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Abstract. Zinc (Zn) is an essential microelement in plant nutrition but its high concentrations can be
toxic to plants. Either Zn deficiency or its excess negatively affects plant metabolism, in particular due
to alterations in cellular redox balance and development of oxidative stress. However, little is known
about the effect of Zn deficiency and excess on the activity of antioxidant enzymes and expression of
genes encoding them. The aim of this investigation was to study the effect of Zn deficiency and its
excess on the intensity of oxidative processes, superoxide dismutase (SOD) and peroxidase (PO) activity,
and genes (HvCu/ZnSODI and HvPRX07) expression in barley leaves (Hordeum vulgare L. cv. Nur).
Plants were grown for 7 days at optimal zinc concentration (2 pM), its deficiency (0 uM) and excess
(1000 uM). Both stress factors caused similar shoot growth inhibition. However, they both differently
influenced the intensity of lipid peroxidation (LPO), total enzyme activity and gene expression. Zn
deficiency led to an increase in mRNA content of HvPRX07 gene, while the activities of PO and SOD
were lower compared to those at optimal Zn level. The LPO intensity did not increase. Zn excess caused
a significant increase in HvCu/ZnSODI gene expression, and the activity of both enzymes. LPO intensity
also increased. This may suggest that under zinc deficiency the inhibition of plant growth is not directly
related to the changes of cell redox balance, whereas Zn excess results in an oxidative stress that can

cause inhibition of shoot growth.
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Bansinue gjepuunra u n30bITKA IUHKA
HA AKTHUBHOCTHh AHTHOKCU/IAHTHBIX (DEPMEHTOB

B JIUCTHAX AYMCHHA

H.M. Ka3nuna, 1O. B. batopa, H. C. Penkuna

Hucmumym 6uonocuu — o6ocobaennoe noopazoenerue PI'EY
U] «Kapenvckuu nayunoiti yenmp PAH»

Poccuiickasa ®edepayus, [lempozasoock

AnHoTtanus. [{luHK — oIMH 13 HanboJee BaXKHBIX MUKPOAJIEMEHTOB JJIs1 PACTEHHI{, HO B BBICOKUX
KOHIIEHTPALUIX OH JUIs HUX TOKCcH4eH. [Io3ToMy Kak HeloCTaTOK MeTallla, TaK M €ro H30BITOK MPUBOIST
K HApyUICHUIO METa00In3Ma PACTEHU W, TPUUNHON KOTOPOI'O MOKET SIBJISITHCS N3MEHEHHE PEIIOKC-
OanaHca KJIETOK M Pa3BUTHE B HUX OKUCIUTEIBHOT0 cTpecca. OfHAKO JaHHBIX O BIMSHUM AehUIIUTA
Y M30BITKA IMHKA HA aKTHUBHOCTH KOMIIOHEHTOB aHTUOKCUIaHTHOHN cucteMbl (AOC) OTHOCHUTEIHEHO
HEMHOT0, a CBE/ICHUI1 00 M3MEHEHUH B ATUX YCIOBUSX IKCIIPECCHU KOANPYIOMIMX X T€HOB IPaKTHYECKH
HeT. BeesicTBrE 3TOTO 1eNbIo HCCIeJOBAHUS SBUIIOCH CPABHUTENIBHOE N3y YCHHUE BIHSHUS AeuiuTa
1 N30bITKa IIMHKA HA MHTEHCUBHOCTH OKMUCIIUTEIBHBIX IPOLECCOB, AKTUBHOCTD CYTIEPOKCUAIUCM Y Ta3bl
(CON) u neporcuaassl (I10) u axcupeccuto redoB HvCu/ZnSODI n HvPRX(07 B TUCTBSIX SUMECHS
(Hordeum vulgare L.). J1y1s 3TOT0 pacTeHUs BBIPAIMBAIIM B TEUEHHUE 7 CYT B YCIOBHIX KOHTPOIHPYEMOH
CpPeABI IPH ONTUMANIBHON KOHIIEHTpauuu nuHka (2 MkM), ero Hepoctatke (0 MxM) min n36sTke (1000
MKM). O6Hapy»eHO, 4TO BO3/ICHCTBIE HA TPOPOCTKN 000MX cTpecc-(aKTOPOB BBI3BIBAIO TOPMOKECHHE
pocTta nodera, Ipu4eM MOYTH B paBHO# cTeneHn. OIHAKO UX BIMSHUE HA MHTEHCUBHOCTD IIEPEKUCHOTO
okucienus munuaoB (I10JI), o0uryro akTHBHOCTS (hepPMEHTOB 1 AKCIIPECCHIO T'EHOB 0KA3aJI0Ch PA3IHIHBIM.
[pu nedunyTe HMHKA yBEINYMBAIOCH KOJHMYECTBO TPAHCKPUIITOB reHa HvPRX07, Ho aktuBHOCTB [10
n CO/] Ob11a HIDKE, YeM ITPH ONTHMAJIBHOM yPOBHE MeTajula. DTO, OJIHAKO, HE IIPHBOJIMIIO K YCHUIICHHIO
TIOJI. ITpu u30bITKE IMHKA BO3pacTala skcupeccus reda HvCu/ZnSODI, yBennunBaiach akTHBHOCTh
CO[1 u 1O, no nnrencusHocTs I1OJI mpH 3TOM BO3pacTana, CBUAETENLCTBYS O PA3BUTHU OKHCIUTEILHOIO
crpecca. [loyueHHbIe pe3ysbTaThl IOKa3bIBAIOT, YTO NP JeQUIIMTE IMHKA 33JIepIKKa POCTa PACTEHUH
HE CBsI3aHa HANPSIMYIO C HAPYIICHHEM OKHCIUTEIbHO-BOCCTAHOBUTEJILHOTO OaaHca KJICTOK, TOTAa Kak
npu ero u3oeiTke (1000 MKM) OKHCIUTENbHBIA CTPECC SIBIISIETCS OAHOM U3 MPUYUH HHTHOUPOBAHUS

