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Abstract. The adaptation of plants to an excess of heavy metals in the environment and their recovery
after elimination of the stressor is of interest in connection with the large-scale pollution of ecosystems
and their remediation. This study is aimed at the aftereffect of copper ions (100 and 300 uM) in plants
of Nicotiana tabacum L. The level of plant stress markers (concentration of hydrogen peroxide, activity
of class III peroxidases — benzidine and guaiacol, their isoforms) during the recovery period after
the removal of copper ions from the environment was evaluated in pretreatment by copper ions of
different concentration and the use of control plants. During the recovery period, the concentration
of hydrogen peroxide in plant organs (root, stem, and leaves) was high compared to the control. The
responses of the roots and shoots under the aftereffect of the stressor were different. The activity of
cytosolic guaiacol peroxidase and cell wall-bound peroxidases in root tissues increased according
to the increase in H,0,. In plants pretreated with a lower copper concentration, the activity of cell
wall-bound peroxidases in the stem and cytosolic and cell wall-bound benzidine peroxidases in leaves
increased. In contrast, pretreatment with a high copper concentration led to a decrease in the activity
of peroxidases during the period of plant recovery. Thus, plant organs differed in the content of H,0,
and the activity of class III peroxidases localized in different compartments (apoplast and cytosol)

and in their ability to recover after the removal of the stressor.
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AKTHBHOCTb aCCOLMMPOBAHHBIX C KJIETOYHOH CTEHKOM
U IMTO30JIbHBIX NEPOKCHAA3 B YCIOBUAX MOCJIeAeHCTBUS
HOHOB MeJH B pacTteHusix NVicotiana tabacum
A.C. Tyr6aesa, A. A. Epmomums,
. C. Ilanortanukos, U.C. KuceneBa

Ypanvckuii gheoepanvnviii ynusepcumem
Poccuiickas @edepayus, Ekamepunbdype

AHHOTaNUA. ATanTanus pacTeHUH K U30BITKY TSHKETBIX METAJIIOB B Cpelie U UX BOCCTaHOBJICHHE ITOCIIE
SIUMHUHAIUN CTPEccopa MPEACTABIISIIOT HHTEPEC B CBSI3U C MACIITAOHBIM 3arpsi3HEHUEM 3KOCHCTEM.
Harme viccirenoBaHme HampaBiieHO Ha m3ydeHue mocieaeiictsus noHos Mean (100 u 300 uM) B pacTeHHsIX
Nicotiana tabacum L. O1ieHHBaJICS yPOBEHb MapKEPOB CTPecca pacTEHUH (ComepikaHue MepoKCHaa
BOJIOPO/A, aKTHBHOCTH Nepokcuaas 111 kmacca — OeH3UTMHOBOH U TBAasIKOIOBOM, UX M30()OPMEI) B IIEPHOLT
UX BOCCTAHOBJICGHHUS I10CIIE YIaIeHUsI HOHOB MeIU U3 cpelbl. BBIABIEHO yBeTMYeHNe KOHIIEHTPalluu
MepOKCHUa BOJOPOJA B TKAHIX KOPHs, CTEONS U INCTheB. Peakuu KopHs U mo0era B yCIIOBHAX
MOCJIeIEUCTBUS CTpeccopa pa3anyalnch. AKTUBHOCTH IIUTO30JIbHON I'BasKOJIOBON MEPOKCHAA3HI
W aCCOIMMPOBAHHBIX C KJIETOYHON CTEHKOHW MEPOKCHIa3 B TKAHIX KOPHS IMOBHIIIANACH Ha (OHE
yBenuueHus conaepxkanus H,O,. YBenndeHne ak THBHOCTH aCCOLIMMPOBAHHBIX C KJIETOUHON CTEHKON
IepoKCcuIa3 B cTeble, MUTO30IbHON U aCCOIMMPOBAHHON C KICTOYHON CTEHKON OCH3UIMHOBOMH
MEPOKCH1a3bl B JTUCThSIX HAOIIOMAIN y PACTCHUH, peno0padboTaHHBIX 00JIee HU3KOM KOHIICHTpaIHen
memu. [IpeaBapuTensaas 00pabOTKa BRICOKOI KOHIIEHTpAIHEH MeIn, Ha000pOT, TPUBOIMIIA K CHIDKCHUIO
AKTHBHOCTH IEPOKCH/Ia3 B IEPUOJ] BOCCTAHOBIICHHS pacTeHUi. Takum 00pa3oM, OpraHbl pacTeHHH
pasznuyanucs 1o coxepxkanuto H,O, n aktuBHocT nepokcuaas I kinacca, 10kain30BaHHBIX B Pa3HBIX
KOMIIapTMEHTaX (aroIIacT U [IUTO30J1b), ¥ 10 CIOCOOHOCTH BOCCTAHABJIMBATHCS TIOCIIE CHATHUS ACHCTBHS

cTpeccopa.

