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Abstract: This paper assesses the impact of sodium fluoride on the morphological parameters and
activity of catalase and peroxidase during the germination and root growth phases of three winter
wheat cultivars: Tobak, Dalewar, and Arkadia. During examination, the seeds were placed on plastic
Petri dishes with an NaF solution at concentrations of 0 (control), 2.5, 5.0, 8.0, and 10.0 mmol dm−3.
The obtained results have shown a decrease in germination, inhibition of root growth, and inhibition
of catalase activity, both in the embryos and roots of all tested winter wheat cultivars. The observed
effects have been strengthened with the increase of the fluoride concentration. However, the effect
of NaF on the peroxidase activity has been dependent on the wheat cultivar. It is difficult to state
unequivocally which of the tested winter wheat cultivars has been characterized by the highest
sensitivity to fluoride. An η2 analysis has confirmed that the NaF concentration has a greater effect
than the winter wheat cultivar on the activity of the determined antioxidant enzymes.
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1. Introduction

Fluoride (F) is commonly found in the environment, and its total content in the Earth’s crust is
estimated at a level of 0.077% [1]. This element is a non-metal from the group of halogens characterized
by the highest electronegativity, which makes it one of the most reactive elements, meaning it practically
does not exist in nature in a free form [2]. Natural sources of fluoride are mainly volcanic eruptions and
minerals such as apatite Ca5(PO4)3F, cryolite Na3AlF6, fluorite CaF2, and topaz Al2(SiO4)F2, which lead
to accumulations of fluoride in soil as a result of their weathering and leaching [3,4]. High fluoride
content is reported in most of the waters in the Middle East, East and Central Asia, and Africa (above
1.5 mg·dm−3, also expressed as mg/L), which is the result of leaching from fluorine-rich minerals.
Hence, this amount of F in water from high fluoride content area is reported over 10 mg F·dm−3 to
even 2800 mg·dm−3. In soil from the high F polluted regions the concentration is usually highter than
300 mg F/kg of soil dry mass [5,6].

Fluoride is often mentioned as one of the pollutants among compounds that create pollution in
the environment, as it is ranked fifth in the hierarchy of environmental poisons [7]. The problem of
environmental pollution with fluoride compounds has been noticed relatively recently and is mainly
related to industrial activity, production of artificial fertilizers (superphosphates), and the emission
of fluoride compounds into the atmosphere in the form of dust and gas from aluminum smelters [8].
Currently, about 25% of herbicides contain at least one fluoride atom, or fluoride in the form of
difluoromethyl and trifluoromethyl groups, which has significantly contributed to the development
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of agrochemical industry products [9]. The introduction of fluoride into organic molecules increases
the lipophilic properties of herbicides, the rate of penetration of plant cells, and the blocking of active
enzyme sites. This phenomenon is used to enhance the fungicidal properties of herbicides [10].

This element is one of the most toxic elements for plants and, so far, it has not been reported to
have a positive effect on these organisms. Fluoride reduces agricultural harvests by up to 50 percent
because most plants are highly sensitive to fluoride. F− compounds have been shown to be highly
toxic to cereals and, in particular, wheat [11,12].

Wheat (Tricitum aestivum L.) is the world’s second-most important crop after rice, with a harvest
of about 761.5 million tons during 2019 [13]. Wheat produces a high yield and is one of the most
important food crops for the majority of the world’s population. Wheat is also a good source of protein,
fiber, carbohydrates, minerals, and B-group vitamins [14]. However, for the first time ever in 2018, the
total wheat yield did not deliver the previously predicted increase, and global wheat production is
estimated to fall by 6 percent, mainly due to climate issues [15].

Germination is one of the most important criteria for crop seed quality assessment [16]. This process
is the initiation of the first developmental phase in the life cycle of plants and is followed by the growth
of the seedling [17]. Biochemical analysis is widely used for monitoring seeds during germination,
but it is often focused on the final phase of germination (the start of seedling growth), and that
is paid the most attention. However, the initial phase of germination, imbibition, also exhibits
interesting behavior [18]. The imbibition phase is divided into three defined parts [19]. The first one
(imbibition) lasts approximately one hour and consists mainly of the swelling of the embryo part
of the seed. The second one, also known as main imbibition, consists of spatial expansion caused
by water adsorption in the other parts of the seed. The third one is the growth phase, in which
radicle protrusion commences, followed by continued root and seedling growth [18,20]. The results of
imbibition include a rapid increase in mitochondrial activity and high glyoxysomal activity. Hydrogen
peroxide (H2O2) is a reactive oxygen species (ROS) and a byproduct of the metabolic activities of both
of those compartments [21]. ROS, which are released during the normal metabolism of oxygen, have
significant signaling roles in the process of seed germination. Despite, this ROS must be maintained
at a relatively low level for germination to proceed. However, if ROS levels are too low, seeds will
never germinate. If they are too high, then seeds will incur excessive oxidative damage during seed
imbibition and will be nonviable [22]. F− is also one of the strongest oxidants, which leads to oxidative
changes in plant cells. It may increase the content of ROS and inhibit the activity of antioxidative
enzymes [23]. Catalase (CAT) and peroxidases (POX) are efficient, enzymatic free radical scavengers,
particularly H2O2. Previous studies have shown the importance of CAT and POX activity in regulating
H2O2 levels in embryos during seed germination [24]. However, there is not enough information about
the activity of those enzymes during the imbibition phase and radicle growing of wheat seeds under
fluoride-induced stress.