pocta mobera.

Karwouessie caoBa: Hordeum vulgare L., nedunut nuHKa, n30BITOK IHHKA, AHTHOKCHIAHTHEIS

(hepMEHTBI, SKCIIPECCUsI TCHOB.

BaarogapHocTu. MccnenoBanne BRIMOTHEHO MU GHHAHCOBOM MOMACPKKe (hemepaibHOro GromKeTa

B PaMKax BbIIIOJIHEHUS rocynapcTBerHoro 3aganus b KapHL] PAH (Ne 0218-2019-0074).
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Introduction

Micronutrient bioavailability is an
important factor for normal growth, development
and high productivity of plants. Zn plays
a critical structural role in many proteins,
including numerous transcription factors;
it is also required as a cofactor in over 300
enzymes. However, excess of Zn can also be
toxic to plants. Thus, both Zn deficiency and
its excess destroy plant metabolism, inhibit
growth and decrease plant productivity. Both
stress conditions result in disturbance of cell
redox balance and development of oxidative
stress (Cakmak, 2000; Singh et al., 2016).
Adaptation of plants to either zinc deficiency
or zinc excess is mainly associated with the
activity of the antioxidant system, including its
enzyme components.

Previously, an increase of antioxidant
enzymes activity under deficiency (Blasco
et al., 2015; Tewari et al., 2019) and excess
of zinc (Panda et al., 2003; Li et al., 2013)
was reported. It typically corresponds with
a decrease of oxidative stress and recovery
of physiological processes. However, less is
known about expression of genes encoding
antioxidant enzymes under stress conditions.
As well, few studies have compared the effects
of zinc deficiency and its excess on the activity
of the antioxidant system, especially in the case
of almost identical plant response to these factors
related to key physiological processes.

The aim of this study was to compare the
effects of zinc deficiency and zinc excess in the
growth medium on the intensity of oxidative
processes, the activity of antioxidant enzymes
and the expression of their encoding genes in barley

seedling leaves.

Materials and methods

Seeds of barley (Hordeum vulgare L. cv. Nur)
were surface sterilized and germinated on filter
paper in the dark. One day after, seedlings were
transferred to 1.0 L plastic pots with Hoagland—
Arnon nutrient solution (pH 6.2 to 6.4) prepared
using double-distilled water and high-purity
reagents. A chemical analysis of nutrient solutions
showed that Zn contamination was < 0.05 pM,
which is considered very low for plant growth.
Seedlings were cultivated in a growth chamber
under a 14-h photoperiod, a photosynthetic photon
flux density of 180 umol m? s!, a temperature
of 22 °C and relative humidity of 60—70 % on
nutrient solutions with optimal zinc content (Zn 2
UM — control), its deficiency (Zn 0 pM) and excess
(Zn 1000 uM). Zinc was provided as ZnSO,.
Concentrations of 2 and 1000 uM Zn were chosen
based on preliminary experiments as optimal and
sublethal to this barley cultivar. No Zn was added
to the solution to provide deficiency conditions (Zn-
deficient medium). Sampling and measurements
were performed on the 7th day of exposure with
different Zn concentrations. The middle part of
the lamina of a fully expanded first leaf was used
for the analysis.

