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Abstract

Plants acclimation to stress is a complex process and this complexity increase with simultaneous
subjection to two or more abiotic stress. Salinity and excess accumulation of nickel are growth and development
restricted abiotic stress agents. The aim of the present study was to determine the antioxidant defense system
responses of Melissa officinalis (lemon balm) to salinity, nickel and their combinations. Growth, leaf osmotic
potential, chlorophyll fluorescence, relative water content (RWC), lipid peroxidation, H202 and proline content
and antioxidant enzyme activities were determined under these stress conditions. Growth and leaf osmotic
potential negatively affected due to the combined effect of salt and nickel. All three stress treatments did not
show any significant change on RWC and chlorophyll fluorescence in lemon balm. H20, content and lipid
peroxidation of combined stress had greater than salt and nickel alone. Total activities of ascorbate peroxidase
(APX) and glutathione reductase (GR) were increased with salt, nickel and their combinations. Moreover, the
reduction in superoxide dismutase (SOD), peroxidase (POX) and catalase (CAT) activities resulted in higher lipid
peroxidation and H202 content under the combined stress. To the best of our knowledge, this is the first study
conducted on the activities of antioxidant defense enzymes of lemon balm under salinity and nickel
combinations.
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Kombine Tuz ve Nikel Stresinin Limon Otu (Melissa officinalis)'nun ROS Uretimi ve
Antioksidan Enzim Aktiviteleri Uzerine Etkisi

Ozet

Bitkilerin strese alismasi karmasik bir sirectir ve bu karmasiklik iki veya daha fazla abiyotik strese ayni
anda maruz kalindiginda artar. Tuzluluk ve asiri nikel birikimi blyiime ve gelisimi sinirlandiran abiyotik ajanlardir.
Bu calismanin amaci, Melissa officinalis (limon otu) bitkisinde tuzluluk, nikel ve bunlarin kombinasyonlarina karsi
antioksidan savunma sistem cevaplarini belirlemektir. Bu stres kosullari altinda, blylime, yaprak ozmotik
potansiyeli, klorofil floresansi, nisbi su icerigi (RWC), lipid peroksidasyonu, H202 ve prolin igerigi ve antioksidan
savunma enzimleri belirlenmistir. Biylime ve yaprak osmotik potansiyeli tuz ve nikel kombinasyonlari nedeniyle
olumsuz etkilenmistir. Her (g stres uygulamasi, limon otunun RWC ve klorofil floresansinda énemli degisiklik
gostermemistir. Birlesik stres altindaki H202 igerigi ve lipid peroksidasyonu, tuz ve nikelin tekli uygulamalarindan
daha yiksektir. Askorbat peroksidaz (APX) ve glutatyon rediiktaz (GR)'In toplam aktiviteleri tuz, nikel ve
kombinasyonlari ile artmistir. Dahasi, siperoksit dismutaz (SOD), peroksidaz (POX) ve katalaz (CAT)
aktivitelerindeki dusls, birlesik stres altinda yliksek lipid peroksidasyonu ve H»0: igeriginin artmasi ile
sonuglanmistir. Bildigimiz en iyi sekilde, bu galisma tuzluluk ve nikel stresleri kombinasyonlari altinda limon
otunun antioksidan savunma enzim aktivitelerinin ytrttildaga ilk cahsmadir.

Anahtar kelimeler: Abiyotik stres kombinasyonu, antioksidan enzim, limon otu, Melissa officinalis, nikel, tuzluluk.
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Introduction

Abiotic stresses cause detrimental effects
on plant growth, development and yield. In the
field conditions, the combined effects of the two
or more different abiotic stresses is complicated
when compared to the response of stresses
applied individually (Mittler 2006). Salt and
heavy metal stresses are one of the most
encountered stresses in the field conditions.
Although responses to salinity and heavy metals
have been separately studied in many times,
there is still little information about the impact
of the combination of these two stress factors.
However, according to the Stress Matrix, an
unknown interaction was reported between
salinity and nickel (Zandalinas et al., 2018).

