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ABSTRACT In this study, the effect of mild (100 pM), moderate (300 pM) and
severe (500 pM) nickel (NiSO,.7H,0) toxicity on the photosynthetic activity, photosyn-
thetic pigment content and some antioxidant enzymes in the leaves of a barley cultivars
(Hordeum vulgare L. cv. Tarm-92) was investigated. Moderate and severe nickel toxicity
decreased root length while shoot length was not affected by nickel stress, probably due
to over accumulation of nickel in roots. Similarly, biomass accumulation was declined
by moderate and severe nickel toxicity as reflected by the lowered fresh and dry weight.
Chlorophyll a, chlorophyll b and consequently total chlorophyll content decreased by all
nickel applications, presumably because the reduced level of carotenoids. Chlorophyll a
fluorescence measurements showed that nickel toxicity blocked electron movement in
some specific points of the photosynthetic electron transport system. The constant Fo
value indicated that PSIl reaction centers was not damaged in the leaves of barley under
nickel toxicity while the reduced Fm value showed that acceptor side of PSIl was more
sensitive to nickel toxicity as compared to donor side. Changes in JIP test parameters
in the leaves of barley showed that primary photochemical reactions are reduced, and
thermal dissipation of excess energy is increased. SOD and CAT activity is elevated in
the leaves of barley under moderate and severe nickel toxicity which demonstrate an
efficient superoxide dismutation. Severe nickel toxicity, however, did not affect SOD
and CAT activity. The ascorbate-glutathione cycle was activated in the leaves of barley
plants under nickel toxicity, probably indicating an efficient H,O, detoxification. How-
ever, considerable H,0, and MDA accumulation was observed in the leaves of barley
under nickel stress. As a result, it may be concluded that the barley genotype Tarm-92
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is moderately tolerant to nickel toxicity.

Introduction

Any metal and metalloid that have a relatively higher
density (above 5 g cm™) is known as heavy metal (Gautam
et al. 2017). Natural processes such as weathering and
volcanic eruption as well as anthropogenic activities
such as mining, waste disposal and intensive utilization
of fertilizers and pesticides has been known to result in
heavy metal accumulation in agricultural areas (Khan et al.
2016). Both the quality of agricultural soils and crop yield
may be decreased by heavy metal contamination (Rizwan
etal. 2016). Human, animal and plant health, on the other
hand, is under a threatening risk because of contamina-
tion of environment by excess heavy metals. The heavy
metal toxicity in plants has drawn the attention of many
environmental scientists during the last decade because
plants form the major source of heavy metal entry into the
food chain. Dogru (2020) has reported that some heavy
metals such as Cu, Zn, Ni and Co are essential for plant
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growth and development, while some others (Cd, Cr, Pb
and As) are not responsible for any physiological function.
Plants require the essential heavy metals within physi-
ological limits to fulfil their metabolic reactions because
excess supply of heavy metals is known to be toxic for
plants. Heavy metal toxicity affects various physiological
pathways including water and mineral absorption from
soil, photosynthesis, nitrogen metabolism and membrane
functions all of which are result in the reduced crop yield
and quality (Gopal and Rizvi 2008; Chen et al. 2009;
Dogru 2020; Gajewska et al. 2009).