Malondialdehyde (MDA) content and
antioxidant enzymes activity were determined
on a spectrophotometer (Spectrum, Russia)
using standard methods as we described earlier
(Kaznina et al., 2018). To analyze MDA content,
a reaction medium containing 0.25 % solution of
thiobarbituric acid (TBA) in 10 % trichloroacetic
acid was used. Plant material was homogenized in
the reaction medium. The homogenate was aged in
a water bath at 95 °C for 30 min, quickly cooled in
an ice vessel and centrifuged for 10 min at 10,000

g. The absorbance of the supernatant was measured
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at D =532 and 600 nm. The concentration of
TBA-reacting products was calculated using the
formula Cyps = (Ds3, — Dggo)/(€ x m), where Cyp, is
the concentration of MDA (umol g wet mass), Ds;,
and Dy, are optical densities of the sample at the
appropriate wavelengths, € is the MDA extinction
coefficient equal to 155 mmol” cm’!, m is the mass
of the sample (g).

To determine the content of soluble proteins
and the activity of antioxidant enzymes, plant
material was homogenized in 0.1 M K/Na-
phosphate buffer (pH = 7.8) at 2—4 °C. The
homogenate was centrifuged for 20 minutes at
15,000 g and 4 °C. The supernatant was used
for the analysis. Soluble protein content was
determined by the Bradford method using bovine
serum albumin as the standard.

Total activity of superoxide dismutase (SOD)
(EC1.15.1.1) was determined based on the ability
of SOD to inhibit photochemical reduction of
nitrogen tetrazolium to formazan. The amount of
the enzyme capable of suppressing the reduction
of nitrogen tetrazolium by 50 % was taken as a
unit of SOD activity. Peroxidase (PO) activity
(EC1.11.1.7) was measured by the increase in
optical density at 470 nm resulting from guaiacol
oxidation (E = 26.6 mmol"' cm™) in the presence
of hydrogen peroxide.

The expression pattern of HvCu/ZnSODI
and HvPRX07 genes in leaves was monitored

by a real-time PCR. Frozen leaf tissues were

Table 1. Primers for real-time PCR analysis

Total

RNA was extracted using a TRizol reagent

homogenized with liquid nitrogen.
(Evrogen, Moscow, Russia) as instructed by the
manufacturer. The total RNA was treated with
RNase-free DNase (Syntol, Moscow, Russia)
to remove genomic DNA. RNA concentrations
and purity of the samples were determined
spectrophotometrically (SmartSpecPlus, Bio-
Rad, Hercules, USA): samples with A260/A280
ratios within 1.8-2.0 were used for further
analysis. The total RNA (I pg) was reverse-
transcribed using a MMLV RT kit (Evrogen)
following the supplier's instructions. A real-
time quantitative PCR was performed using the
iCycler iQ detection system (Bio-Rad). Analyzes
were performed using the SYBR Green PCR
kit (Evrogen). The PCR conditions consisted in
denaturation at 95 °C for 5 min followed by 45
cycles of denaturation at 95 °C for 15 s, annealing
at 56 °C for 30 s, and extension at 72 °C for 45 s.
A dissociation curve was generated at the end of
each PCR cycle to verify that a single product was
amplified using iCycler iQ. To minimize sample
variations, mRNA expression of the target gene
was normalized with respect to the expression of
the housekeeping gene actin. The mRNA content
of the target genes was quantified in comparison
to the actin by the AACt method (Livak,
Schmittgen, 2001). Primers were designed using
the Primer Design program and are presented in
Table 1.

Gene Primers Nucleotide sequence of the primer 5'-3' NCBI database accession number

direct ATGTTTTTTTCCAGACG

HvActin U21907
reverse ATCCAAGCCAACCCAAGT
direct CCTGCCCTTTCCACTCG

HvCu/ZnSODI HM537232
reverse TGTCGTAGGACCGTCATCG
direct TCCACCCTCATCTCCTCCTT

HvPRX7 AJ003141
reverse ACGGCTTGAACGGTCCTC
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The experiment was carried out using the
equipment of the Core Facility in the Karelian
Research Center of the Russian Academy of
Sciences.

The experiment was conducted using
a completely randomized design with 3

replications. The biological replication for
different measurements within the control and
each treatment group was from 3 to 10 plants,
the analytical replication was 3—4-fold. All data
are presented as mean + standard error (SE)
from at least three independent replicates. The
significance of differences between treatments
was calculated by the two-way analysis of
variance (ANOVA) using Microsoft Excel 2010.
Student's ¢-test was applied to compare statistical

significance at the level of p < 0.05.

