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The role of catalase in resistance to boron toxicity after melatonin application (MEL) was investigated in
Arabidopsis thaliana plants. Col-O and cat2-2 plants were exposed to 50 utM MEL followed by boron toxicity
(BT) in a medium containing 10 mM H3BOg. Pigment loss and accordingly chlorosis were reduced by melatonin
under BT conditions, while they were more prominent in cat2-2 mutants. Moreover, TBARS and H;O-
contents, which increased due to BT, decreased as a result of melatonin application and the levels of these
parameters in cat2-2 mutants were higher than the values in Col-0. Antioxidant enzyme activity of SOD and
SOD1 gen transcript were induced by MEL under BT. Conversely, APX4, PER10 and CAT1 transcripts were
down-regulated by MEL under BT. In addition, antioxidant enzyme activities and their transcript levels were
lower than those of Col-0. Thus, we suggested that MEL scavenged ROS directly under BT. Melatonin also
reduced the accumulation of boric acid in leaf tissues of Col-0, but not cat2-2. Finally, even though melatonin
application provided a degree of endurance, the cat2 mutation resulted in increased sensitivity to BT.
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INTRODUCTION

Melatonin (N-acetyl-5-methoxytryptamine) has
been shown to play a role in plant growth and de-
velopment, influencing processes such as seed ger-
mination, shoot and root growth, and flowering.
Moreover, melatonin (MEL) has been reported to
delay leaf senescence and promote flower formation
in some plant species (Pan et al., 2023). Apart from
its role in plant development, MEL also plays a sig-
nificant role in plant responses to stress. Plants can
often encounter stressful environmental condi-
tions, and MEL protects plants against damage
caused by environmental stresses such as expo-
sure to heavy metals (Tan et al., 2007), UV radia-
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tion (Afreen et al., 2006), and temperature changes
(Lei et al., 2004). Besides, MEL (1uM) was found to
eliminate the negative effects of boron toxicity (BT,
100 uM) on pepper plants (Sarafi et al., 2017).
MEL-applied plants exhibit no visual symptoms of
BT. Boron is essential for the growth of higher
plants and agricultural production (Villordon and
Gregorie, 2021). However, BT is a common problem
for many field crops growing in soils with low pre-
cipitation and high levels of boron (Reid, 2013).
Based on Keren and Bingham (1985), the maxi-
mum allowable concentrations of B in irrigation
water are between 0.3 and 1.0 mg L' for suscepti-
ble plants such as pear, bean and walnut. It was
between 1-2 mg L™! for semi-tolerant plants (e.g.,

© Polish Academy of Sciences and Jagiellonian University, Cracow 2023


https://orcid.org/0000-0003-4102-7990

8 Saglam et al.

oat, maize and barley) and 2-4 mg L' for tolerant
species (e.g., sugar beet, date palm and asparagus).

Cultivated species and cultivars have var-
ious ranges in which B is considered appropriate.
For instance, in monocots, B concentrations
range from 1 to 6 mg/kg, while in most dicots
they range from 20 to 70 mg/kg. However, the
B range required for optimum plant growth is
very narrow (Princi et al., 2015). The absorption
of boron by plants is also influenced by the rate
of transpiration, which depends on the relative
humidity and temperature of the air. Low humid-
ity and higher temperatures result in increased
absorption of boron by plants (Hu and Brown,
1997). High boron is known to trigger events
such as plant stunting, burning of old leaves,
loss of plant vitality and reduced fruit yield
(Glnes et al., 2007). In addition, it is also in-
volved in a wide variety of processes in vascular
plants such as decreased stem cell division, de-
creased leaf chlorophyll content and photosyn-
thetic ratio, and decreased lignin and suberin le-
vels (Nable et al., 1997; Reid, 2007). Research
reports on the influence of BT on the antioxidant
system can also be found in the literature
(Choudhary et al., 2020). High activity of antiox-
idant enzymes in BT-treated plants are extremely
important for resistance to stress (Gtlines et al.,
2007). The effects of antioxidant enzymes on re-
ducing the harmful effects of BT in certain
plants have been shown (Gtuines et al., 2006;
Kayihan et al., 2016).