Ni forms about 0.008% of the earth’s crust being 24
the most abundant element (Hedfi et al. 2007). Naturally,
nickel is present in soils in the range of 3-100 ppm and in
water 0-0.005 ppm, respectively (Sachan and Lal 2017).
Nji, as the most recent element to be classified as essential,
is required very small concentrations by plants for opti-
mum growth and development. For example, Gajewska
et al. (2006) have indicated that Ni at the concentration
of 10 pM improved plant growth and increased biomass
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accumulation. In the contaminated soils, on the other
hand, Ni may exist in the range of 200 - 26 000 ppm
which is 20-30-fold higher than the natural range (Izo-
simova 2005). Ahmad et al. (2009) and Ali et al. (2009)
have reported that excessive nickel in the growth medium
leads to the inhibition of germination and plant growth,
degradation of chlorophyll pigments and reduction of pho-
tosynthetic activity. In addition, Ni toxicity also induces
oxidative damage in some macromolecules such as lipids,
proteins and nucleic acids as a result of the accelerated
rate of reactive oxygen species (ROS) including hydrogen
peroxide (H,0,), superoxide (O,") and hydroxyl radical
(OH") (Gajewska and Sklodowska 2007). However, plants
possess an efficient antioxidant system against oxidative
stress which consist of enzymatic and non-enzymatic
components (Bhaduri and Fulekar 2012).
Photosynthesis is an important metabolic process for
plant growth and productivity. However, it has been well
known that photosynthetic reactions are primary target
for abiotic stress factors including Ni toxicity (Amari et
al. 2017). Therefore, it is imperative to gain an improved
understanding of the effect of Ni toxicity on photosyn-
thetic processes to improve agricultural productivity.
Today, chlorophyll a fluorescence has been reported to
be the most modern and reliable technique for measur-
ing photosynthetic activity (Maxwell and Johnson 2000;
Dogru 2019; Dogru and Cakirlar 2020a and 2020b). The
basic principle of chlorophyll a fluorescence kinetics is
the redox state of quinone A (Q,), which is the primary
electron acceptor of photosystem II (PSII). Accordingly,
the fluorescence yield is low when the Q, is in the oxidised
state, and the fluorescence yield is high when it is reduced.
In this case, fluorescence yield is directly related to the
net concentration of Q, (Govindjee 2004). In addition, at
the minimum fluorescence (Fo), that is, at the “O” point,
all Q, molecules are in oxidised state, the reaction centers
of PSII are open and primary photochemical processes
are at maximum level. However, at the maximum fluo-
rescence (Fm), that is, at the “P” point, all Q, molecules
are reduced, the reaction centers of PSII are closed and
primary photochemical processes are at minimum level
(Govindjee 2004). If the chlorophyll a fluorescence signals
are plotted versus to the logarithm of time, the “OJIP”
curve is obtained. The basic principle of OJIP curve can be
explained as follows: When light is applied to the surface
of aleaf adapted to dark, the fluorescence of chlorophyll
aincreases from the minimum level (“O”) to the “J” level
(Fj) within 2 ms due to reduction of Q, molecules. It then
rises to the “I” point (F1) in about 30 ms due to the reduc-
tion of the entire plastoquinone pool. In the last stage,
chlorophyll a fluorescence increases form the “I” point to
the maximum level (“P” or Fm) due to the higher electron
density in the acceptor side of photosystem I (PSI) (Go-

vindjee 2004). The technique that enables chlorophyll a
fluorescence signals to examine the changes exhibited at
“T”, “I” and “P” points of the OJIP curve ant the interac-
tions between these changes is called JIP test (Strasser
et al. 2004). JIP test is used in the field of plant biology
and agriculture in order to understand the reactions
of the photosynthetic apparatus under many different
environmental conditions (Yusuf et al. 2010). JIP test is
based on energy flow theories in thylakoid membranes
(Force et al. 2003). This test allows the investigation of
the energy flow entering and leaving the PSII by means
of parameters directly measured and calculated with the
help of some equations.

As aresult, the objective of this study is to investigate
phytotoxic effects of mild, moderate and severe nickel
toxicity in the leaves of barley plants through chlorophyll
a fluorescence and some antioxidant enzymes.

Material and methods

Plant materials, growth conditions and experimental
design

Barley genotype (Hordeum vulgare L. cv. Tarm-92) was
grown in growth chamber in plastic pots containing
Hoagland nutrient solution. The average temperature for
day/night was 25/18 °C, respectively, relative humidity
was 40-50%, the photoperiod for the day/night cycle was
16/8 h, respectively, and the maximum photosynthetically
active radiation was about 200 pumol photon m?s™. After
10 days of growth, nickel treatments were initiated by
applying half-strength Hoagland nutrient solution con-
taining 100, 300 and 500 uM nickel sulphate (NiSO,:7
H,0) to seedlings. Control plants (no nickel sulphate
treatment) and nickel-treated plants were grown in the
growth chamber under the same physical conditions for
another 6 days. The leaf tissue of 16 days of plants was
used for chlorophyll fluorescence measurements and
biochemical analysis.

Determination of root and shoot length

Measurement of root and shoot length were done with a
millimetric ruler. The longest root was taken into con-
sideration for measurement. Root and shoot length were
expressed as cm plant ™. After harvesting, barley seedlings
were weighed for fresh weight (FW) determination. Dry
weight (DW) of plants was measured after drying in hot-
air oven at 70 °C for 2 days.

Determination of nickel content

For measuring nickel content plants were carefully har-
vested and divided into roots and shoots. The leaves
were washed with double-distilled water. The samples



were acid-digested and analysed by inductively coupled
plasma emission spectroscopy (ICP-OES) after digestion
with concentrated HNO,.