KuoueBble ci10Ba: noHbI Menn, Nicotiana tabacum, IEpOKCHT BOIOPOAA, TEPOKCH A3, BOCCTAHOBJICHHE.

BaaropapuocTu. PaboTa BeInonHeHa npy noAepskke MUHUCTEPCTBA HAYKH U BBICIIET0 00pa30BaHHs

Poccuiickoit @enepanmm, mpoekt Ne FEUZ-2021-0014.
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Introduction

Copper, an essential trace element for plants,
is necessary for enzyme activity, photosynthetic
and respiratory electron carriers, chlorophyll
biosynthesis, and nitrogen assimilation at low
concentrations (Jouili et al., 2008; Ali et al., 2000).
Excessive amounts of copper have a toxic effect:
the efficiency of the electron transport chains in
mitochondria and chloroplasts, organ biomass and
size, and plant productivity decrease (Jouili et al.,
2008; Lin et al., 2005). Many studies have been
devoted to the study of plant responses to copper
stress; however, there is much less information
on plant recovery after the removal of stressors.
Even after the copper ions were removed from
the medium, they were transported from old
organs to young organs and from cell walls to the
protoplast, which can contribute to the development
of oxidative processes in different organs even
after the stressor is removed (Printz et al., 2016).

High concentrations of copper ions, like
any stressor, provoke the formation of reactive
oxygen species (ROS), including hydrogen
peroxide. Antioxidant enzymes such as class I11
peroxidases (EC1.11.1.7), which include guaiacol
(GPO) and benzidine (BPO) peroxidases, are
involved in hydrogen peroxide metabolism. These
antioxidant enzymes have an affinity for a wide
range of oxidizable substrates and are localized in
vacuoles and apoplasts, which distinguishes them
from class I peroxidases (ascorbate peroxidase —
EC1.11.1.11, glutathione peroxidase — EC1.11.1.9)
located in chloroplasts, peroxisomes and cytoplasm
(Veljovic Jovanovic et al., 2018). The activity of
class 111 peroxidases specifically changes during
plant development and depends on the type of
plant tissue, the availability of substrates, and
the strength and duration of the stress (Dragisi¢
Maksimovic et al., 2008).

Apoplastic peroxidases use hydrogen peroxide
and phenolic compounds as substrates, thereby

maintaining the redox balance in plant cell walls

and participating in the formation of monolignol
radicals as monomers for lignin polymerization.
Cytosolic isoforms of peroxidases, together with
other antioxidant enzymes (superoxide dismutase,
catalase, class I peroxidases), are involved in
maintaining the ROS level in the protoplast,
catabolism of auxins and anthocyanins, and
porphyrin metabolism (Chamseddine et al., 2009).

Hydrogen peroxide is a more stable and
long-lived molecule than other ROS (Schmitt et
al., 2014). When transported across the plasma
membrane, hydrogen peroxide can accumulate
in the cell wall and cause a change in pH, which
regulates the activity of apoplast enzymes
through conformational rearrangements and
phosphorylation (Jouili, El Ferjani, 2004). An
increase in the hydrogen peroxide content at
the stage of recovery in Glycine max L. plants
pretreated with Cd?" is considered one of the
symptoms of toxicity (Holubek et al., 2020).

The optimum pH for GPO is 6.0-7.0, while
the optimum pH for BPO is 5.0; therefore,
these peroxidases are referred to as neutral and
anionic isoforms, respectively. The role of class
II1 peroxidases in the metabolism of hydrogen
peroxide, which is formed under the action of
an excess of heavy metals, has been shown in
the plants Helianthus annuus L., G. max, and
Arabidopsis thaliana L. (Jouili, El Ferjani, 2003;
Lin et al., 2005).