One of the most important functions of mela-
tonin is its contribution to the defence against in-
ternal and environmental oxidative stress factors
(Nawaz et al., 2021). Melatonin has also been re-
ported to have an antioxidant effect on many plant
species (Murch and Erland, 2021). Furthermore,
application of exogenous MEL under different
stresses has been demonstrated to induce antiox-
idant enzyme activity and accumulation of antiox-
idants in different plants such as Malus hupehen-
sis exposed to salt stress (Li et al., 2012), tomato
subjected to cold (Ding et al., 2017), tea plant un-
der different abiotic stresses (Li et al., 2019) and
rice under continuous salt stress (Yan et al., 2021).
Additionally, Al-Hugqail et al. (2020) reported that
melatonin (100 uM) alleviated the harmful effects
of BT in wheat plants. They also showed that both
enzymatic (superoxide dismutase, catalase, ascor-
bate peroxidase, glutathione reductase) and non-
enzymatic (ascorbate and reduced glutathione)
antioxidants were induced by application of MEL

under BT. Activation of antioxidant defense in
plants at various adverse growing conditions is in-
terrelated. Simultaneous increase of the catalase
activity is often observed. Enhanced catalase ac-
tivity may be an expression of the adaptive re-
sponse of plants to abiotic stress (Mhamdi et al.,
2010). Arabidopsis thaliana contains three cata-
lase proteins (CAT1, 2 and 3). Knockout of
CAT2 has a larger effect on the reduction in cata-
lase activity than knockout of the other two cata-
lase genes (Mhamdi et al., 2010). Therefore, cat2
mutants become more susceptible to certain stres-
ses, for example, knockout of the Arabidopsis
CAT2 gene, one of the major isoforms, results in
a severe bleaching phenotype under photorespira-
tory conditions (i.e., ambient air with high light
intensity) (Mhamdi et al., 2012). Furthermore,
the level of CAT2 expression in the leaves of A. thali-
ana plants exposed to Arsenic (108 pM) was up-
regulated compared to the control group, which
was not treated with As (Pita-Barbosa et al.,
2019). In our study, we hypothesized that CAT2
might be associated with BT tolerance observed
as a result of MEL application. Therefore, it was
aimed to investigate this relationship between
CATZ and MEL in detail by using cat2-2 mutants
in A. thaliana plants subjected to BT.

MATERIALS AND METHODS

PLANT GROWTH AND APPLICATIONS
OF BORIC ACID AND MELATONIN

The seeds of A. thaliana, the ecotype Columbia
(Col-0) and the cat2-2 mutant used in this study
were provided by Dr. Frank Van Breusegem (Gent
University, Belgium). The surface of the seeds was
sterilized in bleach. Twenty seeds of Col-0 and cat2-2
were exposed to stratification by keeping them in
petri dishes containing double-layer sterilized filter
paper for 3 days at 4°C. Each petri dish contained
5 seeds. Subsequently, these seeds were trans-
ferred into sterile plastic containers containing
MS medium (1/2) and grown for 15 days in a grow-
ing room with a light intensity (150 ymol m? s™),
temperature (20/18°C day/night) and humidity
(50%). Then the seedlings went through the follow-
ing treatments: (1) MS medium (Control) called
MOCK, (2) boron toxicity (BT), (3) melatonin (MEL)
and (4) MEL+BT (Table 1). Three petri dishes were
used for each treatment. A total of 60 seedlings
were allocated to a particular treatment.
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TABLE 1. Experimental setup.

Treatments Duration
1 MOCK 22 days in MS media
2 BT 15 days in MS media, then 7 days in MS media, including 10 mM of H3BO3
3 MEL 8 days in MS media, then 7 days in MS media, including 50 uM of MEL and then 7 days in MS media
4 MEL + BT 8 days in MS media, then 7 days in MS media, including 50 uM of MEL and then 7 days in MS media

including 10 mM of H;BO3

FRESH SHOOT BIOMASS

Five plants from sterile containers subjected to
the treatments were randomly weighed in three
replicates and their weights were recorded.

DETERMINATION OF PHOTOSYNTHETIC
PIGMENT CONTENT

The content of photosynthetic pigments was de-
termined following Arnon (1949). Fresh leaf sam-
ples (0.25 g) were homogenized in 5 ml 80% acet-
one and the homogenate was centrifuged at
5000 g for 5 minutes at room temperature. The
absorbance of the supernatant was measured at
663 and 645 nm using a spectrophotometer. The
following formulas developed by Arnon (1949)
were used to determine the pigment contents:

Chlorophyll a = 12.7 x A663 - 2.69 x A645
Chlorophyll b = 22.9 x A645 - 4.68 x A663

LIPID PEROXIDATION

Lipid peroxidation was measured based on the
content of malondialdehyde, a lipid peroxidation
product. The leaf sample (0.1 g) was homogenized
in 1.8 ml of 0.1% trichloroacetic acid (TCA) by
a tissue homogenizer. The homogenate was cen-
trifuged at 15,000 g for five minutes. Four ml of
0.5% thiobarbituric acid (TBA) prepared with 20%
TCA was added to 1 ml of the supernatant, then
stored in an oven at 95°C for 30 minutes. The
absorbance of the supernatant, which was cooled
to room temperature, was recorded at 532 nm.
The nonspecific absorption reading at 600 nm
was removed from the calculation. The content
of thiobarbituric reactive substances (TBARS)
was calculated in accordance with the formula
developed by Heath and Packer (1968): AAbs
(Absss-Absgoo) = EXCXL (€ = 155 mM ™! em™?,
L =1 cm, C = mM, TBARS)