Photosynthetic pigment analysis

Photosynthetic pigments were extracted from leaf seg-
ments in 3 ml 100% acetone. The absorbance of the
extracts was measured at 644.8 and 661.6 nm using a
Shimadzu mini 1240 UV visible spectrophotometer. The
concentrations of chlorophyll a and chlorophyll b were
calculated according to Lichtenthaler (1987).

Malondialdehyde (MDA) and hydrogen peroxide (H,0,)
analysis

MDA and H, 0, content were determined by the method
of Heath and Packer (1968) and Ohkawa et al. (1979), re-
spectively. Fresh leaf material (0.1 g) was homogenized in
6 ml of 5% TCA (4 °C) and centrifuged at 10,000 rpm for
15 min and the supernatant was used in the subsequent
determination. To 0.5 ml of the supernatant were added
0.5 ml of 0.1 M Tris-HCI (pH 7.6) and 1 ml of TCA-TBA
reagent. The mixture was heated at 95 °C for 60 min and
then quickly cooled in an ice bath. After centrifugation
at 10 000 g for 5 min to remove suspended turbidity,
the absorbance of supernatant at 532 nm was recorded.
Non-specific absorbance at 600 nm was measured and
subtracted from the readings recorded at 532 nm. Concen-
tration of MDA was calculated using its extinction coef-
ficient of 155 mM™" cm™. For determination of hydrogen
peroxide, 0.5 ml of 0.1 M Tris-HCI (pH 7.6) and 1 ml of 1
M KI were added to 0.5 ml of supernatant. After 90 min,
the absorbance was read at 390 nm. A standard curve for
hydrogen peroxide was prepared to determine hydrogen
peroxide concentration in each sample.

Antioxidant enzyme activities

For determination of enzyme activities, 0.3 g fresh leaves
material from non-acclimated and cold-acclimated leaves
were powdered with liquid nitrogen and suspended in
specific buffer with proper pH values for each enzyme.
The homogenates were centrifuged at 14 000 rpm for
20 min at 4 °C and resulting supernatants were used for
enzyme assay. The protein concentrations of leaf crude
extracts were determined according to Bradford (1976),
using BSA as a standard.

Superoxide dismutase (SOD; EC1.15.1.1) activity was
determined by the method of Beyer and Fridovich (1987),
based on the photo reduction of NBT (nitro blue tetrazo-
lium). Extraction was performed in 1.5 ml homogenization
buffer containing 10 mM K,HPO, buffer (pH 7.0), 2% PVP
and 1 mM Na,EDTA. The reaction mixture consisted of
100 mM K,HPO, buffer (pH 7.8), containing 9.9 x 10
M methionine, 5.7 x 10> M NBT, 1% Triton X-100 and
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enzyme extract. Reaction was started by the addition of
0.9 uM riboflavin and mixture was exposed to light with
an intensity of 375 pmol m2s. After 15 min, reaction was
stopped by switching off the light and absorbance was
read at 560 nm. SOD activity was calculated by a standard
graphic and expressed as unit mg"' protein.

Ascorbate peroxidase (APX; EC1.11.1.11) activity was
determined according to Wang et al. (1991) by estimat-
ing the decreasing rate of ascorbate oxidation at 290 nm.
APX extraction was performed in 50 mM Tris-HCI (pH
7.2),2% PVP, 1 mM Na,EDTA, and 2 mM ascorbate. The
reaction mixture consisted of 50 mM KH,PO, buffer
(pH 6.6), 2.5 mM ascorbate, 10 mM H,0, and enzyme,
containing 100 p.g proteins in a final volume of 1 ml. The
enzyme activity was calculated from initial rate of the
reaction using the extinction coefficient of ascorbate (E
=2.8mM cm™ at 290 nm).

Glutathione reductase (GR; EC 1. 6. 4. 2) activity
was measured with the method of Sgherri et al. (1994).
Extraction was performed in 1.5 ml of suspension solu-
tion, containing 100 mM KH,PO,buffer (pH 7.0), 1 mM
Na,EDTA, and 2% PVP. The reaction mixture (total vol-
ume of 1 ml) contained 100 mM KH,PO, buffer (pH 7.8),
2 mM Na,EDTA, 0.5 mM oxidised glutathione (GSSG),
0.2 mM NADPH and enzyme extract containing 100 pg
protein. Decrease in absorbance at 340 nm was recorded.
Correction was made for the non-enzymatic oxidation
of NADPH by recording the decrease at 340 nm without
adding GSSG to assay mixture. The enzyme activity
was calculated from the initial rate of the reaction after
subtracting the non-enzymatic oxidation using the extinc-
tion coefficient of NADPH (E = 6.2 mM cm™ at 340 nm).