Results
Plants growth

The study showed that both zinc deficiency
and its excess during 7 days equally slowed down

seedling growth. For instance, in both treatment

groups the shoot height was 15 % less than in the
control and dry biomass was 7 % less than in the
control (Table 2).

MDA content

Content of lipid oxidation products, in
particular, MDA, is one of the most informative
indicators of oxidative stress in the cell. We
found that on the 7th day of plant growth under
the conditions of zinc deficiency, there was no
increase (as compared to control) in the MDA
content in barley leaves, which indicates a
low level of reactive oxygen species (ROS) in
cells and absence of oxidative stress (Table
3). In contrast, under metal excess, the MDA
amount significantly exceeded the control level,
indicating an increase of lipid peroxidation

intensity.

Antioxidant enzyme activity

We studied SOD, which participates in the
superoxide radical detoxification, and PO, which

eliminates excess hydrogen peroxide in cells, as

Table 2. The effect of zinc deficiency (0 M) and excess (1000 pM) on barley (cv. Nur) shoot growth. Mean +

SE, n=10
Zinc concentration, pM
Parameter
Zn 2 — control Zn0 Zn 1000
Shoot height, cm 18.95+0.25 b 16.19+0.24 a 16.28+0.34 a
Shoot dry biomass, mg 20.37+0.50 b 18.99+0.89 ab 18.99+0.45 a

Note. Different letters denote significant differences at p < 0.05 within each row.

Table 3. The effect of zinc deficiency (0 uM) and excess (1000 uM) on malondialdehyde (MDA) content and
superoxide dismutase (SOD) and peroxidase (PO) activity in barley (cv. Nur) leaves. Mean + SE (n = 4)

Zinc concentration, pM

Parameter
Zn?2 Zn 0 Zn 1000
MDA content, uM g'! f. w. 2.17+£0.10 b 1.83+0.07 a 3.48+0.04 ¢
SOD activity, conv. un. mg" protein 2.95+0.28 b 2.00+0.27 a 12.16£0.49 ¢
PO activity, pmol guaiacol mg' protein min’! 0.46+0.02 b 0.34+0.03 a 2.35+0.15¢

Note. Different letters denote significant differences at p < 0.05 within each row.
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key enzymes of antioxidant defense. The results
showed that in seedlings growing under zinc
deficiency the activity of both enzymes was lower
than in the control (Table 3). In contrast, under
zinc excess, SOD activity increased as compared
to control by 4 times, PO activity increased by 5

times.

The expression pattern of genes

The experiments traced the dynamics
HvCu/ZnSODI,

encoding one of Cu/ZnSOD isoforms in barley,

of two genes transcripts:
which is involved in the response to abiotic and
biotic stress (Abu-Romman, Shatnawi, 2011),
and the PRX07 gene, the expression of which
in barley was previously identified only in
response to biotic stress and injury (Kristensen
et al., 1999).

The results indicated that after 7 days
of seedling growth under zinc deficiency, the
amount of HvCu/ZnSODI gene transcripts in
leaves remained at the control level, while the
amount of HvPRX07 gene templates was almost
3 times higher (Figure). In contrast, under zinc
excess, the mRNA content of HvCu/ZnSODI
gene increased notably (almost 5 times compared
to the control), while no changes in the HvPRX07

gene expression were observed.

Relative transcript
abundance
w

Discussion

Despite almost equal effect of zinc deficiency
and its excess (1000 uM) on barley shoot growth,
these stress factors have different influence on
the oxidative stress, the antioxidant enzymes

activity, and their encoding genes expression.

Zn deficiency

The negative effect of zinc deficiency on
the redox balance of plant cells is well known
(Sharma et al., 2004; Wang, Jin, 2007; Blasco
et al., 2015, etc). The authors conclude that it
is largely due to a decrease in the activity of
zinc-containing enzymes, for example, Cu/
ZnSOD, which neutralizes the superoxide
radical in cells. Zinc is also required for
mannose-6-phosphate isomerase, a key low-
molecular-weight antioxidant in plant cells that
is involved in the ascorbate metabolism (Holler
et al., 2014).