The aim of our work was to study the
aftereffect of different concentrations of copper
ions on the activity of cell wall-bound and cytosolic
peroxidases in Nicotiana tabacum L. in a long-term

experiment.

Materials and methods

Plants of N. tabacum, cv. Petite Havana,
line SR1 were cultivated on a preautoclaved
substrate — a mixture of perlite: vermiculite in a
1:1 ratio, on Knop medium with the addition of
100 (variant 1) and 300 (variant 2) uM/L CuSO,
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and Knop medium as the control during the first
20 days after germination, followed by cultivation
on Knop medium until reaching the age of 40
days. The plants were grown under conditions of
a 16/8 photoperiod and a temperature of 23 °C.

The dry weight of plants was determined
gravimetrically after fixing the material at 110 °C
and drying it at 70 °C to constant weight. For
each group, 30 plants were used.

The activity of enzymes guaiacol
peroxidase (GPO, ECI.11.1.7) and benzidine
peroxidase (BPO, ECI1.11.1.7) and the content
of hydrogen peroxide were determined
spectrophotometrically on a Shimadzu UV-1800
(Shimadzu, Japan) in three biological and five
analytical replicates. To obtain the supernatant,
weighed samples of roots, stems, and leaves
were homogenized in the cold in 0.05 M Tris-
HCl buffer (pH 7.0) and centrifuged at 4 °C, and
the extraction procedure was repeated twice.
The resulting supernatant was used to measure
the activity of cytosolic enzymes and the amount
of hydrogen peroxide. To determine the activity
of the cell wall-bound form of the enzyme, the
precipitate after extraction of cytosolic enzymes
was resuspended twice and centrifuged in 0.05
M Tris-HCI buffer (pH 7.0) supplemented with 1
M KCI (Jamet et al., 2006).

The BPO

spectrophotometrically as the

determined
rate of the

activity  was

oxidation reaction of benzidine in the presence of
H,0, at pH 5.0 and is expressed in relative units/
mg protein x min (Goldfischer, Essner, 1969).
The GPO activity was calculated as the rate of
guaiacol oxidation using H,O, as a substrate
at pH 7.0 and was expressed in mM guaiacol/
mg protein X min (Chance, Maehly, 1955). The
protein content was determined according to
Bradford (1976) using bovine serum albumin as a
standard. Protein electrophoresis was performed
under nondenaturing conditions in a 10 %

polyacrylamide gel. Peroxidase isoforms were

detected by a modified method (Lee et al., 2007):
the gels were stained for 10 minutes in a reaction
medium consisting of 0.2 % benzidine, 0.2 %
guaiacol, and 2 % acetic acid. To remove excess
substrate, gels were washed in 2 % acetic acid,
then they were incubated for 3 minutes in 0.5 %
hydrogen peroxide solution until clear bands
appeared on an unstained background.

The amount of H,O, was determined by
the method based on the oxidation of xylenol
orange chelates with iron(11I) ions with hydrogen
peroxide and was expressed in pM hydrogen
peroxide/g dry weight (Bellincampi et al., 2000).

Statistical analysis was performed using
STATISTICA 10 for Windows 10. Student's ¢-test
was used for morphometric parameters, and the
Mann-Whitney U-test was used for biochemical
Correlations estimated

parameters. were

according to Spearman's nonparametric R-test.

Results

The level of oxidative stress in different
organs of N. tabacum plants during the recovery
period after exposure to different concentrations
of Cu?" was estimated by the content of H,O,
(Table 1). Compared to the control, the amount
of hydrogen peroxide increased 2.1 and 4.5 times
in the root, 1.4 and 1.6 times in the stem, and
1.4 and 2.3 times in the leaf in variants 1 and
2, respectively (the difference was statistically
significant at p = 0.03).

To elucidate the role of peroxidase isoforms
in the metabolism of hydrogen peroxide and
adaptation of N. tabacum plants pretreated with
high concentrations of copper ions, the activity
of cytosolic (Fig. 1, A and B) and cell wall-
bound isoforms of peroxidases (Fig. 1, C and
D) were analyzed. Peroxidases were most active
in the root tissues; in leaves, their activity in all
variants of the experiment was lower. During the
aftereffects of 100 and 300 uM Cu?, the activity

of cytosolic GPO in roots increased significantly,
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Table 1. Hydrogen peroxide content in tissues of N. tabacum plants after recovery from copper stress. The data

are expressed as the mean with standard error.