Catalase activity was measured with the method of
Aebi (1984). Extraction was performed in 1.5 ml of suspen-
sion solution, containing 100 mM KH,PO, buffer (pH 7.5)
and 1 mM Na,EDTA. The homogenates were centrifuged
at 14000 rpm for 20 min at 4 °C and resulting supernatants
were used for enzyme assay. The reaction mixture (total
volume of 3 ml) contained 1.5 ml phosphate buffer (100
mM, pH 7), 0.95 ml distilled water, 0.5 ml H,0, and 0.05
ml supernatant. Decrease in absorbance at 240 nm was
recorded. The enzyme activity was calculated from the
initial rate of the reaction using the extinction coefficient
of H,0, (E = 43.6 mM cm™ at 240 nm).

Chlorophyll a fluorescence measurement

Barley seedlings were pre-darkened for 45-60 min at
room temperature. Chlorophyll a fluorescence measure-
ments were performed with the Handy PEA fluorimeter
(Hansatech Instruments, King’s Lynn, Norfolk, UK). Red
actinic light (wavelength at peak 650 nm; spectral line
half-width 22 nm) with the intensity of 3500 p.mol photons
m~? s was used for the induction of fluorescence and 1
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Figure 1. The effect of nickel toxicity on (a) root length, (b) shoot length,
(c) fresh weight and (d) dry weight in barley seedlings. (Columns with
different letters mean significant differences between the treatments
according to Duncan’s multiple range test (P<0.05) and numbers on the
columns indicate % change relative to control, control = 100).

s of transient fluorescence was recorded. The data were
analysed, and the JIP test was conducted using Biolyzer
software (Strasser et al. 2000). Measurements of chlo-
rophyll fluorescence were done on 10 plants from each
treatment and we had 3 replicates for each plant (n = 30).

Statistical analysis

Experiments were a randomised complete block design
with three independent replicates. Analysis of variance
(ANOVA) was performed using SPSS 20.0 statistical
software for Windows. To separate significant differences
between means, Duncan (least significant difference) test
was used at P = 0.05.
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Figure 3. The effect of nickel toxicity on (a) chlorophyll a, (b) chloro-
phyll b, (c) total chlorophyll and (d) total carotenoid content in barley
seedlings. (Columns with different letters mean significant differences
between the treatments according to Duncan’s multiple range test
(P<0.05) and numbers on the columns indicate % change relative to
control, control = 100).
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Figure 2. The effect of nickel toxicity on nickel content in the roots and
leaves of barley seedlings.

Results

Mild nickel stress (100 uM) did not affect root growth
in barley seedlings while moderate (300 uM) and severe
nickel stress (500 pM) inhibited root growth to a certain
extent (Fig. 1a) in comparison with control. Shoot growth,
on the other hand, was not remarkably affected by nickel
treatments (Fig. 1b). Like root growth, the fresh weight
of barley seedlings under mild nickel toxicity were not
affected, but moderate and severe nickel stress decreased
the fresh weight considerably as compared to control (Fig.
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Figure 4. The effect of nickel toxicity on (a) H,0, content, (b) MDA con-
tent, (c) SOD activity, (d) APOD activity, (e) GR activity and (f) CAT activity
in barley seedlings. (Columns with different letters mean significant
differences between the treatments according to Duncan’'s multiple
range test (P<0.05) and numbers on the columns indicate % change
relative to control, control = 100).
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Figure 5. The effect of nickel toxicity on (a) Fo, (b) Fm, (c) Fv/Fm, (d) Fv/
Fo, (e) Area and (f) AV/Ato in barley seedlings. (Columns with different
letters mean significant differences between the treatments according
to Duncan’s multiple range test (P<0.05) and numbers on the columns
indicate % change relative to control, control = 100).

