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Wheat, one of the world's most important agricultural products, plays a vital role in meeting the 
nutritional needs of our growing global population. However, arid and semi-arid regions face a 
potential threat from boron (B) toxicity. While boron is an essential nutrient for plant growth and 
development, its excessive presence can be toxic. It disrupts physiological processes, causing 
chlorosis and necrosis, ultimately leading to yield loss or plant death. Although B deficiency is a 
problem in the soils of many countries, Türkiye is one of the few experiencing B toxicity problems 
in its agricultural areas. This study investigated the physiological and biochemical responses of 
durum wheat to various B concentrations (0-20 mg L-1) under controlled air-conditioned cabin 
conditions. Durum wheat exhibited a decrease in chlorophyll content, phenolic content, and 
antiradical capacity at B doses exceeding 10 mg L-1. However, carotene content increased steadily 
with increasing B concentrations. The activities of antioxidant enzymes, including superoxide 
dismutase (SOD), ascorbate peroxidase (APX), and glutathione S-transferase (GST), increased up 
to a B dose of 15 mg L-1. Catalase (CAT) and glutathione reductase (GR) activities increased up to 
10 mg L-1 B dose but decreased at higher B levels. Proline content increased tenfold up to a B dose 
of 10 mg L-1, indicating an attempt to mitigate stress. Conversely, malondialdehyde (MDA) 
accumulation increased continuously (approximately 150%) with increasing B doses, suggesting 
membrane damage. Despite being considered B-sensitive, this study demonstrated that durum 
wheat can effectively cope with B stress up to a B dose of 10 mg L-1 under controlled conditions. 
Beyond this threshold, physiological and biochemical changes indicate a decline in stress tolerance. 
Many osmoregulators, carotenes, alkaloids, flavonoids, tocopherols, phenolic compounds, non-
protein amino acids, and several unidentified metabolites are activated to support antioxidant 
defense. The SOS pathway and the released ROS force gene regulatory systems come into play. 
Following these, the ROS released in the organism are neutralized, and ionic homeostasis and 
cellular stress resistance are achieved. 
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Introduction 

Wheat, as one of the most important agricultural 
products in the world, plays a crucial role in meeting the food 
needs of the growing world population. In Türkiye, wheat is 
also the most widely grown cereal crop (Taşçı et al., 2023). 
Given the increasing world population, it is reported that the 
cultivated area should be at least doubled by 2050 (Yilmaz 
& Tomar, 2022). According to the report of the International 
Grains Council (IGC), wheat production in the 2023/2024 
marketing year decreased by 19 million tons compared to the 
previous production season, while consumption increased 
by 8 million tons in contrast (Anonymous, 2023a). 
According to the Turkish Grain Board (TMO) report, wheat 
production in Türkiye, which was 19.75 million tons in 
2022, increased by 3.8% to 20.5 million tons in 2023 
(Anonymous, 2023b). Boron mineral plays a crucial role in 

enhancing plant cell wall strength, maintaining membrane 
integrity, regulating phenol metabolism, facilitating 
carbohydrate transport, promoting the development of 
generative organs, and influencing pollen germination and 
pollen tube growth (Turan et al., 2018; Yalın et al., 2019). 
These effects highlight the vital importance of B in enabling 
various essential plant functions (Gunes et al., 2000; Avci & 
Akar, 2005). 

While ocean evaporation serves as the primary source 
of B release in the biosphere (65-85%), rock weathering 
also contributes to the increase of B compounds in 
ecosystems (Princi et al., 2016). Soil B levels are further 
elevated through anthropogenic activities such as mining, 
fertilization, irrigation, and increased industrial use (Parks 
& Edwards, 2005; Rab & Haq, 2012). With its growing 
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importance as a strategic element in developing 
technologies, Turkey holds over 70% of the world's boron 
reserves (Ozturk et al., 2010). Effluent from mining 
operations generally flows into collection ponds, 
containing 14-18% boron oxide (B2O3). While an 
estimated 60,000 tons of waste are produced annually from 
boron mining sites, B concentrations in mine site collection 
ponds far exceed the limits set by the World Health 
Organization (WHO) (Torun et al., 2006; Ozturk et al., 
2010). 

Arid and semi-arid regions are inherently at risk of B 
toxicity due to the capillary action and evaporation of B-
rich groundwater. Under these conditions, B 
concentrations can reach toxic levels for plants, 
contaminating agricultural areas and reducing crop yields 
(Tanaka & Fujiwara, 2008). Soils containing more than 5 
mg L-1 of water-soluble B are considered B-toxic (Gupta, 
2007). Borax [Na2B4O7.10H2O] and boric acid [B(OH)3] 
are known as the most common water-soluble fertilizers 
containing B (Mattos Jr et al., 2017). B in the soil solution 
exists as boric acid and is easily leached from the soil due 
to its high solubility (Camacho-Cristóbal et al., 2018). It is 
adsorbed to the surface of soil particles according to the 
degree of adsorption depending on the soil type, pH, 
salinity, organic matter content, aluminum oxide content, 
iron and aluminum hydroxides content, and clay content. B 
is an essential micronutrient for plant growth and 
development. However, excessive boron can cause toxic 
effects, disrupting physiological processes (CO2 
assimilation, photosynthesis, root development, shoot 
development, water circulation and supply, carbohydrate 
metabolism, and antioxidant system) leading to chlorosis, 
necrosis, and ultimately yield loss or plant death (Miwa et 
al., 2007; Reid, 2013). While boron is crucial for plants, 
the required amount is very small (0.5-2.0 mgL-1). Soils 
with boron levels exceeding 2.0 mg L-1 are considered 
boron-contaminated, leading to potential reductions in crop 
yield and product quality issues. The detrimental effects of 
B on agriculture and ecosystems have been extensively 
reported (Yau & Ryan, 2008; Stiles et al., 2011). While 
some countries, including Türkiye, South Australia, Egypt, 
Iraq, California, and Chile, face boron toxicity issues in 
agricultural areas, many others, such as Japan, China, the 
USA, and Brazil, have insufficient soil B concentrations 
for agricultural production and rely on B supplementation 
as fertilizer (Gupta et al., 1985; Yau et al., 1995). 