DETERMINATION OF HYDROGEN PEROXIDE

The hydrogen peroxide assay was carried out in
accordance with Velikova et al. (2000). To achieve
this, the extract obtained from the ground leaf
samples (0.1 g) in trichloroacetic acid was centri-
fuged. 1 ml was taken from the supernatant,
10 mM of potassium phosphate buffer and 1M KI
were added, and the absorbance was measured at
390 nm. The H,0O, content was determined using
a standard curve with known H,O, concentra-
tions ranging from O to 100 uM.

DETERMINATION OF BORON CONTENT

The leaf samples (10 g) were ground after drying in
an oven at 55°C for 12 hours, and 0.50 g of dry
samples were weighed. Ten ml of nitric acid was
added to Teflon tubes and digested using a micro-
wave device. The ICP-OES technique was used for
the determination of boron concentration (Derun
et al., 2010). For the experiments a Perkin-Elmer
Optima 2100 DV model Inductively Coupled Plas-
ma Optical Emission Spectrometer equipped with
an AS-93 Autosampler was used. The measure-
ment conditions were adjusted at a power of
1.8 kW, a plasma flow of 15.0 L min ', an auxiliary
flow of 0.8 L min ' and a nebulizer flow of 1 L min™".
The calibration was fit into a linear range. The
standards used ranged between 0 and 600 mg L.

DETERMINATION OF MELATONIN CONTENT

Melatonin was extracted from plant leaves by the
acetone-methanol method of Pape and Liining
(2006). In summary, 1 g of leaf sample was ground
with liquid nitrogen and transferred into 5 ml of ex-
traction mixture (acetone: methanol: water =89:10:1).
After extraction, it was centrifuged at 4500 g for
5 minutes at 4°C. The supernatant was trans-
ferred into tubes containing 0.5 ml of 1% trichlor-
oacetic acid for protein precipitation and centri-
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fuged at 12 000 g for 10 min at 4°C. This super-
natant was used for melatonin level measurement
by Melatonin ELISA Kit (EK-DSM; Buhlmann La-
boratories AG, Schonenbuch, Switzerland) ac-
cording to the manufacturer's instruction. The
kit used a self made melatonin standard varying
from 0.1 to 2.7 pg/well. The melatonin standard
(100 pg/ulL) was diluted with methanol at a con-
centration of 0.025 pg/pL and 10, 30, 90, 180 or
270 pL were pipette-fed into the microplate wells.
Following evaporation of methanol in a vacuum
concentrator, 250 pL reconstitution buffer was
added to each container and melatonin was al-
lowed to dissolve for 30 minutes. After the stop
solution was added, the optical density at
450 nm was measured using a microplate reader
(Rayto, RT-2100C, China).

DETERMINATION OF CHANGES
IN ENZYMATIC ANTIOXIDANTS

The plant leaf (0.5g) was weighed and ground into
liquid nitrogen, then homogenized into 5 ml ex-
traction buffer (50mM K,HPO,, 1 mM EDTA
pH 7.0, 1% PVPP). The extract was centrifuged
at 20000 g at 4°C for 20 minutes. The obtained
supernatant was used for determination of the
enzymatic activity.

PEROXIDASE

The peroxidase activity (POD, EC 1.11.1.7) was
determined in accordance with Urbanek et al.
(1991). The enzyme activity was determined by
measuring 2 ml of the reaction mixture contain-
ing 100 mM potassium phosphate buffer (pH 7.0),
0.1 mM EDTA, 5 mM guaiacol, 15 mM H,0, and
50 pl enzyme extract at 470 nm for 1 min. The
POD activity was calculated using the extinction
coefficient of 26.6 mM 'cm ™.