1c). All nickel treatments led to the significantly reduced
dry mass accumulation than control plants in barley
seedlings (Fig. 1d). Nickel accumulation in the roots and
leaves of barley seedlings represented a linear increase
as the nickel concentration applied increased (Fig. 2).
Chlorophyll a, chlorophyll b, total chlorophyll and total
carotenoid content in the leaves of barley seedlings were
significantly decreased by mild, moderate and severe
nickel toxicity as compared to the respective controls
(Fig. 3a,b, cand d). In the leaves of barley seedlings, mild,
moderate and severe nickel stress led to the increased
H,0, and MDA content as compared to the controls (Fig.
4a and b). SOD and CAT activity in the leaves of barley
seedlings was significantly elevated by mild and moderate
nickel stress, but it was not affected by severe nickel stress
as compared to control (Fig. 4c and f). APOD and GR
activity in the leaves of barley seedlings was remarkably
increased as a result of mild, moderate and severe nickel
stress applications in comparison with the respective
controls (Fig. 4d and e).

In comparison with control, all nickel treatments did
not affect Fo (minimum fluorescence) in barley leaves
(Fig. 5a). However, Fm (maximum fluorescence), Fv/
Fm (maximum quantum efficiency of photosystem II),
Fv/Fo (Hill reaction efficiency) and area (the area above
the chlorophyll fluorescence curve between Fo and Fm)
were remarkably decreased by only severe nickel stress as
compared to controls (Fig. 5b, ¢, d and e). Mild, moderate
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Figure 6. The effect of nickel toxicity on (a) SM, (b) N, (c) ®Po, (d) PEo,
(e) Yo and (f) ®Do in barley seedlings. (Columns with different letters
mean significant differences between the treatments according to
Duncan’s multiple range test (P<0.05) and numbers on the columns
indicate % change relative to control, control = 100). Submitted: 15
November 2020.

and severe nickel stress led to the significant reduction
in AV/Ato (the accumulation rate of the closed reaction
centers) in the leaves of barley seedlings as compared to
control (Fig. 5f). Sy, (energy necessary for the closure of
all reaction centers), N (the number indicating how many
times quinone A is reduced while fluorescence reaches its
maximum value) and $Po (maximum quantum yield of
primary photochemistry) in the leaves of barley seedlings
under severe nickel stress were significantly lower than
the respective controls (Fig. 6a, b and ¢). Moderate and
severe nickel stress led to the remarkably decreased ®PEo
(quantum yield of electron transport from quinone A to
plastoquinone) and Yo (efficiency of a trapped exiton
that moves an electron from quinone A to the electron
transport system) values in the leaves of barley seedlings
as compared to controls (Fig 6. d and e). $Do (quantum
yield of thermal dissipation) in the leaves of barley seed-
lings was significantly reduced by severe nickel stress as
compared to control (Fig. 6f).

Discussion

The present study investigated the effect of mild (100
uM), moderate (300 pM) and severe nickel toxicity (500
M) on some growth parameters, physiological and pho-
tochemical changes in a barley genotype, Tarm-92. The
genotype Tarm-92, which is commonly grown in arid
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and semi-arid parts of Central Anatolia and Transitional
regions, is developed by Central Research Institute for
Field Crops (Ankara) and registered in 1992. Tarm-92
(two-row feed barley) is known to be tolerant to drought,
zinc and boron toxicity as well as moderately resistant
to scald and barley leaf stripe. In addition, this barley
genotype has facultative winter growth habit, high til-
lering capacity and good resistance to head loss, with the
yield value of 350-450 kg da™! under rainfed conditions.

Our results showed that root length of barley genotype
is reduced by moderate and severe nickel toxicity which
is correlated with higher level of nickel accumulation in
roots as compared to leaves. Also, the decreased fresh
and dry weights of barley plants were observed under
nickel toxicity conditions. The nickel-induced reduc-
tion in plant growth has also been found in other plant
species such as tomato, cotton, brassica and pea (Mosa
et al. 2016; Khaliq et al. 2016; Ansari et al. 2015; Sirhindi
et al. 2015). It has been reported that Ni toxicity led to
the damage in the cell nucleus and nucleolus in root tips
of tomato. Similarly, Shi and Cai (2009) have explored
that excessive nickel treatments change the plasticity of
cell wall, which consequently impair cell division and/
or elongation. Thus, higher nickel accumulation in root
cells may be responsible for the decreased root growth
rate by interfering mitotic activity in our study (Gautam
etal. 2017). Another possible explanation for the reduced
growth rate of roots and biomass accumulation in barley
plants under nickel toxicity may be the decreased uptake
and translocation rate of some essential elements such
as Mg, Ca, Fe, Cu and Zn which have similar chemical
character to Ni(Amari et al. 2017). Kidd et al. (2009) have
indicated that nickel could compete with these elements
in uptake and utilization in plants and lead to mineral
element deficiency. It has been reported that nickel can
easily be translocated from roots to the upper parts of
the plants by xylem and phloem vessels (Ishtiaq and Mah-
mood 2012). On the other hand, it has been manifested
that plants keeping higher amount of heavy metal in their
roots have been considered as more tolerant to heavy
metal (Rao and Sresty 2000). Therefore, the genotype
Tarm-92, may be accepted as relatively tolerant to nickel
toxicity as reflected by lower nickel content in the leaves.