Typical B toxicity symptoms manifest in the marginal 
areas of mature leaves, causing them to become chlorotic 
or necrotic (Soylu et al., 2005). Chlorosis (yellowing) 
develops at the leaf tips and progresses along the leaf 
margins and inwards. Leaf tissue necrosis results in a loss 
of photosynthetic capacity, ultimately reducing plant 
productivity (Lovatt & Dugger, 1984). Boron deficiency 
often limits the production of forage legumes and certain 
vegetable crops. Tolerant species include alfalfa, beets, 
cotton, various grains, sorghum, oats, sugar beets, and 
tomatoes. Conversely, beans, grapes, grapefruit, lemons, 
oranges, and wheat are known to be B-sensitive species 
(Landi et al., 2019). 

Numerous studies have demonstrated that boron (B) 
toxicity triggers the excessive production of reactive 
oxygen species (ROS) in plants (Cervilla et al., 2007; Ardic 
et al., 2009). This B-induced oxidative stress leads to the 

generation of ROS, which can cause DNA damage and 
chromosomal abnormalities (Risom et al., 2005). To 
evaluate the extent of stress and damage caused by boron 
toxicity in plants, researchers employ a range of 
techniques: (1) measuring the levels of enzymatic and non-
enzymatic antioxidants provides insights into the plant's 
antioxidant defense mechanisms against oxidative stress; 
(2) analyzing changes in photosynthetic components, 
including chlorophyll a, b, and total chlorophyll, reveals 
the impact of B toxicity on photosynthesis; (3) assessing 
the accumulation of proline-like compatible osmolytes, 
carotenoids, and phenolic compounds provides 
information about the plant's stress response mechanisms; 
(4) evaluating the antiradical capacity of plant extracts 
indicates their ability to scavenge free radicals and protect 
against oxidative damage, and (5) determining the extent 
of membrane damage caused by B-induced oxidative stress 
is crucial for understanding the overall cellular damage 
(Beddowes et al., 2003; Temizgul, 2024). 

Durum wheat (Triticum durum Desf.), belonging to the 
cereal group, is a tetraploid (2n = 4x = 28, AABB) wheat 
species. Characteristically, durum wheat possesses a hard 
endosperm structure and a high vitreous kernel index 
(Temizgul et al., 2024). These qualities make durum wheat 
well-suited for pasta production. Additionally, durum 
wheat is distinguished by its high content of yellow-
colored pigments and low lipoxygenase enzyme activity. 
Furthermore, durum wheat boasts a high protein content 
(Yüksel et al., 2011).  

This study aimed to investigate the physiological and 
biochemical responses of durum wheat (T. durum Desf. cv. 
karakilcik) to varying B concentrations. Six B treatments 
were applied: 0, 1, 5, 10, 15, and 20 mg L-1 B, equivalent 
to boric acid [B(OH)3] concentrations of 6.18, 30.92, 
61.83, 92.75, and 123.66 mg L-1, respectively. We tested 
the physiological [Chlorophyll a (chl_a), chlorophyll b 
(chl_b), chl a/b, total chlorophyll (total chl) and carotene] 
and biochemical responses [enzymatic and non-enzymatic; 
superoxide dismutase (SOD), catalase (CAT), glutathione 
reductase (GR), glutathione-S-transferase (GST), 
ascorbate peroxidase (APX), total protein content (TPC), 
total phenolic content (TP), antiradical capacity (AC), 
proline (PRO) and lipid peroxidation (LPO-MDA)] of 
durum wheat to different B concentrations under climatic 
chamber conditions. 
 
Materials and Methods 

 
Cultivation and Stress Treatments of Plants 
Durum wheat (T. durum Desf. cv karakilcik) used in the 

study was obtained from the Aegean Agricultural Research 
Institute. Durum wheat seedlings were grown in a 
hydroponic system under controlled laboratory conditions 
in an acclimation chamber according to the method of 
Temizgul (2024). After the wheat was grown without any 
stress for 10 days, B stress was applied for 15 days. Control 
plants were grown with only hoagland solution (Hoagland 
& Arnon, 1950) for 25 days (hoagland solution contains 
2.86 mg L-1 B) and the plant was prevented from becoming 
dehydrated by frequently adding hoagland. The solutions 
in the culture dishes were renewed daily. Six different B 
treatments were applied: 0, 1, 5, 10, 15, and 20 mg L-1 B, 
equivalent to 6.18, 30.92, 61.83, 92.75, and 123.66 mg L-1 
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of boric acid [B(OH)3], respectively. Each trial (6 sets) was 
set up with 3 repetitions (6×3=18 practices). Following 15 
days of stress application, the roots and leaves of the plants 
were quickly harvested on ice molds and stored at -80°C 
until use. 

 
Physiological Analysis 
Chl_a, chl_b, chl a/b ratio, and total chl content were 

measured to assess photosynthetic efficiency. Carotenoid 
content was determined to evaluate the plant's antioxidant 
defense capacity. Chlorophyll and carotene contents of the 
leaves were determined by keeping 100 mg of fresh leaf 
samples in 10 ml dimethyl sulfoxide (DMSO) in a water 
bath at 65°C until the color disappeared, and then the 
optical densities of the samples were read against DMSO 
at 647, 663 and 470 nm (Yilmaz et al., 2020). The amount 
of chlorophyll is given as mg gr-1 fresh weight. The 
following formulas were used to calculate chlorophyll and 
carotene contents. 