Ni is a heavy metal which strongly
phytotoxic at high concentrations for plants;
however, it is also an essential element in small
amounts for growth and development of plants
(Kazemi et al., 2010). Excessive nickel causes
nickel stress in plants resulting increases lipid
peroxidation and hydrogen peroxidase contents
(Wang et al., 2009; Sharma and Dhiman, 2013),
reduces photosynthesis and respiration (Seregin
and Kozhevnikova, 2006) and increases proline
content (Singh et al., 2012).

Like other abiotic agents, salinity and
heavy metals change the metabolite levelsin the
cell as enhancing the production of singlet
oxygen, superoxide, hydroxyl and hydrogen
peroxide (H202) known as reactive oxygen
species (ROS) (Rizhsky et al., 2002). In order to
scavenge overproduction of ROS, enzymatic
(ascorbate peroxidase (APX), catalase (CAT),
glutathione reductase (GR), peroxidase (POX),
superoxide dismutase (SOD)) and non-
enzymatic antioxidants (tocopherols,
carotenoids, ascorbic acid, glutathione) have
been developed by plant cells in different
organels such as chloroplast, mitochondria, and
peroxisomes (Mittler et al., 2004).

Lemon balm (Melissa officinalis L.,
Lamiaceae) is an important medicinal plant
which was used for gastrointestinal complaints,
headache and fever in ancient times (Shakeri et
al., 2016; Boneza and Niemeyer, 2018). Most
studies with lemon balm were related to its rich
source of antioxidants, in particular from the
group of phenolic compounds (Capecka et al.,
2005; Radacsi et al., 2016; Miraj et al., 2017).
The antioxidant response of lemon balm have
been studied only under salinity (Ozturk et al.,
2004), drought (Radacsi et al., 2016, Rahimi et
al., 2016), iron deficiency (Amooaghaie and
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Roohollahi, 2017) and nickel stress (Maivan et
al., 2017). However, the impact of the
combination of salt and nickel stresses on ROS
formation and antioxidant defense system in
lemon balm have not been still conducted.

Therefore, because of little information
about the physiological and biochemical
behavior of M. officinalis under abiotic stress
conditions, this plant was selected as an
important aromatic and medicinal plant for this
study. To examine the tolerance potential of
lemon balm when subjected to combination of
salt and nickel based on changes in the values of
relative plant growth (RGR), relative water
content (RWC), osmotic potential, chlorophyll
fluorescence (Fv/Fm), proline level, oxidative
stress markers such as lipid peroxidation
(TBARS) and hydrogen peroxide (H202) content
and antioxidant enzyme activities were aimed in
the present study.

Material and Methods
Plant material and stress applications

Lemon balm (Melissa officinalis L.,
Lamiaceae) seeds were used in this study. The
seeds were sterilized with ethanol (70%), rinsed
in deionised water and then treated with
commercial bleach (5%). The seeds were
washed again with deionized water for
removing the bleach. After that, seeds were
germinated (22°C, 70% humidity in the dark).
Uniformly germinated seeds were selected and
cultivated in organic media made of peat moss,
perlite and sand (1:1:1). The seedlings were
grown in a controlled plant greenhouse for 30
days: 27/22°C day/night and 70% relative
humidity. Finally, the pots were separated as
Control, Salt (NaCl; 100 mM), Nickel
(NiSO4.7H20; 500 uM) and Salt+Nickel (Fig. 1).
Five different concentrations of nickel (50, 100,
250, 500 and 1000 uM) solutions were used to
determine the appropriate concentration for
plants. 500 uM was chosen that induces plant
growth and physiological responses, but does
not kill lemon balm plants. Mature leaves were
harvested after two weeks. Harvested leaves
frozen with liquid nitrogen and immediately
stored at -80 °C for analyses.