The aim of this study was to assess the effect of different NaF concentrations on the morphological
parameters and some antioxidant enzyme activity during the germination and root growth phases of
three winter wheat cultivars.

2. Materials and Methods

2.1. Experimental Design

The experiment was carried out in laboratory conditions with three cultivars of winter wheat seeds
(Triticum aestivum L.): Tobak, Dalewar, and Arkadia. The seeds were selected and obtained from the
Polish Seed Station. Delawar has moderate freezing resistance, high drought resistance, and exceptional
resistance to all leaf diseases, and it is characterized by a high yield of around 11,000 kg/ha. Tobak has
high freezing and drought resistances and a high yield potential of 11,300 kg/ha. Arkadia has extremely
high freezing and cereal disease resistances, low soil requirements, and a good yield of 7600 kg/ha. Our
previous research showed that wheat is one of the most sensitive species to fluoride in the medium [25].
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Therefore, it was decided to compare the sensitivity of different cultivars of winter wheat to this element
in the presented studies. Seeds were placed on plastic Petri dishes lined with two layers of filter paper
(Whatman 1), moistened with 20 cm3 of sterile water (control) or an NaF solution at concentrations:
2.5 mmol·dm−3 (47 mg F·dm−3), 5.0 mmol·dm−3 (94 mg F·dm−3) 8.0 mmol·dm−3 (150.4 mg F·dm−3),
and 10.0 mmol·dm−3 (188 mg F·dm−3). 100 seeds were used per treatment, with 20 seeds in each
Petri dish. All the plates with the seeds were stored in the dark at a constant temperature of 23 ±
1 ◦C. During the imbibition phase (after 24 h), the seeds were removed from the solutions and the
embryo parts were carefully removed with a scalpel by pushing them out. The activities of the catalase
(CAT) and peroxidase (POX) were determined in the embryo parts. Moreover, after 72 h, the number
of germinating seeds, germination index, root length, catalase (CAT) activity, and peroxidase (POX)
activity were also determined. All measurements were performed in three repetitions.

2.2. Determination of Biometric Parameters and Germination Index

Root length was measured with a ruler after 72 h. On the basis of the number of
germinated seeds and the length of the roots, the germination index (GI%) was calculated using the
Barbero et al. [26] formula:

GI% = (Gs·Ls)/(Gc·Lc)·100

where Gs is the number of germinated seeds exposed to NaF, Ls is the root length in the plant exposed
to NaF, Gc is the number of germinated seeds in the control group, and Lc is the root length in the
control plant.

2.3. Determination of Antioxidant Enzymes

CAT activity was determined according to the Lück [27] method. 0.1 g of either the embryo or the
root was homogenized in frozen mortars with the phosphate buffer at a pH level of 7.0. The extracts
were centrifuged at 14,800× g at 4 ◦C. The obtained supernatants were used to determine CAT
activity. This method consists of measuring the decline in absorbance in the samples caused by H2O2

decomposition at λ = 240 nm. CAT activity was calculated by using a molar absorbance index for
H2O2 of 43.6 and was expressed as µmol H2O2 g−1

·FW·min−1.
POX activity was determined using the method described by Chance and Maehly [28], which

is based on pyrogallol oxidation into purpurogallin in the presence of H2O2. 0.1 g of either the
embryo or the root was homogenized in frozen mortars with the acetate buffer set to a pH level of 6.8.
The extracts were centrifuged at 14,800× g at 4 ◦C. The obtained supernatants were used to determine
POX activity. The absorbance was measured at λ = 415 nm. POX activity was expressed as µmol
purpurogallin g−1

·FW·min−1.
A spectrophotometer UV–1800 (Shimadzu, Kyoto, Japan) was used to determine the activity of

antioxidant enzymes.

