activators in О2
� formation by peroxi�

dase on the cell surface. The phenolic compounds (ferulic

acid and coniferol) found in ECS [55], as well as NADH

and ascorbate, are slow POD substrates compared with o�

dianisidine. Earlier, we have shown that another phenolic

compound, salicylate (o�hydroxybenzoate), added to the

roots causes elevation of both POD activity in ECS and

О 2
� production [22, 56]. When salicylate is used as sub�

strate, POD produces О 2
� via formation of free salicylate

radical [57]. In our experiments, addition of salicylate to

ECS had no significant effect on activity of dianisidine

peroxidase (Fig. 2a). Similarly, the addition of salicylate

to purified extracellular PODs did not stimulate their

guaiacol oxidizing activity [26]. It is likely that in wheat

roots salicylate does not compete with o�dianisidine and

guaiacol and is not an immediate substrate of extracellu�

lar POD in О 2
� formation. One can assume that the О2

��

stimulating effect of salicylate added to roots is mediated
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by other factors, particularly, by its detergent�like activity

and inhibition of catalase [22, 58].

The peroxidase system implicating POD + H2O2 +

phenolcarbonic acids possesses high radical�producing

ability and is known to form ROS [59]. Earlier, it was

found that 1 mM H2O2 added to either roots or ECS after

removal of roots stimulates О 2
� production [22, 56]. In the

present work, we found that exogenous H2O2 taken at the

same concentration (1 mM) had no stimulating effect on

О 2
� production if ESC was diluted (the extracellular POD

activity was 1.6 U/ml) (Fig. 3a). Ferulate slightly but sig�

nificantly elevated the level of О 2
� (Fig. 3a), whereas

simultaneous addition of H2O2 and ferulate resulted in

many�fold elevation of О 2
� production by POD (Fig. 3, a�

c). Thus, both qualitative and quantitative proportions of

interacting components are important for the ROS pro�

duction in the peroxidase system.

Epinephrine, the acceptor used for О 2
� detection,

can also serve as a POD substrate [60]. Here two ques�

tions emerge: what substrate of the extracellular wheat

root POD is epinephrine in terms of oxidation rate, and

whether the stimulating effect of epinephrine on О 2
� pro�

duction by the system ferulate/coniferol + H2O2 + ECS

(Fig. 3c) is an artifact of epinephrine oxidation by perox�

idase or epinephrine is an actual О 2
� acceptor? Since

SOD, the enzyme directly detoxifying superoxide, inter�

acts with ferulate in the presence of H2O2, the inhibitory

analysis fails to prove О2
� production in the reaction

medium containing ferulate and H2O2.

The absorption maxima of the o�dianisidine and epi�

nephrine oxidation products are close (460 and 480 nm,

respectively). So, detection of any of the products from

enhancement of light absorption would be inaccurate if

both substrates are present simultaneously. We have

shown that dianisidine POD activity is inhibited by so

small concentration of epinephrine as 0.1 mM (Fig. 2d).

Epinephrine itself appears to remain non�oxidized,

because at higher concentration (1 mM) it led to slight

but significant, decrease in the level of oxidized products

(Fig. 2d). Thus, despite the inhibitory effect of epineph�

rine on the dianisidine POD activity, o�dianisidine does

not activate epinephrine oxidation, that is, taken togeth�

er these substrates do not manifest features characteristic

of slowly/rapidly oxidized substrate pairs. It is likely that

the mechanism of epinephrine oxidation by peroxidase

differs from the mechanism of oxidation of slow sub�

strates such as ferulate and coniferol. Ferulate at concen�

tration of 1 mM inhibits the dianisidine POD activity to a

greater degree than does epinephrine at the same concen�

tration (Fig. 2d). Possibly, ferulate is a slower substrate

than epinephrine. The combined inhibitory effect of

1 mM ferulate and 1 mM epinephrine on the dianisidine

POD activity was greater than that of 1 mM epinephrine

only and slightly but significantly lesser than that of 1 mM

ferulate only. It is likely that the combined effect of 1 mM

ferulate and 1 mM epinephrine is accompanied by slight

oxidation of epinephrine, resulting in distortion of the

spectrum of oxidized o�dianisidine products. We suppose

that the increasing the concentration of ferulate to 5 mM

prevents this “side” oxidation of epinephrine, because the

inhibition level in presence of both 5 mM ferulate and

1 mM epinephrine reached that observed in presence of

5 mM ferulate only (Fig. 2d). It is possible that ferulate

does not activate epinephrine oxidation by peroxidase,

even in the absence of o�dianisidine.

When studying О 2
��producing ability, we also found

that neither increase in incubation time nor addition of

ferulate and H2O2 led to substantial stimulation of epi�

nephrine oxidation (Fig. 3, e and f). The insignificant

stimulation of О 2
� production by 1 mM H2O2 observed

only after 80 min of incubation is possibly due to the

autooxidation of epinephrine by atmospheric oxygen,

whereas its noticeable decrease under the combined

action of 1 mM H2O2 and 10 mM ferulate is due to the

beginning of reaction product decay for long incubation

(Fig. 3d). Thus, when taking that epinephrine oxidation is

the consequence of POD enzymatic activity and inde�

pendent of the incubation time, the substrate concentra�

tion would be saturating, and the enzyme inactivated by

the reaction product. However, the difference (several

times) between the inactivating product concentrations

under the action of 1 mM H2O2 or combination of 1 mM

H2O2 and 5 or 10 mM ferulate (Fig. 3, e and f) remains

unexplainable. Moreover, when the epinephrine concen�

tration was increased four times, significantly increased

accumulation of the reaction product occurred in both

cases, with 1 mM H2O2 and with 1 mM H2O2 added

together with 10 mM ferulate, approximately by the same

value (Fig. 3d). Partial epinephrine oxidation by peroxi�

dase probably occurred in our experiments (data on

incomplete inhibition of the reaction by SOD also sup�

ports this supposition), as well as О2
� quenching by epi�

nephrine. In connection with this, although it is impossi�

ble to give an exact quantitative estimation of the formed

О 2
�, one can judge either increase or decrease in POD

capability of О2
� formation in comparison with control.

We cannot exclude that the system ferulate + H2O2 +

POD could activate a certain factor facilitating О 2
� pro�

duction, whose depletion prevented further progress of

the reaction. Therefore, following addition of the sub�

strates (H2O2 and ferulate) or prolongation of the incuba�

tion time had no effect (Fig. 3, e and f). The mechanism

of antibiotic effect of phenolcarbonic acids under biotic

stress is found to be exclusively due to the toxic effect of

ROS formed while the oxidation of these substances

occurs [59]. The accumulation of phenols, such as feru�

late, was found in resistant wheat and rye varieties under

biotic stress [31, 32]. The natural phenols found in ECS

under wound stress of wheat roots [55] can probably serve

as POD substrates under distinct conditions when О 2
� is

formed. It is likely that the primary response reactions of

plant cells can be realized via a general unspecific mech�
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anism independently on the nature (biotic or abiotic) of a

stress factor.

The acceleration of oxidation of a slowly oxidized

substrate by a rapidly oxidized one is known to be a gen�

eral feature of peroxidase systems, which is typical for

both peroxidase and oxidase as well as oxygenase func�

tions of this enzyme [39]. We suppose that appearance of

some rapidly oxidized POD substrate on the cell surface,

which stimulates the oxidation of slowly oxidized sub�

strates, is necessary for activation of oxidation of slowly

oxidized substrates (phenols) by peroxidase with subse�

quent rapid ROS production (oxidative burst) under

stress. This supposition requires further studies.
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