Relative growth rate (RGR)

In the beginning and after two weeks of
stress treatment, six plants in each group were
selected used for the growth analyses. To
determine dry weights (DW) of the samples,
they were dried in an oven (70°C for 72 h). The
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RGR of leaves was calculated according to (Hunt DW3; dry weight (g) at time 1, DW2; dry
et al. 2002). weight (g) at time 2; and t1 and t2; initial harvest
RGR = (In (DW2) - In (DW1))/(t2 - t1) time 1 and final harvest time 2 in days.

Control Salt Nickel Salt+Nickel

Control Salt Nickel Salt+Nickel
Figure 1. Morphological effects of salt, nickel and their combinations on grown of Melissa officinalis L.
Scale bar, 5 cm.

Relative water content (RWC) Lipid peroxidation
After harvest, leaves from each group Thiobarbituric acid reactive substances
weighed and described as fresh weight (FW). (TBARS) were wused to determine lipid
After that, leaves were put in water at least 8 h peroxidation levels and detected by using the
and then turgid weight (TW) was determined. method of (Heath and Packer 1968).
Turgid leaves were then dried in an oven and dry
weight (DW) was determined. RWC was H:0: quantification
calculated by using the following formula: The method described by Liu et al (2000)
RWC (%) = ((FW-DW)/(TW-DW)) x 100 was used to measure the accumulation of H20,
(using TiCla method) and the results expressed
Chlorophyll fluorescence (Fv/Fm) as umol g FW.
Before harvest, Fv/Fm were measured in
ten dark adapted leaves of lemon balm by Plant Proline quantification
Efficiency Analyzer of Hansatech, UK. The method described by Bates et al
(1973) was used to determine the free proline
Leaf osmotic potential (Ws) content (using the acid-ninhydrin method) and
After harvest, osmometer (Wescor Vapro the results were expressed as umol proline g*
Pressure Osmometer 5600) was used to FW.
measure Ws of leaves. These results obtained
from the instrument converted to MPa (Santa- Antioxidant enzyme extractions and assays
Cruz et al., 2002). For antioxidant enzyme extractions, leaf

samples (0.5 g) were immediately ground with
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liquid nitrogen and ice-cold phosphate buffer
(50 mM; pH 7.0, 1 mM EDTA and 1%
polyvinylpyrrolidone (PVP)) were used for
homogenization. Ascorbate (2 mM) was added
to the phosphate buffer for determining APX
activity assay. The protein content in the extract
was detected with bovine serum albumin (BSA;
standard) (Bradford, 1976). The SOD
(EC.1.15.1.1), POX (EC.1.11.1.7), CAT (EC
1.11.1.6), APX (EC 1.11.1.11) and GR (1.6.4.2)
activities in extract were measured according to
the methods described by Beauchamp and
Fridovich (1971), Mika and Luthje (2003), Aebi
(1984), Nakano and Asada (1981) and Foyer and
Halliwell (1976), respectively. While one unit of
SOD activity was defined as the quantity of
enzyme needed to produce 50% inhibition of
NBT, one unit of POX, CAT, APX and GR activities
were defined as 1 pmol of product formed per
min,
Statistical analysis

Data were evaluated using ANOVA and
Duncan’s Multiple Range Test were utilized
between groups to compare significant
differences at P <0.05. Replicates in each
experiment were determined as two biological
and three technical.

Results and Discussion
Relative water content (RWC) and relative
growth rate (RGR)

Reduction in water content and growth
are the first responses of abiotic stress
conditions. RWC of salt and salt+nickel-treated
lemon balm leaves was not affected by these
conditions when compared to the control
plants, while nickel increased the RWC by 11.6%
(Fig. 2A). The M. officinalis leaves maintained
their water content may be in order to protect
the roots and shoots of the plant. Similar results
in plants which resumed water content of their
leaves were detected under abiotic stress
conditions (Turkan et al., 2005; Sekmen et al.,
2014). However, RGR decreased by 30.4, 21.7
and 78.3% with salt, nickel and salt+nickel,
respectively, when compared to control plants
(Fig. 2B). As similar results reported in the
literature, salinity reduced growth rate (Parida
and Das, 2005). This decrease in growth may be
due to osmotic, ionic imbalances or huge
accumulation of ROS resulting from excess ions
or nutritional deficiency (Greenway and Munns,
1980). This result also consistent with lemon
balm grown under nickel stresses, that fresh and
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dry weight of shoots was reported to reduce
(Maivan et al., 2017).