H,0,, uM/g dry weight
Sample
Root Stem Leaf
Control (Knop medium) 0.71 £ 0.04 3.50£0.07 8.43+£0.08
Variant 1 (100 uM Cu?") 1.53+£0.13" 490+0.19 11.83 £0.36
Variant 2 (300 uM Cu?") 3.22+£0.02™ 5.56 £0.17% 19.85 £0.23™

Note. "Statistically significant difference from the control (p < 0.05); * Statistically significant difference from variant 1 (p <

0.05) (Mann-Whitney U-test).
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Fig. 1. Enzyme activities in N. tabacum organs after copper stress recovery: A — cytosolic guaiacol peroxidase;
B — cytosolic benzidine peroxidase; C — cell wall-bound guaiacol peroxidase; D — cell wall-bound benzidine
peroxidase. On the X-axis — copper ion concentration, pM; on the Y-axis — enzyme activity. The data are
expressed as the mean with standard error. *Statistically significant difference from the control (p < 0.05); a
statistically significant difference from variant 1 (p < 0.05) (Mann-Whitney U-test)

by 90 and 106 %, respectively (Fig. 1, A). In
contrast, the activity of cytosolic BPO decreased
(Fig. 1, B) by 30 and 60 % relative to the control
in variants 1 and 2, respectively (the difference
was significant, p = 0.01).

In the stems of plants pretreated with 100
uM Cu?, the activity of cytosolic GPO and
BPO did not change. In the case of pretreatment
with 300 uM Cu?*, their activity decreased by
36 and 51 %, respectively (the difference was
statistically significant, p = 0.03).

At the stage of recovery, a decrease in the
activity of cytosolic GPO observed in leaves
was 58 and 73 % compared to the control in
variants 1 and 2, respectively. The activity of
cytosolic BPO upon pretreatment with 100 uM
Cu?* significantly increased 2.1 times; however,
the activity decreased by 37 % in the case of
pretreatment with 300 uM Cu?".

The activity of cell wall-bound GPO
(Fig. 2, C) and BPO (Fig. 2, D) in roots increased
radically during the aftereffect period of high
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\/

6 7 8 9

Fig. 2. Isoforms of cytosolic peroxidase in N. tabacum organs after copper stress recovery: the arrow indicates
the direction of current flow; 1 — leaf, control (0 uM Cu?"); 2 — stem, control (0 uM Cu?*"); 3 — root, control (0 uM
Cu?); 4 — leaf, variant 1 (100 uM Cu*); 5 — stem, variant 1 (100 uM Cu*); 6 — root, variant 1 (100 uM Cu*);
7 — leaf, variant 2 (300 uM Cu?"); 8 — stem, variant 2 (300 uM Cu?"); 9 — root, variant 2 (300 pM Cu*")

concentrations of copper ions. In variant 1 in
the stem, the activity of GPO increased by 88 %
and BPO by 22 % compared to the control (the
difference was statistically significant, p = 0.03).
In contrast, in variant 2, a significant decrease in
the activity of GPO and BPO was noted as 26 and
62 %, respectively (at p = 0.03). In leaf tissues,
the activity of peroxidases changed in a different
way. The activity of cell wall-bound GPO was
comparable to the activity in the control plants
in the case of pretreatment with 100 uM Cu?" but
significantly decreased in the case of 300 pM
Cu?. The BPO activity in variant 1 increased
by 3.5 times (the difference was statistically
significant, p = 0.03); in variant 2, the change in
activity was not significantly different.