 
Chl a(

mg
gr fw) = (12.25 × A663) − (2.79 × A647) 

 
Chl b(

mg
gr fw) = (21.50 × A647) − (5.1 × A663) 

 
Total Chl �

mg
gr fw� = (7.15 × A663) + (18.71 × A647) 

 
Carotene �

mg
gr fw�

=
(1000 × A470) − (1.82 − Chl a) − (85.02 × Chl b)

198
 

 
Biochemical Analyses and Enzyme Activities 
The activities of SOD, CAT, GR, GST, and APX were 

measured to assess the plant's enzymatic antioxidant 
defense system. Total protein concentration (TPC), total 
phenolic content (TP), and antiradical capacity (AC) were 
measured to evaluate the plant's non-enzymatic antioxidant 
defense system. Proline (PRO) content was measured as an 
osmolyte, while lipid peroxidation (LPO-MDA) was 
assessed to evaluate membrane damage. 

Determination of TPC and Preparation of Crude 
Enzyme Extracts 

TPC were determined spectrophotometrically at 595 
nm according to the Bradford (1976) method. Bovine 
serum albumin (BSA) fraction V was used as the standard. 
The results were recorded as µg ml-1 protein. Crude 
enzyme extracts were prepared according to the methods 
of Yilmaz et al. (2017). Crude enzyme extracts were stored 
at -20°C until use. 

Catalase (CAT) (EC 1.11.1.6 ) 
The catalase activity of the samples was determined 

using a modified version of the method described by 
Duman et al. (2011). The reaction was performed in 20 mM 
sodium hydrogen phosphate buffer (NaHPO4, pH7.5) 
containing 50 µl crude enzyme extract. Shimadzu UV-1800 
cooled spectrophotometer and 2 ml volume quartz cuvettes 
were used in the measurements. Buffer without enzyme 
extract was used as a blank. The reaction started with the 
addition of hydrogen peroxide (H2O2) to the cuvette and the 
decrease in absorbance was observed for 3 minutes at 25°C. 
For catalase, the molar absorption coefficient (Ɛ) of H2O2 at 

240 nm wavelength is 40 mM-1cm-1. The specific activity 
(SA) of the samples was calculated using the following 
formula. The results were determined as unit mg-1 protein. 

 
SA (

unit
mg protein) =

∆Abs/min
40 ×

crude enzyme vol
cuvette vol 

×
1

prot cons × 1000 

 
Superoxide Dismutase (SOD) (EC 1.15.1.1) 
The SOD activity of the samples was determined using 

the method described by Temizgul (2024). The reaction 
mixture contained: 20 mM sodium phosphate buffer (pH 
7.4), 0.1 mM ethylenediaminetetraacetic acid (EDTA), 10 
mM methionine, 0.1 mM nitro blue tetrazolium chloride 
(NBT), 0.005 mM riboflavin, and 50 µl crude enzyme 
extract. Samples and standards were placed 20 cm from a 
fluorescent lamp (400 lumens) and incubated for 15 
minutes. Absorbance was measured at 560 nm using a 
spectrophotometer against a blank. The experiment was 
performed three times in duplicate. 

Calculation of SOD Activity: Percent inhibition (Inh%) 
values were used to calculate SOD activity. One unit of 
SOD activity is defined as the amount of enzyme that 
inhibits the reaction by 50%. The percent inhibition was 
calculated using the following formula: 

 

Inh% =
Light Control Abs.−Sample Abs

Light Control Abs. × 100 

 
A logarithmic graph was constructed using enzyme 

concentrations on the x-axis and % inhibition values on the 
y-axis. The logarithms of the standard SOD enzyme 
concentrations were used to create a new graph with the 
corresponding % inhibition values. The SOD activity was 
determined using the equation derived from this new 
graph. SOD activity was expressed in units per milligram 
of protein (Unit mg-1 protein). 

Ascorbate Peroxidase (APX) (EC 1.11.1.11) 
The APX activity of the samples was determined using 

a modified version of the method described by Duman et 
al. (2011). The reaction mixture contained: 0.2 mM 
ascorbate, 10 mM H2O2, 50 µl crude enzyme extract, and 
50 mM potassium phosphate buffer (pH 7.0). The reaction 
was initiated by adding H2O2 to the reaction mixture in a 
quartz cuvette at 25°C. The change in activity at 290 nm 
was monitored and recorded for 3 minutes. APX activity 
was expressed in units per milligram of protein (Unit mg-1 
protein). Enzyme activity was calculated as the amount of 
H2O2 consumed using the following formula: 

 

SA (
unit
mg protein) =

∆Abs/min
2.8 ×

crude enzyme vol
cuvette vol 

×
1

prot cons × 1000 

 
Glutathione Reductase (GR) (EC 1.6.4.2) 
The GR activity was determined using the method 

described by Misra and Gupta (2006). The reaction mixture 
contained: 0.1 mM nicotinamide adenine dinucleotide 
phosphate (NADPH), 1 mM oxidized glutathione (GSSG), 
0.1 mM EDTA disodium salt (Na2EDTA), 50 µl crude 
enzyme extract, and 100 mM potassium phosphate buffer 
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(pH 7.5). The reaction was carried out in a quartz cuvette 
at 25°C for 5 minutes. The change in absorbance at 340 nm 
was monitored and recorded. The molar extinction 
coefficient (Ɛ) of nikotinamid adenin dinükleotit fosfat 
(NADPH) at 340 nm is 6.2 mM-1cm-1. GR activity was 
expressed in units per milligram of protein (Unit mg-1 
protein). GR activity was calculated using the following 
formula: 

 