CATALASE

The catalase activity (CAT, EC 1.11.1.6) was de-
termined following Aebi (1983). The enzyme activ-
ity was determined by measuring 1 ml of the re-
action mixture containing 50 mM potassium
phosphate buffer (pH 7.0), 30 mM H,O, and
20 puL enzyme extract at 240 nm for 5 min. The
catalase activity was calculated using the extinc-
tion coefficient of 39.4 mM em™! for HyOs.
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SUPEROXIDE DISMUTASE

The activity of superoxide dismutase (SOD, CE
1.15.1.1) was determined using Beauchamp and
Fridovich (1971) method. 2 uM riboflavin was
added to 1 ml reaction medium containing
50 mM potassium phosphate buffer (pH 7.8),
0.1 mM EDTA, 13 mM methionine, 75 uM nitro
blue tetrazolium, and 50 puL extract. In addition to
reaction mixture, absorbance of the enzyme-free
mixture called as blank is measured. The nitro-
blue tetrazolium chloride reacts with superoxide
anions produced during riboflavin illumination to
produce formazan, a blue complex. The reduction
in formazan formation is directly proportionate to
the amount of SOD in the sample. A 50% decrease
of formazan formation is considered as a unit of
SOD. The reaction started and ended by turning
the light on and off. Following exposure of this
mixture to white light of 375 pmol m? s! for
10 minutes, the absorbance values at 560 nm
were determined. The SOD activity was calculated
according to the following formula:

(absorbance of blank- absorbance of tested
sample) + absorbance of blank

+ (50% x volume of reaction mixture) + protein
concentration in enzyme extract

ASCORBATE PEROXIDASE

The activity of ascorbate peroxidase (APX,
EC 1.11.1.11) was determined by decreasing ab-
sorption to 290 nm (Nakano and Asada, 1981).
The enzyme activity was determined by measur-
ing 1 ml of the reaction mixture containing
50 mM potassium phosphate buffer (pH 7.0),
250 uM ascorbate (ASC), 5 mM H50, and 20 ul
enzyme extract. The ascorbate peroxidase activ-
ity was calculated using the extinction coefficient
of 2.8 mM ™ cm™ for ASC at 290 nm.

DETERMINATION OF PROTEIN CONTENT

Protein determination was carried out by spectro-
photometry in accordance with Bradford (1976).
The standard graph was created using Bovine
Serum Albumin (BSA) standards (0-100 pg/ml).
The complex of Coomassie Brilliant Blue G250
dye and protein was measured at 595 nm. Protein
concentration was calculated as mg and used to
express enzymatic activities.
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RNA ISOLATION AND cDNA SYNTHESIS

For gqPCR studies, leaf samples (100 mg) were fro-
zen using liquid nitrogen and stored in a freezer at
-80°C. Total RNA was isolated from frozen sam-
ples using a Qiagen RNeasy Plant mini-kit (Cat.
No: 74904). RNA samples were measured for
quantity and purity using a nanophotometer
(Thermo Scientific, Nanodrop 2000, USA). RNA
samples were stored at -80°C for cDNA synthesis.

The cDNA was obtained from the isolated To-
tal RNA samples at 2000 ng per group. An Applied
cDNA Synthesis Kit (High Capability cDNA Re-
verse Transcription Kit 4368814, Applied Biosys-
tems) was used for the cDNA synthesis. Purity of
cDNA recorded at absorbance of Asgo /Asgo NI
was 1.87. The synthesized cDNAs were stored at
-20°C until gPCR analysis.

QUANTITATIVE PCR (QPCR) MEASUREMENT

The cDNAs were used in qPCR analyzes to deter-
mine gene expressions. 5x HOT FIREPol Eva
Green qPCR Supermix (08-36-00008, Solis Bio-
dyne) and CFX Connect Real Time PCR Detection
System (BioRad) were used for the analysis. gPCR
process steps were modified by Solis Biodyne in-
structions as follows: 12 minutes at 95°C, 15 sec-
onds at 95°C 45 cycles, 30 seconds at 60°C,
30 seconds at 72°C. 0.5°C increments were car-
ried out for a melt curve from 65°C to 95°C. Each
biological replication was analyzed as 3 technical
replicates and the mean technical error was ac-
cepted as 0.5 (£1) Cq values.

Gene-specific primers were used to examine
the levels of expression for SOD1, CAT1, APX4

and PERIO (Table 2). Beta Actin gene was used as
a control. The 2724¢ method was used to calculate
gene expression (Bookout and Mangelsdorf, 2003).

STATISTICAL ANALYSIS

All experiments were repeated with three biologi-
cal replicates. The variance analysis of the data
obtained as a result of the extraction and analysis
performed in triplicate (technical replicates) was
determined according to the Duncan Multiple
Comparison Test included in the Statistical Pack-
age for Social Sciences (SPSS for Windows 23.0).

RESULTS

FRESH SHOOT BIOMASS

The fresh weight of cat2-2 was 1.3 and 1.2 times
higher than Col-0 in the MOCK and MEL treat-
ments, respectively. Besides, the fresh weight
(FW) of the shoots was decreased in Col-O and
cat2-2 under BT compared to MOCK. Moreover,
the FWs of Col-0 was 1.5-fold higher than cat2-2
under BT. In addition, the application of MEL+BT
increased the fresh weight of shoots in Col-0O and
cat2-2 in comparison with BT (Fig. 1a).