Chlorophyll fluorescence (Fv/Fm) and leaf
osmotic potential (Ws)

Fv/Fm is a quantum efficiency of
photosystem Il and it was measured under salt,
nickel and their combinations in lemon balm.
Flanagan and Jefferiers (1988) reported that the
Fv/Fm was reduced by drought and salt as a
stress conditions. In our study, salt alone caused
areduction (1.7%) in chlorophyll fluorescence of
lemon balm as compared to control plants (Fig.
2C). However, like in RWC, Fv/Fm was increased
by 1.5% with the application of nickel alone.
There were no significant changes on Fv/Fm
under the combination of salt and nickel as
compared to control plants. Similarly to salt-
stressed barley (Seckin et al., 2010), unchanged
Fv/Fm content under stress conditions means of
well-protected leaf photochemistry in lemon
balm. Moreover, increase in Fv/Fm content may
be related to nickel. This result suggests that
nickel may have an important role in
photosynthetic apparatus. However, contrary to
our results chlorophyll a and carotenoid content
decreased in lemon balm under nickel stress
(Maivan et al., 2017). On the other hand, salt
alone decreased leaf osmotic potential (56.9%),
while there was no significant effect of nickel
alone (Fig. 2D). Moreover, the combined salt
and nickel significantly reduced Ws by 66.6% as
compared to control plants. Plants modify water
uptake and loss to cope with low water potential
by accumulating water soluble compound
(Verslues et al., 2006). Lemon balm may
accumulate more water soluble compounds
under the combined salt and nickel stress. These
results suggest that the detrimental effect of
combined salt and nickel on growth and leaf
osmotic potential was greater than that of salt
and nickel stresses alone.

TBARS, H20: and proline content

Lipid peroxidation is broadly used for
monitoring oxidative damage in plant cells and
TBARS were measured to determine the lipid
peroxidation level under salt and nickel stresses.
The TBARS levels of only salt and nickel-treated
plants increased by 44.5% and 7.8%,
respectively, when compared to control group,
but it was more pronounced (53%) in the
combination of salt and nickel-treated lemon
balm plants (Fig. 3A). Salinity reduced growth
rate and osmotic potential while increasing
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TBARS and proline levels in the leaves (Parida
and Das, 2005). H20,, as a ROS, is one of the
most important redox molecule and involves in
several signaling cascades in plants (Neill et al.,
2002). In our experiments, H202 content was
increased by salt and nickel alone 50% and
19.2%, respectively, as compared to control
plants (Fig. 3B). Moreover, the combination of
salt and nickel also increased the H202 content
(38.5%). Similarly to our findings, lemon balm
plants showed higher H202 accumulation under
Ni stress (Maivan et al., 2017). Proline is one of
the most compatible osmolyte accumulating

under stress conditions. In this study, the proline
content of salt+nickel-treated plants did not
show any significant change, while salt alone
enhanced it by 71.8% and nickel alone 61.8%, as
compared to control (Fig. 3C). Opposite to our
result, Maivan et al (2017) reported unchanging
proline accumulation under nickel stress in
lemon balm. The proline content was reduced
with the combination of salt and nickel, but leaf
osmotic potential was also decreased. This
result suggests that another compatible
osmolyte in the cell may be accumulated to
protect leaf water content.
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Figure 2. Relative water content (RWC; A), relative growth rate (RGR; B), chlorophyll fluorescence (Fv/Fm;
C) and leaf osmotic potential (Ws; D) of Melissa officinalis L. grown under control, salt, nickel and the
combination of salt and nickel. Data are means + SE; Values followed by the same letter are not
significantly different according to Duncan’s test (P < 0.05).