SA (
unit
mg protein) =

∆Abs/min
6.2 ×

crude enzyme vol
cuvette vol 

×
1

prot cons × 1000 

 
Glutathione S-transferase (GST) (EC 2.5.1.18) 
The GST activity was determined using the method 

described by Yilmaz et al. (2020). The reaction mixture 
contained: 0.1 mM EDTA, 0.1 mM NADPH, 1 mM 
glutathione (GSH), 1 mM 1-chloro-2,4-dinitrobenzene 
(CDNB), and 100 mM potassium phosphate (KHPO4, pH 
7.5) buffer. The reaction was carried out in a quartz cuvette 
at 25°C and monitored at 340 nm. 50 µl of crude enzyme 
extract was added to the reaction mixture. The reaction was 
allowed to proceed for 5 minutes to eliminate non-specific 
activity. The change in absorbance at 340 nm was 
monitored and recorded for another 5 minutes. The molar 
extinction coefficient (Ɛ) of NADPH at 340 nm is 6.2 mM-

1cm-1. GST activity was expressed in units per milligram of 
protein (Unit mg-1 protein). GST activity was calculated 
using the following formula: 

 
SA (

unit
mg protein) =

∆Abs/min
6.2 ×

crude enzyme vol
cuvette vol 

×
1

prot cons × 1000 

 
Determination of Proline Content 
The proline content of the samples was determined 

using the method described by Temizgul et al. (2016). The 
method involves extracting proline with sulphosalicylic 
acid, reacting it with ninhydrin to produce a colored 
product, and extracting the colored product with toluene. 
The absorbance of the toluene extract is measured at 520 
nm using a spectrophotometer. A standard curve was 
prepared using 10 standards containing proline 
concentrations ranging from 0.01 µM to 1.5 mM. The same 
procedure was applied to the standards as to the samples, 
and the equation of the standard curve was used to calculate 
the proline content of the samples. The proline content of 
the samples was expressed in nmol g-1 fresh weight. 

Determination of Lipid Peroxidation (LPO) (MDA) 
The effect of B applications on lipid peroxidation was 

determined by evaluating the thiobarbituric acid reactive 
substances (TBARS) content in the tissues and using a 20% 
trichloroacetic acid (TCA) solution containing 0.5% 2-
Thiobarbituric Acid (TBA) according to the method of 
Madhava and Sresty (2000). The results are given as 
TBARS (nmolgr-1 fresh weight). TBARS analysis 
measures malondialdehyde (MDA) present in samples as 
well as malondialdehyde produced from lipid 
hydroperoxides by the hydrolytic conditions of the reaction 
(Janero, 1990). 

 

Determination of Total Phenolics (TP) 
Total phenolic compounds were obtained by dissolving 

50 mg of dried sample in 80% methanol using the method 
of Sarafi et al. (2017). This solution was analyzed using the 
Folin-Ciocalteu reagent according to the method of 
Scalbert et al. (1989) and the results were expressed as mg 
gallic acid equivalents (GAE) g-1 FW. 

Determination of Antiradical Capacity (ARC) 
Antiradical capacities of the samples were determined 

according to the 2,2 diphenyl-1-picrylhydralysis hydrate 
(DPPH) method (Brand-Williams et al., 1995). 0.1 mL of 
each extracted sample was taken and analyzed in triplicate. 
Methanol was used as a control. 0.1 mM, 4.9 mL DPPH 
solution prepared with methanol was added to each tube at 
20-second intervals, and after being kept at room 
temperature and in the dark for 20 minutes, measurements 
were made on a spectrophotometer at a wavelength of 517 
nm. The following equation was used to calculate 
antiradical capacity (ARC %). 

 

ARC % =
Blank Abs. −Sample Abs.

Blank Abs. × 100 
 
Statistical Analysis 
In this study, one-way and two-way analysis of 

variance (ANOVA) was used to test the interactions 
between B doses and plant parts using the SPSS 28.01 
(SPSS, Armonk, NY: IBM Corp) software package. 
Duncan's multiple range tests, least significant difference 
(LSD) test, and Tukey's test were used to test the 
significance between factors. All experiments were 
repeated three times with three replications. Values are 
expressed as mean ± SE. Different small letters (a, b, c, 
etc.) on tables and figures indicate statistical significance 
between means. 
 
Results 

 
Effect of B Application on Chlorophyll and 

Carotenoid Content 
The chl_a content of T. durum wheat increased up to 

the 15 mg L-1 dose (from 7.71 to 9.52 mg gr-1 fw) and 
decreased at the 20 mgL-1 dose (6.18 mg gr-1 fw) depending 
on B application. Chl_b content increased up to 10 mg L-1 
B application and decreased regularly at 15 and 20 mg L-1 
doses. The chlorophyll a/b ratio decreased compared to the 
control at 5 mg L-1 B application but increased at high B 
doses. Carotenoid content continuously increased in 
parallel with increasing B doses, ranging from 1.7 to 3.95 
mg gr-1 fw depending on B doses (Table 1). 