2.4. Data Analysis

The results were processed statistically with Statistica 13.3 software (StatSoft, Kraków, Poland). The
significance of the observed differences was verified using a two-way analysis of variance, followed by
the post hoc Tukey’s HSD (Honest Significant Difference) test (p = 0.05). The contribution of independent
variables to dependent variables for antioxidant enzymes was determined by calculating the coefficient
η2 with ANOVA.

3. Results

3.1. Antioxidant Enzyme Activity in Wheat Embryos During Imbibition

CAT activity in the embryos of winter wheat seeds placed in sterile water differed significantly
between cultivars. The highest enzyme activity was found for the Tobak cultivar and the lowest one
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was for the Delawar cultivar. In all concentrations, sodium fluoride showed significant inhibition
of CAT activity. Moreover, the observed effect strengthened with the increase in NaF concentration.
Compared with the control, the highest decrease in CAT activity was found for the NaF concentration
of 10.0 mmol·dm−3, and it was 64%, 87%, and 63% for the Delawar, Tobak, and Arkadia cultivars,
respectively (Table 1).

Table 1. Catalase activity (µmol H2O2 g−1
·FW·min−1) in wheat embryos during imbibition in

NaF solutions.

NaF Concentration (mmol·dm−3)
Winter Wheat Cultivar

Delawar Tobak Arkadia

0 (control) 145.2 ± 1.5 c 249.7 ± 3.3 a 182.7 ± 6.1 b
2.5 118.4 ± 1.5 d 144.4 ± 10.8 c 143.9 ± 2.4 c
5.0 116.1 ± 1.2 d 124.8 ± 1.2 d 138.7 ± 2.9 c
8.0 58.4 ± 0.9 fg 89.8 ± 1.8 e 71.1 ± 4.2 f

10.0 52.5 ± 0.4 g 32.2 ± 6.8 h 67.0 ± 3.2 f

Data were given as means ± D (n = 3). The values marked with the same letters do not differ statistically at p = 0.05
(post hoc Tukey HSD test).

Similar to CAT activity, POX activity in the control embryos differed significantly between cultivars.
The highest enzyme activity was found in embryos of the Tobak cultivar, and the lowest activity was
found in the Delawar cultivar. However, the results of the NaF effect on POX activity were not the
same as for CAT activity. A concentration of NaF at a level of 2.5 mmol·dm−3 resulted in a significant
increase in POX activity, but only in embryos of the Tobak cultivar (43% compared with the control),
whereas for a concentration of 5.0 mmol·dm−3, a significant stimulation of POX activity was reported
in the embryos of all cultivars. The observed increases in activity for the Delawar, Tobak, and Arkadia
cultivars were 28%, 58%, and 23%, respectively. The further increase of the NaF concentration resulted
in stimulations of activity only for the Arkadia cultivar, which for concentrations of 8.0 mmol·dm−3 and
10.0 mmol·dm−3 were 30% and 14%, respectively. Meanwhile, a decrease in POX activity occurred in
embryos of the Delawar and Tobak cultivars at the highest NaF concentrations. The greatest inhibition
of enzyme activity was found in the embryos of Delawar seeds placed in the NaF concentration of
10.0 mmol·dm−3; it was 57%, compared with the control (Table 2).

Table 2. Peroxidase activity (µmol purpurogallin·g−1 FW·min−1) in wheat embryos during imbibition
in NaF solutions.

NaF Concentration (mmol·dm−3)
Winter Wheat Cultivar

Delawar Tobak Arkadia

0 (control) 33.9 ± 0.4 j 52.0 ± 0.72 e 46.9 ± 0.6 f
2.5 35.2 ± 0.7 ij 74.2 ± 0.38 b 47.6 ± 1.2 f
5.0 43.5 ± 0.5 g 82.3 ± 0.66 a 57.6 ± 0.7 d
8.0 31.0 ± 0.2 k 40.7 ± 1.19 h 60.8 ± 0.5 c

10.0 19.3 ± 0.8 l 36.7 ± 1.71 i 53.4 ± 1.4 e

Data were given as means ± SD (n = 3). Values marked with the same letters do not differ statistically at p = 0.05
(post hoc Tukey HSD test).

3.2. Antioxidant Enzyme Activity in Wheat Roots

The comparison of CAT activity in the roots of the control seedlings showed that the Delawar
cultivar had the highest enzyme activity, whereas the Tobak cultivar had the lowest activity. Similarly,
as in wheat seed embryos in the imbibition phase, CAT activity in the roots of all cultivars decreased
significantly with the increase in NaF concentration. Compared to the control, the highest inhibition of
enzyme activity was observed for the NaF concentration of 10.0 mmol·dm−3, and it was 90%, 94%, and
61% for the Delawar, Tobak, and Arkadia cultivars, respectively (Table 3).
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Table 3. Catalase activity (µmol H2O2 g−1
·FW·min−1) in wheat roots after 72 h of incubation in

NaF solutions.