The activity of cytosolic and cell wall-
bound isoforms of peroxidases in the root
tissues was higher than the activity in the stem
and leaves (Fig. 1). At the stage of recovery after
the copper ions were removed, an increase in the
activity of cytosolic GPO and cell wall-bound
GPO and BPO was found. However, the activity
of cytosolic BPO (Fig. 1, B) decreased in roots
and stems, different from the general trend of
the effect of pretreatment with copper ions on

peroxidase activity in different parts of plants.
To explain this fact, protein electrophoresis
of cytosolic peroxidases isolated from root,
stem, and leaf tissues was performed (Fig. 2).
Isoforms A, and A, were common in root, stem,
and leaf tissues; their activity decreased under
stress conditions. Four isoforms of peroxidases
were identified in the stem tissues: A,-As. In the
case of plant pretreatment with 300 uM Cu?*, a
decrease in enzyme activity was noted. Three
specific isoforms, A¢-Ag, were found in root
tissues. The activity of these three isoforms
remained high in all variants of the experiment.
We assume that the total BPO activity decreased
in root tissues due to a decrease in the activity of
A, and A, isoforms.

Peroxidase isoforms in roots and shoots
were reported to differ in sensitivity to ROS
(Dragisi¢ Maksimovic et al., 2008). In our study,
at the stage of plant recovery after copper stress,
an increase in the content of hydrogen peroxide
was accompanied by an increase in the activity
of cell wall-bound BPOs (Spearman's correlation
coefficient r = +0.85), cell wall-bound (r = +0.76)
and cytosolic GPO (r = +0.77) in the root and
a decrease in the activity of cytosolic BPO
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(r =—0.84). In the stem, the activity of cytosolic
peroxidases decreased with an increase in
hydrogen peroxide amount (r = —0.66). In leaves,
no statistically significant correlations were
found between H,O, production and enzyme
activity. The changes in enzyme activity indicate
that the plants did not eliminate the symptoms of
copper ion toxicity and were still stressed even
after the treatment was remote for 20 days. The
continuation of stress was also confirmed by
the morphometric analysis data. At the stage of
recovery after Cu?" ions were removed from the
media, N. tabacum plants revealed changes in
their growth. The biomass was 0.45 + 0.04 g in the
control, 0.50 + 0.04 g in variant 1 (100 uM Cu?),
and 0.34 £ 0.02 g in variant 2 (300 uM Cu?"). The
plants in variant 1 were comparable to the control
group, and in variant 2, a statistically significant
decrease in dry weight by 24 % relative to the
control was noted (at p = 0.03).

Discussion

The level of oxidative stress in different
organs can be characterized by the amount of
hydrogen peroxide. The data obtained revealed
H,0, accumulation in different organs of M.
tabacum pretreated with copper ions, as Cu®
is a stimulator of ROS production in the Fenton
and Haber-Weiss reactions (Elleuch et al., 2013).
Most likely, the high level of hydrogen peroxide
in plants after a twenty-day recovery period
was caused by the redistribution of copper ions
between organs and translocation from the
cell walls to the protoplast (Printz et al., 2016;
Marques et al., 2018). We assumed that high
concentrations of H,O, in root tissues stimulated
the activity of cytosolic and cell wall-bound GPO
and cell wall-bound BPO, which could lead to
increased lignification of cell walls, binding of
Cu?" by carboxyl, hydroxyl, and other groups
of lignin, and a decrease in the translocation of

metal ions into the shoot (Bouazizi et al., 2011).

The activity of peroxidases is considered to
be a marker of plant resistance to stress factors.
The induction of peroxidase activity was shown
to be most typical for plants sensitive to an excess
of Cu?" in the medium, while resistant forms
of plants are characterized by low peroxidase
activity (Bouazizi et al., 2007). Copper ions
induced the activity of anionic peroxidases and
lignin biosynthesis in the cell walls of the root in
H. annuus and G. max (Jouili, El Ferjani, 2003;
Lin et al., 2005). In response to 50 uM Cu?’, the
activity of cytosolic and apoplastic GPO in the
leaves and stems of H. annuus increased (Jouili,
El Ferjani, 2004).

The different trends in changes in cytosolic
and cell wall-bound BPO activity in root tissues
under stress conditions could be a consequence
of local changes in the pH level in the cell
walls and cytosol during the recovery period
after the removal of the stressor. In Phaseolus
vulgaris L., after treatment with 50 and 75 uM
Cu*, the activity of apoplastic coniferyl alcohol
peroxidase in root tissues increased but decreased
in the cytosol (Bouazizi et al., 2011). The authors
suggest that under copper-induced stress, the
enzyme was transported from the protoplast to the
apoplast, which led to a decrease in the activity of
the cytosolic form. An increase in the activity of
class III peroxidase isoforms associated with the
cell wall may indicate the role of lignification as
an adaptive response to an excess of copper ions
in the medium (Bouazizi et al., 2011). Most likely,
similar mechanisms contributed to the induction
of the activity of BPO apoplastic isoforms.