Our results showed that chlorophyll a, chlorophyll b,
total chlorophyll and total carotenoid content decreased
under nickel toxicity. It has been well documented that
decreases in chlorophyll content and photosynthetic
efficiency are used to monitor the heavy metal-induced
damage in leaves (Asopa et al. 2016). Kamran et al. (2016)
have indicated that nickel toxicity leads to chlorophyll loss
as a result of Mg and Fe deficiency in the leaves of plant
species. In addition, it has been claimed that the reduced
chlorophyll content in plants under nickel toxicity may

derive from either promotion of chlorophyllase activ-
ity or inhibition of chlorophyll-synthesizing enzymes
(Abdel-Basset et al. 1995; Mysliwa-Kurdziel and Strzalka
2002). Carotenoids are responsible for the dissipation of
excess excitation energy and protection of chlorophyll
pigments from light-induced damages as well light ab-
sorption for photosynthetic electron transport (Trebst
2003; Hashimato et al. 2016). In this study, lower total
carotenoid content observed in the leaves of barley plants
may be associated with lower chlorophyll content due to
photooxidation.

It has been stated that nickel toxicity interferes with
photosynthetic electron transport reaction and some
intermediates of cytochrome b6f and b559 in leaves
(Shahzad et al. 2018). Several in vitro studies have showed
that PSII is primary target for nickel toxicity in plants
(Tripathy et al. 1981). Therefore, chlorophyll a fluorescence
technique was used to investigate the performance of the
photosynthetic apparatus in barley leaves under nickel
toxicity. In our study, only severe nickel toxicity led to
the decreased maximum quantum efficiency of PSII (as
inferred Fv/Fm). This value is known to be close to 0.83
under optimum conditions and often proportional to
photosynthetic efficiency (Kalaji et al. 2011). The lowered
Fv/Fm values in the severe nickel-stressed leaves of barley
plants clearly showed that large extent of photoinhibi-
tion has occurred in PSII units (Kalaji et al. 2011). On
the other hand, relatively higher level of Fv/Fm ratio
clearly demonstrated that electron transport reactions
on PSII units remained almost intact under mild and
moderate nickel toxicity. In the present study, Fo value
was not affected by nickel toxicity treatments. It has
been reported that several stress factors may result in the
increase in Fo (Maxwell and Johnson 2000). Meravi and
Prajapati (2018), for example, claimed that higher level
of Fo may be associated with the accumulation of inac-
tive PSII reaction centers. Kalaji et al. (2011) have shown
that the reason for the higher Fo values is the slowing
down of the transport of electrons from Q, to Q, and/
or the decrease in the efficiency of PSII to capture light
energy. Thus, it may be concluded that nickel stress did
not lead to structural damage in PSII reaction centers in
barley leaves. The lowered level of Fm value in the leaves
of barley suggested that restrictive effect of severe nickel
stress on the photosynthetic electron transport reactions
in PSII acceptor side appeared, as indicated by Dogru and
Cakirlar (2020a, 2020b). In addition, the results of this
study clearly indicated that decline in Fv/Fm ratio in the
severe nickel-stressed leaves of barley plants was mostly
due to decrease in Fm. It has been well documented that
water-splitting complex on the donor side of PSII is the
most sensitive component in the photosynthetic electron
transport system (Kalaji et al. 2011). Pereira et al. (2000)