Antioxidant enzyme activities

Increase in ROS production involved in
the stress response signal transduction pathway
during salt stress threaten cells (Mittler, 2002).
ROS-scavenging antioxidant defense system
enzymes (APX, CAT, GR, POX and SOD) activities
are important to cope with this threat.
Moreover, high antioxidant enzyme activities
caused better ROS scavenging capacity in plant
genotypes. In the literature, there is little
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information about antioxidant defense system
of lemon balm plants under different stress
types and moreover none of them are related to
combined effects of stress types. The SOD
converts Oz~ to more stable H20; and its activity
is an significant for cellular defense against
oxidative stress (Mittler et al., 2004) In this
study, salt and salt+nickel treatments
significantly decreased the SOD activity of lemon
balm leaves by 21.6 and 9.9%, respectively,
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while no significant change was detected in
nickel-treated plants (Fig. 4A). POX, CAT and APX
are the main scavengers of H202 in plants
(Mittler et al. 2004). POX activity of M. officinalis
was not significantly induced by all three stress
treatments (Fig. 4B). CAT activity was observed
the lowest activity among all antioxidant
enzymes measured in this study (Fig. 4C).
Moreover, CAT activity of salt-treated plants
was decreased 2.7% as compared to control
group, while no significant changes were
determined in nickel and the combination of
nickel and salt plants. On the other hand,
significant increase was observed in the APX
activity of all treated groups used in this study.
The enhancements were 50, 75 and 58.3% in
salt, nickel and their combination stresses,
respectively, when compared to control group
(Fig. 4D). GR is an Asada-Halliwell-Foyer cycle

H-O- (umol g-' FW)

enzyme, and uses NADPH as reducing power to
reduce the oxidized glutathione (GSSG) and
ensures glutathione pool reduced in the plant
cell (Foyer and Noctor, 2011). Salt, nickel and
the combination of salt and nickel significantly
increased the GR activity in lemon balm leaves
(Fig. 4E). However, salt stress displayed a robust
increase (7-fold) in the activity. The rate of
increment was the same in nickel and
salt+nickel-treated  plants  (75%). Taken
together, salt stress significantly reduced SOD
and CAT activities, while increased APX and GR
activities in lemon balm leaves. Moreover, APX
and GR activities also increased under the
combination of salt and nickel stresses. These
results suggest that decreases in SOD and CAT
activities might not help to overcome the
cellular damage by reducing the TBARS and the
H202 content.
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Figure 3. TBARS (A), H202 (B) and proline content (C) of Melissa officinalis L. grown under control, salt,
nickel and the combination of salt and nickel. Data are means + SE; Values followed by the same letter are
not significantly different according to Duncan’s test (P < 0.05).

Conclusion

Plant growth and water content were
significantly reduced by salt and nickel stress
applications.  Stress-induced damage was
related to the reduction in RGR and water
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potential and increases in TBARS and H:0>
content. When salt and nickel applied with
together, the harmful effects increased. The
antioxidant defense enzyme activities especially
CAT, POX and SOD were suppressed under the
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combination of salt and nickel. These results activities to struggle with stress conditions,
suggest that the detrimental effect of combined therefore RWC was maintained under the
salt and nickel stresses on physiological and combined stress. In summary, the combination
biochemical compositions in lemon balm was of salt and nickel had negative effects in terms
greater than that of salt and nickel stress alone. of improving the antioxidative system in M.
Moreover, plants increased the APX and GR officinalis.
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Figure 4. SOD (A), POX (B), CAT (C), APX (D) and GR (E) activities of Melissa officinalis L. grown under
control, salt, nickel and the combination of salt and nickel. Data are means + SE; Values followed by the
same letter are not significantly different according to Duncan’s test (P < 0.05).
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