 
Effect of Boron Application on Total Protein Content 
The effect of B application on the total protein content of 

durum wheat roots and stems was investigated. Significant 
differences were observed between application doses in both 
roots and stems (p≤0.05). The total protein content ranged 
from 424.8 to 489.1 mg gr-1 fw in roots and from 420.8 to 
485.4 mg gr-1 fw in stems (Tables 2 and 3) depending on B 
application. The highest protein content was obtained with 
15 mg L-1 B application (489.1 mg gr-1 fw in roots and 485.4 
mg gr-1 fw in stems) (Figure 1f). The increase in protein 
content in roots and stems was approximately 15% with 15 
mg gr-1 B application (Figure 3f). 
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Table 1. Effect of B application on chlorophyll and carotenoid content of T. durum wheat 
B Doses 
(mgL-1) 

Chl_a* 
mg gr-1 fw 

Chl_b* 
mg gr-1 fw 

Chl a/b 
 

Total Chl* 
mg gr-1 fw 

Carotene* 
mg gr-1 fw 

Control 7.71a.b 3.33a.b 2.32a 11.04a.b 1.70c 
5  8.88a 3.93a.b 2.26a 12.82a.b 2.06bc 
10  9.81a 5.99a 1.63c 15.80a 2.69b 
15  9.52a 4.93a.b 1.94b 14.45a 3.33ab 
20  6.18b 2.62b 2.36a 8.80b 3.95a 
LSD 3.96 3.55 1.86 702.17 44.757 

* Differences between the same groups are shown with the letters abcde and their significance level is p < 0.05; * Values were calculated by taking the 
average of three replicates. 
 
Table 2. Effect of B applications on biochemical parameters in T. durum wheat stems 
B Doses 
(mgL-1) 

SOD* 
U mg-1 

CAT* 
U mg-1 

APX* 
U mg-1 

GR* 
U mg-1 

GST* 
U mg-1 

MDA* 
nmol gr-1 

Proline* 
nmol gr-1 

Protein* 
mg gr-1 

TP* 
mg GAE gr-1 fw 

ARC* 
Inh% 

Control 0.919c 0.032c 1.948c 0.491c 3.272b 13.833d 243.8c 420.8c 12.400b 62.998d 
5  5.204a 0.045b 2.186c 1.175a 4.866a 17.032cd 269.0c 441.7b 14.609b 77.954c 
10  5.756a 0.104a 3.695b 1.208a 5.510a 19.716bc 2635.2a 467.3ab 26.497a 80.982a 
15  6.077a 0.047b 4.439a 0.900b 5.537a 21.505b 2517.2a 485.4a 16.318c 70.130b 
20  2.856b 0.036bc 2.042c 0.835b 5.323a 33.239a 2095.4b 444.8b 9.430d 52.828e 
LSD 0.9091 0.013 0.4675 0.1412 0.7822 4.0149 223.37 456.2 0.5927 1.1737 
* Differences between the same groups are shown with the letters abcde and their significance level is p < 0.05, * Values were calculated by taking the 
average of three replicates. 
 
Table 3. Effect of B applications on biochemical parameters in T. durum wheat roots 
B Doses 
(mgL-1) 

SOD* 
U mg-1 

CAT* 
U mg-1 

APX* 
Umg-1 

GR* 
U mg-1 

GST* 
Umg-1 

MDA* 
Nmol gr-1 

Proline* 
Nmol gr-1 

TP* 
Mg GAE gr-1 

ARC* 
Inh% 

Protein* 
U mg-1 

Control 1.009c 0.071c 2.801cd 0.304b 3.667c 8.318c 119.693d 16.951c 37.107c 424.8c 

5  2.559b 0.086b 3.147c 0.411a 4.814b 13.179b 165.543c 30.629a 75.336a 448.7b 

10  6.277a 0.113a 3.848b 0.427a 5.554a 14.108b 238.715a 21.050b 71.100b 472.8ab 

15  6.606a 0.059d 4.402a 0.225c 5.646a 14.417b 192.267b 10.557d 32.818d 489.1a 

20  3.336b 0.047e 2.501d 0.151d 5.346ab 16.447a 98.613e 9.318e 30.679e 449.8b 

LSD 1.0689 0.0088 0.5038 0.0245 0.5708 1.3783 13.192 0.431 1.1394 463.7 
* Differences between the same groups are shown with the letters abcde and their significance level is p < 0.05; * Values were calculated by taking the 
average of three replicates. 

 
Effect of Boron Application on Antioxidant Enzyme 

Activities 
The effect of B application on the antioxidant enzyme 

activities (CAT, GR, SOD, APX, and GST) in durum 
wheat roots and stems was investigated. Significant 
increases in CAT and GR enzyme activities were observed 
in both roots and stems up to 10 mg L-1 B dose (0.032-
0.104 U mg-1 protein, respectively). SOD, APX, and GST 
enzyme activities increased in both roots and stems up to 
15 mg L-1 B applications (0.919-6.077; 1.948-4.439 and 
3.272-5.537 U mg-1 protein, respectively) (Tables 2 and 3; 
Figure 2). Compared to the control, the increase in enzyme 
activities due to B applications was 150-600% for SOD, -
25-255% for CAT, -10-120% for APX, -50-150% for GR, 
and 30-75% for GST (Figure 3). While CAT, APX, and GR 
enzyme activities decreased by approximately 10-50% in 
roots with 15 and 20 mg L-1 B applications, no decrease in 
activity was observed in the stems of the plant. 

 
Effect of Boron Application on Proline Accumulation 
The effect of B application on proline accumulation in 

durum wheat roots and stems was investigated. The highest 
proline accumulation was obtained at 10 mg L-1 B 
application in durum wheat (238.72 nmol gr-1 fw in roots 
and 2635.2 nmol gr-1 fw in stems) (Tables 2 and 3; Figure 
2a). Proline accumulation in roots increased by 

approximately 2-fold depending on the dose increase, 
while the increase in stems was more than 10-fold (Figure 4a). 

 
Effects of Boron Application on Lipid Peroxidation 

(LPO) (MDA) 
The effect of B application on lipid peroxidation (LPO) 

in durum wheat roots and stems was investigated by 
measuring malondialdehyde (MDA) content. MDA 
accumulation increased in both roots and stems of durum 
wheat in response to increasing B doses (8.318-16.447 
nmol gr-1 fw in roots; 13.833-23.239 nmol gr-1 fw in stems) 
(Tables 2, 3; Figure 2b). Compared to the control, MDA 
accumulation increased by 50-100% in roots and 25-150% 
in stems with increasing B doses (Figure 4b). 