PHOTOSYNTHETIC PIGMENTS

The chlorophyll a (chl a) content of Col-O was
1.3-fold higher than cat2-2 in the MOCK treat-
ment (Fig. 1b). On the contrary, the chl a content
was observed to decrease in Col-0O and cat2-2 ex-
posed to BT compared to MOCK. Moreover, chl a

TABLE 2. The sequences of specific primers used for gPCR analysis.

Target gene NCBI accession no.

Primer sequences

Superoxide dismutase 1 (SOD1) NM_100757.3
Ascorbate peroxidase 4 (APX4) NM_116970.3
Catalase 1 (CAT1) NM_101914.3
Peroxidase super family protein NM_103845.3
(PER10)

Actin 2 (ACT2) NM_112764.3

AtSOD1F:5-ACAATGGCGAAAGGAGTTGC-3’
AtSOD1R:5-AAGGCCAGAAACTGTTCCAC-3’

AtAPX4F:5-TCCTGATCAAGCTGCAACAG-3’
AtAPX4R:5-ACGGTTTCACGGCTTCTTTG-3’

AtCATI1F: 5-ACGACAAGCTGCTTCAAACC-3’
AtCAT1R: 5-TCATGGTGGTTGTTGTGGTG-3’

AtPER10OF: 5-TCATGCGCTGACATAGTTGC-3’
AtPERI1OR: 5-TTTGTATTCGCCGCTTGCTC-3’

AtACT2F: 5-TGCTGTTGACTACGAGCAGG -3’
AtACT2R: 5-CGAGGGCTGGAACAAGACTT-3’




12 Saglam et al.

B Col-0 B caf2-2

5
n
]
<
5
30.
5

o 0.
=
»
£
?
=
w

Chl a content (mg g”'FW)
o o o o
b R B @ e
T 1 1 1

=
°
I

MOCK BT MEL

MEL+BT

MEL+BT

Fig. 1. Effects of boron toxicity and melatonin on fresh shoot biomass (a), chlorophyll a (b), chlorophyll b
(c) and appearance of plants (d,e). The bars show the standard deviation. The difference between columns with
the same letter is insignificant at the 5% (P < 0.05) level.

content of Col-O was 1.3-fold higher than cat2-2
under BT. Melatonin application induced the chl
a content under the BT (MEL+BT) compared to BT
only. However, there was no difference in the pig-
ment content between MOCK and MEL under
stress-free conditions.

Chl b content of Col-0 was 1.3-fold higher than
cat2-2in MOCK treatment (Fig. 1¢). Similar to chl a,
the chl b content also decreased as a result of BT
compared to MOCK groups (Fig. 1c). In addition,
the chl b content of Col-O was 1.43-fold higher
than cat2-2 under BT. Following the application
of melatonin under the BT (MEL+BT), the chl b con-
tents of all plants increased compared to BT alone.
However, there was no difference in the chl b con-
tent between the MOCK and MEL treatments.

Under boron toxicity conditions, chlorophyll
degradation was observed in both Col-O and
cat2-2 plants compared to the MOCK group
(Fig. 1d,e). In addition, chlorosis was quite pro-
nounced in cat2-2 mutants (Fig. 1e). In contrast,
chlorophyll synthesis was stimulated by the ap-
plication of melatonin under BT conditions
(MEL+BT) in comparison with BT alone.

TBARS AND H,0,

TBARS levels increased significantly in Col-0O and
cat2-2 plants under boron toxicity conditions in
comparison with the MOCK group (Fig. 2a). In
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Fig. 2. Effects of boron toxicity and melatonin on
TBARS (a) and Hy0,, (b). The bars show the standard
deviation. The difference between columns with the
same letter is insignificant at the 5% (P < 0.05) level.

addition, under BT conditions, the TBARS con-
tent in cat2-2 plants was 1.3 times higher than
that of Col-0 plants. However, melatonin applica-
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tion mitigated lipid peroxidation in both Col-O
and cat2-2 under stressful conditions (MEL+BT)
compared to BT.

Under boron toxicity conditions, the hydrogen
peroxide content increased in Col-0O and cat2-2
plants compared to the MOCK group. This in-
crease was significant in cat2-2 plants (Fig. 2b).
In addition, the H,O5 content in cat2-2 plants was
1.6 times higher than that of Col-O plants under
BT conditions. Similar to lipid peroxidation, mel-
atonin application also reduced the H,O5 content
in Col-0 and cat2-2 under both stressful (MEL
+BT) and stress-free conditions (MEL) compared
to their respective controls (BT and MOCK). How-
ever, under MEL+BT conditions, the H,O5 content
of cat2-2 plants was 1.6 times higher than that of
Col-0 plants.