have indicated that the decrease in Fv/Fo may the result
from the impairment in photosynthetic electron transport
reactions. The efficiency of Hill reaction or water split-
ting complex on the donor side of PSII (as indicated by
Fv/Fo) was declined in the leaves of barley under severe
nickel stress. The reduced Fv/Fo in the leaves of barley
plants may be the assumption that a lower number of
electrons were transported from the oxygen-evolving
complex (OEC) to the plastoquinone pool, which could
be a result of severe nickel toxicity-induced damages in
OEC. It has been revealed by previous studies that nickel
can competitively replace calcium ion in the binding site
of OEC (Kidd et al. 2009). In this study, the decreased
value of the parameter area in the leaves of barley clearly
confirmed that electron transport rate into PQ pool is
reduced by severe nickel stress (Oukarroum et al. 2015). In
addition, mild, moderate and severe nickel toxicity led to
the increased level of the accumulation of the closed reac-
tion centers, as confirmed by higher AV/A to and lower Sy,
and N values in the leaves of barley (Gupta 2020). Under
these conditions, it is clear that PSII reaction centers are
already in the closed state (reduced) and small amount
of Q, molecules are reduced until Fm value is reached
under severe nickel toxicity. ®Eo and o, on the other
hand, was declined by moderate and severe nickel toxicity
in the leaves of barley seedlings, indicating that electron
transport from Q, to PQ is inhibited to a certain extent.
As aresult, severe nickel toxicity reduced $Po while $Do
increased. This situation may be manifested that severe
nickel toxicity led to thermal dissipation of absorbed light
energy and primary photochemistry is reduced.

It has been well known that chloroplasts are the main
site of ROS accumulation in plant cells because of the
impairment of the photosynthetic electron transport
reactions under stressful conditions (Dogru and Cakirlar
2020a, 2020b). Chloroplasts also possess enzymatic and
non-enzymatic antioxidants to detoxify ROS. SOD, for
example, is a metalloenzyme and responsible for the
dismutation of superoxide radicals to H,O,. Assche and
Clijsters (1990) have reported that SOD is a key antioxi-
dant enzyme to protect plants from heavy metal-induced
oxidative stress. Induction of SOD is very important for
plants to overcome oxidative stress (Alscher et al. 2002).
In our study, SOD activity was increased by mild and
moderate nickel toxicity, probably indicating an efficient
superoxide dismutation and H,O, production. In barley
leaves under severe nickel toxicity, however, SOD activ-
ity remained unchanged. Hao et al. (2006) have stated
that nickel toxicity interferes indirectly with several
antioxidant enzymes by replacing the essential elements
such as Fe, Zn, and Mg. It is also probable an interaction
between nickel ions and ligand groups of SOD, result-
ing in the inhibition of enzyme activity (Amari et al.
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2017). APOD and GR, which are the most important
enzymes of ascorbate-glutathione cycle, are in charge
of detoxification of H,0, (Dogru and Cakirlar 2020a).
In the present study, APOD and GR activity is almost
increased by mild, moderate and severe nickel toxicity
in a dose-dependent manner. This result clearly showed
that ascorbate-glutathione cycle is active in the leaves of
barley plants under nickel toxicity and detoxification of
H,O, occurs efficiently. However, our results indicated
considerable H,0, accumulation in the leaves of barley
under mild, moderate and severe nickel stress. This re-
sult may be explained by negative correlation between
nickel concentration applied and CAT activity, and a pos-
sible overproduction of H,O,. Like H,0, accumulation,
MDA content in the leaves of barley was escalated with
increasing nickel concentrations, indicating membrane
damage. This results also explain the decreased level of
chlorophyll pigments and photosynthetic activity in the
leaves of barley under nickel toxicity.

In conclusion, severe nickel stress was more effective
in photochemical, growth and physiological parameters
in barley plants. Root growth, biomass accumulation
and photosynthetic pigment content in barley plants
was decreased by mild, moderate and severe nickel tox-
icity. Chlorophyll a fluorescence measurements clearly
showed that acceptor side of PSII was more sensitive to
nickel toxicity as compared to donor side. Nickel toxic-
ity did not damage PSII reaction centers but inhibited
electron transport between intermediates of PSII units.
Therefore, primary photochemistry was declined, and
thermal energy dissipation is increased by nickel stress
in the leaves of barley. In addition, it is obvious that nickel
toxicity led to the oxidative stress in the leaves of barley,
as reflected by higher H,0, and MDA content. Higher
APOD and GR activity confirmed higher efficiency of
ascorbate-glutathione cycle in the leaves of barley plants
under nickel toxicity. SOD and CAT activity, however,
remained unchanged under severe nickel toxicity. As a
result, it may be concluded that Tarm-92 is moderately
tolerant to nickel toxicity.
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