 
Effect of Boron Application on Total Phenolic (TP) 

Content 
The effect of B application on total phenolic content in 

durum wheat roots and stems was investigated. The highest 
total phenolic content was obtained at 5 mg L-1 B application 
in roots (30.629 mg GAE gr-1) and at 10 mg L-1 B application 
in stems (26.497 mg GAE gr-1) (Table 1, 3; Figure 2c). Total 
phenolic content in roots and stems of durum wheat increased 
by 20-113% compared to the control with 5 and 10 mg L-1 B 
applications, while it decreased by 20-45% with 15 and 20 mg 
L-1 B applications (Figure 4c). 
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Figure 1. Effect of boron applications on antioxidant enzyme activities 

 

  

  

 
Figure 2. Effect of B applications on proline, MDA, total phenolics, antiradical capacity, chlorophyll and carotene 
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Effect of Boron Application on Antiradical Capacity 
(ARC) 

The effect of B application on antiradical capacity 
(ARC) was investigated in durum wheat roots and stems. 
Similar to phenolic compounds, the highest antiradical 
capacity was obtained at 5 mg L-1 B application in roots 
(75.336% inh) and at 10 mg L-1 B application in stems 
(80.982% inh) (Table 1, 3; Figure 2d). Antiradical capacity 
in durum wheat roots ranged from 30.679 to 75.336% and 
in stems from 52.828 to 80.982% depending on increasing 
B doses. Antiradical capacity increased by approximately 
100% in roots and 25% in stems compared to the control 
with 5 and 10 mg L-1 B doses, while it decreased by 
approximately 25% with 15 and 20 mg L-1 B doses (Figure 
4d). 

 
Discussion 

 
There is considerable variation among plants in their 

tolerance to high boron levels. The visual B toxicity 
symptoms observed in plants are not directly related to the 
B concentration in their tissues (Mahalakshmi et al., 1995). 
B toxicity can alter various physiological processes, 
including delayed seedling emergence and leaf 
development, chlorosis and necrosis in leaves, membrane 
damage, structural disruptions in the cell wall, inhibition of 
cell division and elongation, and a range of metabolic 
disorders (Reid et al., 2004; Reid & Fitzpatrick, 2009; 
Savic et al., 2012; Açar et al., 2016). Interestingly, plants 
exposed to B toxicity also exhibit increases in antioxidant 
capacity and phenolic metabolism (Cervilla et al., 2007; 
Ardiç et al., 2009). 

 
Effect of Boron Application on Chlorophyll Content 
Photosynthesis is among the primary metabolic 

processes affected by B due to internal or external stomatal 
limitations (Shah et al., 2017; Papadakis et al., 2018). 
Studies have shown that B significantly influences 
transpiration rates, leading to a reduction in photosynthetic 
area, chlorophyll concentration, and consequently, 
photosynthetic rate as leaf margins die under B stress 
(Chen et al., 2014; Papadakis et al., 2015). B stress has also 
been reported to alter the content of photosynthetic 
pigments, including chlorophyll and carotenoids, and their 
ratios (Kayıhan et al., 2017; Sarafi et al., 2018). Excessive 
B can negatively impact plant characteristics related to 
photosynthesis, such as chlorophyll pigments and 
maximum quantum yield of chlorophyll fluorescence 
(Fv/Fm) (Kaya et al., 2020). This is associated with a 
decrease in the activity of certain CO2 assimilation 
enzymes (ribulose-1,5-diphosphate carboxylase/ 
oxygenase and fructose-1,6-diphosphate phosphatase), 
disruption of ATP and NADPH coordination, and 
suppression of the electron transport system (Han et al., 
2009). In our study, Chl_a and Chl_b levels increased with 
increasing B doses up to 10 mg L-1 B application (9.81 mg 
gr-1 fw and 5.99 mg gr-1 fw, respectively). However, 
significant decreases in both chlorophyll contents were 
observed with 15 and 20 mg L-1 B doses (approximately 
25%) (Table 1, Figure 4e). The decline in chlorophyll 
content at high B doses is likely associated with leaf 
yellowing and necrosis caused by B accumulation in plant 
leaves. 

Effect of Boron Application on Carotenoid Content 
Taban and Erdal (2000) reported that durum wheat is 

more affected by boron (B) than bread wheat, and that 
while there is no significant yield loss in resistant varieties 
under high B exposure, sensitive varieties experience 
significant yield losses. Taban and Erdal (2000) also 
reported that low doses of B application increase 
carotenoid levels, but doses of 10 mg L-1 and above 
decrease them. Carotenoids exhibit antioxidant defenses by 
interacting with lipid peroxide products to terminate chain 
reactions, scavenging 1O2, generating heat as a byproduct, 
reacting with excited chlorophyll to prevent 1O2 formation, 
and dissipating excess excitation energy, thus protecting 
the photosynthetic system (Das & Roychoudhury, 2014). 
Indeed, many studies have shown that carotenoid synthesis 
is negatively affected by B stress due to excessive H2O2 
production in plants under B stress (Choudhary et al., 
2020). Contrary to the expected decrease in carotenoid 
content under B stress, our study did not observe any 
decrease in carotenoid content in wheat with increasing B 
doses. Instead, carotenoid content increased continuously 
with increasing B doses (150% increase compared to 
control at 20 mg L-1 B dose) (Figure 4e). The increase in 
carotenoid content of durum wheat against increasing 
stress with high B doses may be related to the plant's 
axillary antioxidant response capacity and the protective 
contribution of phenolic compounds it contains. 