In the present study, SOD activity was lower
under zinc deficiency than in the control, although
the level of HvCu/ZnSODI gene expression did
not change. It is possible to connect it with the
decrease in the activity of the zinc-containing
isoform (Cu/Zn SOD), which is believed to make
the greatest contribution to the overall enzyme
activity (Kliebenstein et al., 1998; Naraikina

OHvCuw/ZnSOD1 BHvPRX07 a

b

2 UM (control)

0 uM 1000 pM

Zinc concentration

Figure. The effect of zinc deficiency (0 pM) and excess (1000 uM) on HvCu/ZnSODI and HvPRX7 genes
transcription in barley (cv. Nur) leaves. Mean + SE (n = 3). Different letters denote significant differences at

p<0.05
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et al., 2014). A decrease in content of hydrogen
peroxide produced by SOD could in turn be the
cause of the observed decrease in PO activity,
as hydrogen peroxide is the substrate for PO.
The lower activity of enzymes involved in ROS
elimination observed under such conditions
could be also explained by occurring changes
in physiological processes aimed at reducing the
generation of oxygen radicals, for example, by a
decrease in the photosynthetic rate (Mattiello et
al., 2015).

It is interesting to note that no increase
in total PO activity accompanied a significant
increase in the amount of HvPRX07 gene
transcripts under zinc deficiency (compared
to the control). Possibly, at the initial stages of
plant adaptation to a micronutrient deficiency,
peroxidase encoded by this gene is involved
in other processes, such as regulation of cell
growth, lignification of cell walls or auxin
metabolism (Cosio, Dunand, 2009).

Concerning  the of MDA

accumulation under zinc deficiency, it can be

absence

assumed that at the initial stages of growth
seedlings could use the reserves of this trace
element from the seed. Moreover, the maintenance
of ROS balance under these conditions can be
facilitated by an increase in the activity of other
antioxidants that do not directly depend on zinc
content. For example, a decrease in Cu/ZnSOD
activity under Zn deficiency can be partially
compensated for by an increase in the activity
of other SOD isoforms — Fe-SOD or Mn-SOD,
which was shown by some authors (Tewari et al.,
2008). In addition, some low molecular weight
antioxidants can participate in the superoxide
neutralization (Gill, Tuteja, 2010). For instance,
under zinc deficiency, it is possible to switch the
synthesis of ascorbic acid from the main pathway
to an alternative one that does not require the
participation of a Zn-containing enzyme (Holler
et al., 2014).

Zn excess

Zinc, unlike copper and iron, does
not participate in redox reactions, and its
accumulation in cells cannot directly lead to an
increase in ROS production (Blindauer, Schmid,
2010). However, high concentrations of this metal
induce an indirect increase of oxidative stress
(Panda et al., 2003; Singh et al., 2016). In this
case, an increase in the activity of antioxidant
enzymes and non-enzymatic compounds is also
observed (Singh et al., 2016). In barley seedlings
grown under zinc excess, a significant increase
of MDA content was observed, indicating the
development of oxidative stress. At the same
time, SOD and PO activity increased. The
observed lipid peroxidation (LPO) intensification
in spite of SOD and PO activation may also
be ascribed to exhaustion of the pool of low-
molecular antioxidants, for example, carotenoids
and reduced glutathione. Glutathione is known
to form complexes with heavy metals and is also
consumed in the synthesis of phytochelatins
(Barrameda-Medina et al., 2014; Bashmakova et
al., 2016). It cannot also be excluded that under the
stress induced by heavy metals LPO is stimulated
through activation of lipoxygenase, the enzyme
catalyzing this process (Remans et al., 2012;
Liptakova et al., 2013; Barrameda-Medina et al.,
2014).

Concerning gene expression, a sharp
increase in the amount of HvCu/ZnSOD gene
transcripts was observed. Apparently, at the
initial stages of plant adaptation to a zinc excess,
Cu/ZnSOD plays the main role in protecting
leaf cells from the superoxide radical, and the
increase in SOD activity in this case is likely to be
largely associated with the synthesis of enzyme
molecules de novo. The absence of an increase
in the amount of HvPRX07 gene transcripts in
response to zinc excess can be explained by the
fact that the PO isoform encoded by this gene

may not be involved in plant adaptation to this
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stress factor, and the increase in the total PO

activity occurs at the expense of other isoforms.

Conclusion

Ingeneral, the impact of either zinc deficiency
or zinc excess (1000 pM) on barley seedlings
within a 7-day period leads to a slowdown in
shoot growth; and the effect is almost equal. At
the same time, these stress factors influenced
differently the intensity of oxidative processes in
leaves, SOD and PO activity, and the expression
of genes encoding them. Zinc deficiency did
not cause an increase in the MDA content in

leaves; therefore, inhibition of shoot growth in
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