ENZYME ACTIVITIES

The SOD activity of Col-O was higher than that of
cat2-2 in all treatment groups. Additionally, the
SOD activity was induced by BT. Under BT con-
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ditions, the activity was 1.6 times higher for Col-O
and 1.4 times higher for cat2-2 in comparison to
MOCK (Fig. 3a). The MEL application also in-
creased the SOD activity of Col-O relative to the
MOCK application but made no difference in the
activity of cat2-2. The MEL+BT treatment in-
creased the SOD activities of Col-0 and cat2-2
1.1 times compared to the BT application.

The CAT activity of Col-0 was also higher than
the CAT activity of cat2-2 in all treatment groups,
like the SOD activity. In addition, BT promoted
the CAT activity, compared to MOCK (Fig. 3b).
The BT application resulted in 1.5-fold and
1.4-fold increase in CAT activities of Col-O and
cat2-2 relative to MOCK, respectively. The MEL
+BT application caused a 1.1-fold reduction in
CAT activities of Col-0 and cat2-2 compared to BT.

The APX activity of cat2-2 was higher than
Col-0 in all treatment groups (Fig. 3c). In addition,
BT stimulated APX activity, compared to MOCK.
The activity increased 1.3 times in Col-O and
1.2 times in cat2-2. The MEL treatment did not
alter the APX activity of Col-0 relative to MOCK,
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Fig. 3. Effects of boron toxicity and melatonin on antioxidant enzyme activities. SOD (a), CAT (b), APX (c¢) and
POD (d). The bars show the standard deviation. The difference between columns with the same letter is

insignificant at the 5% (P < 0.05) level.
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but did stimulate the APX activity of cat2-2. More-
over, no statistically significant differences were
found between BT and MEL+BT applications.

Significant increases in POD activities of Col-0
and cat2-2 were determined under BT conditions
compared to MOCK (Fig. 3d). However, the POD
activity of Col-O was 1.4 times higher than that of
cat2-2 under BT conditions. The MEL+BT applica-
tion reduced POD activity 1.3 times in Col-O and
1.4 times in cat2-2 relative to BT conditions. How-
ever, the POD activity of Col-O was 1.5 times higher
than that of cat2-2 under BT conditions.

GENE EXPRESSIONS

SOD1 expression level in Col-O was higher than
that of cat2-2 in all groups (Fig. 4a). In addition,
the BT up-regulated gene expression level 6 times
in Col-0 and 2 times in cat2-2 compared to MOCK.
MEL treatment stimulated gene expression in Col-O
relative to MOCK, but decreased it in cat2-2.

soD1
g1 J Col-0 mm t2-2
Q Ol- catz-
] a (@
S 104 B
2 b
o
o
3 5-
[ Cc
2 d d
© e e
g Jlom .ﬁ ﬁ; .ﬂ
MOCK BT MEL MEL+BT
APX4
15

ol

Relative expression (AAcq)

B b
co g 10 f
d
f e
0 PLﬁ] jﬂ e [WJ;
MOCK BT MEL  MEL+BT

Saglam et al.

MEL+BT application increased the SODI expres-
sion level under BT conditions: 1.8 times in Col-O
and 1.4 times in cat2-2.

CAT1 expression was induced by BT com-
pared to MOCK (Fig. 4b). The CATI expression
level increased 14.9 times in Col-O and 4.3 times
in cat2-2 under BT compared to MOCK. MEL sti-
mulated the gene expression in Col-0O relative to
MOCK, but decreased it in cat2-2. MEL+BT treat-
ment resulted in a decreased expression level
compared to BT. The gene expression decreased
2.1 times in Col-0 and 3.3 times in cat2-2 when
plants were subjected to MEL+BT.

The APX4 gene expression level increased un-
der BT conditions compared to MOCK (Fig. 4c).
The APX4 gene was up-regulated 11 times in
Col-0 and 1.9 times in cat2-2 under BT compared
to MOCK. MEL stimulated the APX4 expression in
Col-0 relative to MOCK, but down-regulated it in
cat2-2. Moreover, MEL+BT caused to decrease in
APX4 expressions of both Col-0 and cat2-2 com-
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pared to BT. The gene expression was diminished
5.2 times in Col-0 and 2.8 times in cat2-2 plants
exposed to MEL+BT compared to BT.