 
Effect of Boron Application on Total Protein Content 
Plants produce a variety of osmolytes, including 

proline, glycine betaine, and trehalose, as well as many 
other unidentified proteins, to cope with ionic, oxidative, 
and osmotic stress. Common osmotic response pathways 
for short- or long-term stress resistance trigger the 
synthesis of compounds known as compatible osmolytes, 
which can stabilize certain cellular structures and proteins 
to restore osmotic potential in cells (Sayed, 2011; Aamer 
et al., 2018; Yang & Guo, 2018; Dustgeer et al., 2021). 
Sayed (2011) previously reported that salt-tolerant bean 
varieties have lower protein content and higher proline and 
amino acids compared to salt-sensitive varieties. Öz et al., 
(2009) reported that 5 mM boric acid application caused a 
2-fold increase in the expression level of 168 genes in 
wheat, while 10 mM boric acid application caused at least 
a 2-fold change in the expression of 312 genes. In this 
study, we observed an approximately 15% increase in 
protein content in roots and stems up to 15 mg L-1 B 
application, but a decrease in total protein content at 20 mg 
L-1 B application (Figure 3f). The results suggest that boron 
application can enhance the total protein content of durum 
wheat plants. This increase in total protein content with 
increasing B doses is likely due to the increase in 
compatible osmolytes and phenolic compounds with 
protective effects. 

 
Effect of Boron Application on Antioxidant Enzyme 

Activities 
Stress factors trigger the production of intracellular 

reactive oxygen species (ROS). If these reactive molecules 
are not controlled, they can damage the plant's 
morphological, physiological, and chemical processes 
(Maoka et al., 2001; Cerville et al., 2007; Zainab et al., 
2021; Temizgul, 2024). 
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Figure 3. Change of antioxidant enzyme activities compared to control depending on boron applications 

 
The main sites of production of these reactive 

molecules [hydrogen peroxide (H2O2), hydroxyl radical 
(OH-), singlet oxygen (1O2), and superoxide anion (O2

-)] 
are generally mitochondria, chloroplasts, and peroxisomes 
(Miller et al., 2010). Excess B also disrupts electron 
transport, leading to overproduction of ROS that causes 
membrane damage and ultimately cell death (Landi et al., 
2019). The accumulation of H2O2 and increased lipid 
peroxidation in cells caused by B have been previously 
reported in many plants (Oboh et al., 2007; Farghaly et al., 
2021). Non-enzymatic antioxidants (carotenoids, ascorbic 
acid, phenols, flavonoids, glutathione, and proline) that 
catalyze antioxidant reactions have also been reported (Das 
& Roychoudhury, 2014; Symes et al., 2018). Landi et al. 
(2019) reported that B tolerance has the potential to 
overstimulate the antioxidant system, which allows the 
plant to resist the oxidative stress caused by boron toxicity. 
Gill and Tuteja (2010) reported that this antioxidant 
system, which eliminates ROS, is activated by specific 
warning signals in stressed cells, while Das and 
Roychoudhury (2014) reported that these antioxidant 
enzymes are composed of various subcellular 
compartments. 

Farooq et al. (2015) reported that when B and salt stress 
are applied together in rice, damage to biological 
membranes occurs, photosynthetic efficiency decreases, 
and plant biomass decreases. Sarafi et al. (2018) reported 
that in a study in which they applied 0.5-10 mg L-1 B to 
peppers, B toxicity decreased carbohydrate levels and 
increased carotenoids, flavonoids, phenolic compounds, 
and antioxidant enzyme capacity. Phenolic compounds, 

whose levels change significantly during fruit growth and 
ripening, not only enhance the taste and flavor of the fruit 
but also exhibit antioxidant properties (Serrano et al., 
2010). Tepe and Aydemir (2011) reported that in a study in 
which they applied B to lentils and barley, SOD, GPX, and 
LOX activities in roots and shoots increased with B 
applications, while CAT and APX activities decreased. In 
our study, SOD, APX, and GST enzyme activities in both 
roots and stems of durum wheat increased up to 15 mg L-1 
B application (SOD approximately 600%, APX 150%, and 
GST 90%). CAT and GR antioxidant enzymes increased 
up to 10 mg L-1 B dose (250% and 150%, respectively) and 
then decreased significantly (Table 2 and 3, Figure 3). 

Cervilla et al. (2007) reported that ascorbic acid (AsA) 
plays a particularly important role in the antioxidant 
response to B stress. In their study analyzing the responses 
of tomato to B stress, they found that an increase in 
ascorbate concentration in tomatoes under B stress 
supported their hypothesis. These researchers also reported 
that the activities of antioxidant and ascorbate-
metabolizing enzymes, particularly glutathione, were 
induced under B stress. Previous studies have also reported 
that AsA and GSH content increases in tomatoes (Farghaly 
et al., 2021) and canola (Metwally et al., 2018) under B 
stress. Eraslan et al. (2007) reported that nitrate reductase 
enzyme activity in particular increases under B stress. In 
our study, APX enzyme activity increased by 
approximately 60% in roots and 150% in stems in response 
to increasing B doses. However, GST enzyme activity 
increased by approximately 75% and GR activity increased 
by 150% compared to the control (Figure 3, Table 2 and 3). 
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Effect of Boron Application on Proline Accumulation 
Proline is used as a non-enzymatic antioxidant in many 

plants to cope with the harmful effects of various ROS 
elements and increases significantly under stress 
(Verbruggen & Hermans, 2008; Das & Roychoudhury, 
2014). Marco et al. (2015) also reported that proline 
accumulation in plants is induced either by the induction of 
the expression of proline synthesis genes or by the 
suppression of its degradation pathway genes. El-Shazoly 
et al. (2019) stated that the proline content of wheat 
seedlings increased by about 9 times under B stress. 
Eraslan et al. (2007) reported that increasing B levels (0.5-
50 mg kg-1 B) in tomatoes and peppers significantly 
increased proline accumulation in plants. According to 
Tepe and Aydemir (2011), MDA, H2O2 and proline 
concentrations also increase under boron stress. In our 
study, proline accumulation increased significantly under 
B stress, especially at 10 mg L-1 B application, and 
decreased at higher B concentrations (Table 2 and 3). The 
increase in proline in roots was one fold compared to the 
control, while this increase was up to 10 fold in stems 
(Figure 4a). We evaluate that this high increase in proline 
in stems may be to prevent the loss of photosynthesis that 
may occur in leaves as a result of the transport of B to the 
leaf tips by xylem loading. In addition, the increased 
phenolic content with B stress may have triggered proline 
accumulation, especially in leaves. 