Since GPO and BPO have different pH
optima, localize in tissues and differ in affinity to
substrates, changes in their activity in different
organs and tissues can be a specific reaction in
the recovery period after stress. We assume
that in roots, copper ions were predominantly
deposited in cell walls of the cortex, partially in

the vacuoles; in shoots, the content of copper ions
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was higher in the cytoplasm than in the cell walls.
The deposition of heavy metals in the vacuole
of the parenchymal cells of the cortex and stele
in shoots was shown earlier (Printz et al., 2016;
Marques et al., 2018). The data obtained showed
that physiological and biochemical processes
were restored in plants pretreated with 100 uM
Cu?', which can be proven by the absence of
significant changes in the activity of cytosolic
peroxidases compared to the control plants. A
decrease in the activity of cell wall-bound and
cytosolic enzymes at 300 uM Cu* may be a
consequence of deeper damage to the structure
and synthesis of proteins and incomplete plant
recovery at 20 days (Bouazizi et al., 2007).

The level of hydrogen peroxide in control
and prestressed plants was higher in the leaf
tissues and lower in the roots, which may be due
to metabolic processes, especially the formation
of ROS in light reactions of photosynthesis and in
photorespiration. Since there were no correlations
between the activity of class III peroxidases
and the level of hydrogen peroxide in leaves,
we assumed that in leaves, other antioxidant
enzymes were involved in maintaining the redox
balance, such as class I peroxidases and catalase
(Chamseddine et al., 2009; Veljovic Jovanovic et
al., 2018).

The
the decrease in plant biomass in the case of
pretreatment with 300 uM Cu?*, indicate that

observed changes, in particular,

there was not complete recovery of N. tabacum
plants within 20 days after the removal of the
excess copper ions from the media, and the
plants did not eliminate the symptoms of toxicity.
A decrease in organ biomass is a nonspecific
reaction to heavy metal stress. For example,
Withania somnifera L. under 200 uM Cu?" was
characterized by a decrease in the total mass and
mass of individual organs (Khatun et al., 2008).
The decrease in dry mass was also described

for P. vulgaris leaves under treatment with 160

puM Cu? (Cook et al., 1997). In Glycine max L.
pretreated with higher concentrations of Cd*,
the restoration of shoot and leaf growth and a
reduction in root length were described (Holubek
et al., 2020). Our data also showed a decrease in
the mass of N. tabacum plants. We suppose that
this effect was associated with the overproduction
of ROS and the redistribution of plant resources
for the synthesis of enzymes and low molecular

weight antioxidants.

Conclusions

The data obtained revealed that in tobacco
plants pretreated with copper ions by 100 or 300
uM CuSO,, the responses of roots, stems, and
leaves during the recovery period after stress
were different. The aftereffect of excess copper
ions led to an increase in the content of hydrogen
peroxide in roots and shoots, which indicates
the sensitivity of N. tabacum to this stressor
and incomplete plant recovery in the poststress
period. In the case of plant pretreatment with
100 uM Cu?, a specific increase in the activity
of cell wall-bound GPO and BPO was observed
in the stem, and an increase in the activity of
BPO in apoplast and cytosol was observed
in the leaves. An increase in cytosolic GPO
activity in roots, caused by an increase in H,0,,
led to a decrease in the level of oxidative stress
in the cytosol. The increase in cell wall-bound
peroxidase activity could lead to the higher
formation of monolignol radicals, which, in
turn, could cause additional lignification and a
partial restriction of copper ion transportation
into the shoot. Thus, an increase in the activity
of class III peroxidases promoted a decrease in
oxidative processes in cells and restoration of
plant growth. We assume that plants pretreated
with 300 uM Cu?' require a recovery period
longer than 20 days, since they retained the
markers of copper ion toxicity after the stressor

was removed.
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The data obtained indicate the heterogeneity  had a long-lasting aftereffect. The accumulation
of tissues and organs in response to oxidative of H,O, and the activity of peroxidases depend
stress caused by the action of copper ions in the on the strength of the stress and their tissue

culture medium. The results show that copper localization.
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