PERI10 expression was up-regulated under BT
compared to MOCK (Fig. 4d). The expression in-
creased 19.8 times in Col-0 and 1.7 times in cat2-2
compared to MOCK when the plants were subjected
to BT. MEL induced the APX4 expression in Col-O
relative to MOCK, but down-regulated it in cat2-2.
The PERIO expression was diminished 10.1 times
in Col-0 and 2.4 times in cat2-2 plants exposed to
MEL+BT compared to BT.

MELATONIN AND BORON CONTENTS

Endogenous MEL contents of Col-O and cat2-2
plants were decreased under BT compared to
MOCK (Fig. 5a). Under BT, the MEL content as-
cended 1.4 times in Col-0 and 1.3 times in cat2-2
compared to MOCK. MEL application resulted in
an increasing MEL content in Col-O and cat2-2
compared to MOCK. The increases were 1.1 times
in Col-0 and 6.5 times in cat2-2 when exogenous
MEL was applied to the plants. MEL+BT treat-
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Fig. 5. Effects of boron toxicity and melatonin on
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at the 5% (P < 0.05) level.
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ment also induced the MEL content in Col-O and
cat2-2 compared to BT treatment.

The boron content of Col-O was higher than
that of cat2-2, except for MEL+BT application
(Fig. 5b). Moreover, BT significantly increased
the boron content in Col-0 and cat2-2 compared
to MOCK. MEL application also increased the bor-
on content in Col-0 and cat2-2 compared to
MOCK. While MEL+BT application decreased the
boron content of Col-0, it did not change that of
cat2-2 compared to BT.

DISCUSSION

Boron toxicity, which is one of the abiotic stresses
affecting agricultural areas around the world, has
been accepted as one of the most important pro-
blems that influence productivity by restricting
plant growth (Brdar-Jokanovic, 2020). Therefore,
it has become important to make plants resistant
to BT conditions. In our study, we found that ex-
ternal application of melatonin made A. thaliana
resistant to BT and that catalase 2 was also impor-
tant for this resistance. The main effects of metal
toxicity include suppression of stem and root
growth (Angulo-Bejanaro et al., 2021). Suppres-
sion of seedling growth under a variety of metal
toxicity conditions may be reduced through exter-
nal application of melatonin. For instance, Posmyk
et al. (2008) found that application of 1 and 10 uM
of melatonin favored germination and seedling
growth of red cabbage seeds under copper stress.
Similarly, it has been reported that the weights of
red cabbage seedlings treated with 10 ntM melato-
nin under copper stress were significantly higher
than those of the control (only copper treated)
seedlings (Posmyk et al., 2009). Similarly to our
study, Al-Hugqail et al. (2020) observed increased
wheat plant weight and height under BT condi-
tions with external MEL application. The positive
effects in vegetative development are due to the fact
that MEL acts as a plant growth regulator and
biostimulant (Arnao and Hernandez-Ruiz, 2015;
Siddiqui et al., 2019). In addition, it promotes
photosynthesis rates, particularly in stressful con-
ditions (Xu, 2010). Previous studies showed that
the chlorophyll content was elevated in plants with
a high melatonin content or in plants with external
melatonin application, or that chlorophyll loss was
slowed or avoided. For example, Zhang et al. (2022)
determined a significant increase in the total chlor-
ophyll content as a result of MEL application to
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tomato plants under copper toxicity conditions
compared to the group exposed to copper only.
Chlorophyll biosynthesis was also significantly en-
hanced in wheat seedlings treated with 50 uM mel-
atonin under boron toxicity compared to BT only
(Al-Hugqail et al., 2020). In addition, Jahan et al.
(2020) reported that chlorophyll synthesis genes
such as Protochlorophyllide oxidoreductase,
Chlorophyllide a oxygenase, and Chlorophyll
synthase were up-regulated in MEL-treated tomato
seedlings under Ni stress. In the present study, the
application of MEL was found to increase the chlor-
ophyll content of plants subjected to boron toxicity.
This finding was consistent with previous studies
mentioned above. Recovery of impaired chl synth-
esis may be linked to MEL because of its role in the
biosynthesis of porphyrins, glycine and succinyl-
CoA by regulating the activity of 6-aminolevulinate
synthase (Sarropoulou et al., 2012). MEL also in-
duces ferredoxin regulating GSH accumulation,
which prevents the degradation of chl (Hoque et al.,
2021). In fact, chloroplasts appeared to be the
main production site for melatonin. A significant
amount of melatonin is necessary to maintain its
structure and functionality. Therefore, absorbed
and synthesized melatonin can work together to
mitigate BT-induced ROS and help cope with
stress. It is known that metal-induced free radicals
increase MDA and disrupt biological membranes
(Dutta et al., 2018). Exogenous MEL improves the
stress tolerance to heavy metals such as Al, As, Cd,
Cr, Cu, Fe, Ni, and Pb and metalloids such as B of
different plant species through scavenging ROS di-
rectly, and increasing antioxidant enzyme activ-
ities (Hodzic¢ et al., 2021) and related gene expres-
sion such as Cu/Zn-SOD, POX, GPX, and MDHAR
and by scavenging excessive reactive species. Here
we established that TBARS and H,O, contents of
Col-0 and cat2-2 were stimulated by BT, however
MEL decreased both of them under BT. Under bor-
on toxicity conditions, antioxidant enzyme activ-
ities (SOD, CAT, APX and POD) and their tran-
script levels were also induced to compensate for
the increase in Ho,O5 and TBARS relative to MOCK.
In the case of MEL+BT application, the activities of
other antioxidant enzymes, except SOD, decreased
compared to BT conditions. This decrease in anti-
oxidant enzyme activity (CAT and POD) and gene
expression (CATI1, APX4 and PERI10) may indicate
that MEL may have directly eliminated ROS and
TBARS, because the reductions in hydrogen per-
oxide and TBARS were in agreement with those
under MEL+BT conditions. However, SOD activity
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significantly increased under MEL+BT conditions
compared to BT conditions. This showed that MEL
directly stimulates antioxidant enzyme activity as
well as ROS scavenging. In addition, the endogen-
ous melatonin concentration was significantly de-
creased in Col-0 and cat2-2 plants under BT con-
ditions compared to MOCK, while a remarkable
increase in endogenous melatonin concentration
was observed when external MEL was given
(MEL+BT) compared to BT application. This
change in the endogenous melatonin content sup-
ported the idea that melatonin was synthesized to
scavenge reactive oxygen (H,O,) and carbon
(TBARS) derivatives in the case of MEL+BT appli-
cations where antioxidant enzyme activities and
transcription levels of related genes were decreased
compared to BT. Moreover, SOD and CAT are the
primary defence of the antioxidant enzyme system
among ROS antioxidant enzymes. Furthermore,
the intracellular level of HyO5 is regulated by sev-
eral enzymes, the most important of which are
CATs and peroxidase (Dumanovic et al., 2021).
For instance, the activity of CAT was determined
to be stimulated in duckweed plants exposed to
arsenic, a metalloid element (Duman et al.,
2010). Besides, CAT activity and CAT2 gene ex-
pression were induced in germinating maize em-
bryos subjected to arsenic (Mylona et al., 1998).
In addition, CAT activity was reported to increase
in wheat, citrus and chickpea plants subjected to
BT (Landi et al., 2019). Therefore, we suggested
that CAT is important in metalloid element toxicity,
including BT. For this reason, we preferred to
study the CAT mutant under BT conditions.