Effect of Boron Application on Lipid Peroxidation 
(LPO) (MDA) 

Abiotic stresses such as boron toxicity generally 
produce reactive oxygen species (ROS) in plant cells. In 
contrast, plants protect themselves against lipid 
peroxidation by activating their anti-radical properties 
(Maoka et al., 2001; Shetty, 2004; Oboh et al., 2007). 
Sarafi et al. (2018) reported that when pepper plants were 
subjected to B stress under greenhouse conditions, 
antioxidant activity and proline accumulation increased, 
but MDA accumulation was also high at high B doses. The 
authors also reported that both antioxidant capacity and 
MDA damage vary depending on the variety and B 
concentration. According to Balcı (2021), melatonin 
applications in strawberry seedlings grown in controlled 
and calcareous environments increase proline levels while 
decreasing lipid peroxidation (MDA). Tepe and Aydemir 
(2011) reported that MDA concentrations increase in 
plants under B stress. In the study by Eraslan et al. (2007), 
membrane permeability and MDA content increased 
significantly in tomatoes and peppers at 50 mg kg-1 B 
application. In our study, MDA accumulation increased 
continuously in roots and stems with increasing B doses 
(Table 2-3). MDA accumulation in stems increased by 
150% compared to the control at 20 mg L-1 B application 
(Figure 4b). 
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Effect of Boron Application on Total Phenolic 
Content 

Phenolics and flavonoids, which are secondary 
metabolites, are abundant in tissues and have antioxidant 
properties due to their ability to interact with free radicals 
as hydrogen donors (Sharma et al., 2019). It has been 
reported that boron increases phenolic accumulation while 
decreasing flavonoid content in tomato tissues (Cervilla et 
al., 2012; Farghaly et al., 2021). Sharma et al. (2019) and 
Sarabandi et al. (2019) have suggested that the 
phenylpropanoid synthesis pathway is catalyzed under 
abiotic/biotic stress, leading to the accumulation of 
phenolics with the potential to scavenge ROS. 
Additionally, Mishra and Sangwan (2019) reported that 
polyphenol oxidase helps to eliminate ROS and enhances 
plant tolerance to stress. Sarafi et al. (2017) reported that 5 
mg L-1 B application increased the content of phenolic 
compounds in peppers in the first 7 days, but decreased 
after 28 days. This decrease was significantly different 
between sensitive and resistant varieties. Sarafi et al. 
(2018) reported that B application increased phenolic 
compounds in peppers, especially at the fruit ripening 
stage, and that these compounds contributed to the taste 
and flavor of the fruits as well as antioxidant defense. 
Similar results were reported by Asnin and Park (2013) in 
their studies on peppers treated with 0.5-10 mg L-1 B, 
where they reported that phenolic compounds increased by 
3 times in mature pepper fruits under stress. In our study, 
the highest phenolic content was obtained in roots at 5 mg 
L-1 B application (30.629 mg GAE g-1) and in stems at 10 
mg L-1 B application (26.497 mg GAE g-1) (Table 1 and 3). 
The increase in phenolic compounds under B stress was 
80% in roots and 125% in stems compared to the control 
(Figure 4c). 

 
Effect of Boron Application on Antiradical Capacity 
In general, Sarafi et al. (2017) reported that antiradical 

capacity was observed to be low in short-term B 
applications, but increased in applications of 21 days or 
more (highest on day 28). Ardic et al. (2009) reported an 
increase in antioxidant capacity, phenolic metabolism, and 
antiradical capacity in plants under B toxicity. However, 
some researchers have reported no significant changes in 
phenol concentration and antiradical capacity in plants 
under high B (Keles et al., 2004). In our study, antiradical 
capacity was observed to be highest in roots at a B dose of 
5 mg L-1, as with phenolic compounds, and in stems at a B 
dose of 10 mg L-1 (75.336 and 80.982 %Inh, respectively). 
The increase in antioxidant capacity was 100% in roots and 
25% in stems compared to the control, in contrast to 
phenolics (Figure 4d). 
 
Conclusions 

 
Although boron (B) is a very important microelement 

for plants, excess of it, as well as its deficiency, can cause 
significant metabolic disorders in plants, leading to yield 
and crop losses as well as plant deaths. However, the range 
between B deficiency and excess is very narrow and this 
range can vary greatly both within and between species. It 
is easier to correct B deficiency in agricultural lands than 
to eliminate B toxicity. To eliminate B toxicity in plants, 
B-tolerant genotypes are being screened, resistance genes 

are being transferred by genetic engineering, and different 
strategies are being tested to mitigate the effects of B stress. 
Due to the legal regulations and the long time required for 
results, the first two of these strategies are not as effective 
as identifying the effects of B stress in plants and 
developing strategies to mitigate these effects. However, 
testing the B stress coping potential of plants collected 
from genetic resources in the laboratory first and then 
creating greenhouse or field trials will allow for faster 
identification and introduction to agriculture of B-resistant 
species. Molecular studies that will reveal B resistance 
genes will also strengthen the hand of plant breeders in 
developing B-tolerant plants. 
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