In our study, MEL treatment significantly im-
proved the level of B in leaves compared to MOCK.
However, application of MEL induced resistance to
B by suppressing its accumulation in the leaves
under MEL+BT conditions compared to BT, parti-
cularly in Col-0, but not cat2-2 (no differences de-
tected). Similary, Al-Hugail et al. (2020) observed
reduced boron levels when melatonin was applied
externally to wheat plants under boron toxicity
conditions. Futhermore, Sarafi et al. (2017) re-
ported that melatonin application to Capsicum an-
nuum reversed the toxic effect of B by regulating
B accumulation in leaves and fruits, increasing
photosynthetic activity, and improving dry weight.
Similarly, in the case of watermelon, application of
melatonin increased nitrogen concentration in
roots by improving root elongation, root diameter
and root surface area subjected to limited availabil-
ity of nitrogen (Nawaz et al., 2016). However, when
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MEL was applied, no evidence of the uptake of
B under BT conditions has yet been identified,
which requires further research.

CONCLUSION

To sum up, application of melatonin improved the
performance of A. thaliana by inducing the resis-
tance against BT. Melatonin is thought to sca-
venge free radicals by itself or by increasing anti-
oxidant enzyme activities, especially SOD. In
addition, we suggest that application of melatonin
to reduce the accumulation of boric acid in plant
tissues (Col-0) may also have reduced the effect of
oxidative stress due to lower metal accumulation.
However, lower fresh weight, chl b content, en-
zyme activities and gene expression levels, higher
chlorosis, TBARS and H50O, contents and un-
changed B contents of cat2-2 mutants under
MEL+BT conditions compared to Col-0O indicated
that cat2 mutation resulted in increased sensitiv-
ity to BT. The susceptibility to boron toxicity ob-
served in the cat2-2 mutants relative to Col-0 sup-
ports our assumption that the CAT2 is associated
with resistance to BT.
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