NaF Concentration (mmol·dm−3)
Winter Wheat Cultivar

Delawar Tobak Arkadia

0 (control) 268.1 ± 14.6 a 114.3 ± 11.7 ef 163.5 ± 1.6 c
2.5 182.7 ± 5.5 b 154.2 ± 1.5 cd 124.8 ± 3.6 e
5.0 143.6 ± 2.9 d 144.0 ± 2.6 d 102.6 ± 1.0 fg
8.0 58.4 ± 0.9 h 38.9 ± 6.0 i 95.9 ± 6.8 g
10.0 27.3 ± 3.7 i 7.2 ± 3.3 j 63.3 ± 1.2 h

Data were given as means ± SD (n = 3). Values marked with the same letters do not differ statistically at p = 0.05
(post hoc Tukey HSD test).

Contrary to the wheat seed embryos in the imbibition phase, no significant differences in root
POX activity were found between cultivars. A significant stimulation of POX activity was observed
in the roots of the Arkadia cultivar for all NaF concentrations. The highest increase of activity was
shown for the NaF concentration, and it was 82% compared with the control (Table 4). However,
a significant stimulation of POX activity occurred in the roots of the Dalewar cultivar for concentrations
of 8.0 mmol·dm−3 and 10.0 mmol·dm−3, and they were 37% and 62% compared with the control,
respectively, whereas a significant increase in activity was reported in the roots of the Tobak cultivar
only for a concentration of 10.0 mmol·dm−3 (136%, compared with the control).

Table 4. Peroxidase activity (µmol purpurogallin g−1 FW min−1) in wheat roots after 72 h of incubation
in NaF solutions.

NaF Concentration (mmol·dm−3)
Winter Wheat Cultivar

Delawar Tobak Arkadia

0 (control) 41.9 ± 4.7 fg 36.7 ± 1.4 gh 38.8 ± 1.9 fgh
2.5 44.2 ± 1.2 fg 30.4 ± 0.8 h 54.9 ± 1.6 de
5.0 47.5 ± 2.2 ef 41.2 ± 2.9 fg 58.7 ± 2.1 cd
8.0 57.1 ± 2.7 cd 45.1 ± 0.7 fg 65.2 ± 3.1 bc
10.0 67.8 ± 5.3 b 86.5 ± 2.8 a 70.5 ± 5.3 b

Data were given as means ± SD (n = 3). Values marked with the same letters do not differ statistically at p = 0.05
(post hoc Tukey HSD test).

3.3. Share of Factors in Formation of Antioxidant Enzyme Activities

The coefficient η2 in ANOVA showed that CAT activity in the embryos and roots, as well as
the activity of POX in roots, were affected to the greatest extent by concentrations of NaF, while the
activities of POX in embryos were most affected by the wheat cultivar (Figure 1). It is also interesting
that the contribution of the interaction between the NaF concentration and the winter wheat cultivar to
the formation of CAT and POX activity was high.

Figure 1. The share of independent variables in the evolution of the activity of catalase (CAT) and
peroxidase (POX) in winter wheat embryos and roots.
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3.4. Germination and Root Length

The application of sodium fluoride in all of the concentrations led to a significant decrease (p = 0.05)
of root length in all cultivars, compared with the control plants. The highest total reduction of root
length was for the Delawar (−73%) and Arkadia (−84%) cultivars (Figure 2). On the other hand,
the reduction was at a level of 43% for the Tobak cultivar, and the root length in 10 mmol·dm−3 of NaF
was still up to 1 cm.

Figure 2. Root length in wheat after 72 h of incubation in NaF solutions. Data are given as means ± SD
(n = 100). Values marked with the same letters do not differ statistically at p = 0.05 (post hoc Tukey
HSD test).

The seed germination index decreased with the increase in concentration of NaF (Figure 3).
Among the treatments, the application of 10 mmol·dm−3 of NaF reduced the highest number of
germinated seeds compared with the control (100%) to 17%, 50%, and 14%, respectively. However, in a
concentration of 5 mmol·dm−3 of NaF and 8 mmol of NaF in the Tobak cultivar, and in a concentration
of 2.5 mmol·dm−3 of NaF and 5 mmol·dm−3 of NaF in the Arkadia cultivar, the GI% was at the same
levels of 71% and 67%, respectively. The most rapid decrease in the GI% was observed for the Delawar
cultivar from 2.5 mmol·dm−3 of NaF to 5 mmol·dm−3 of NaF; the reduction equaled 34% compared
with the Tobak and Arkadia cultivars.

Figure 3. Germination index in wheat seeds after incubation in NaF solutions.

4. Discussion

The importance of the process of breaking seed dormancy, which leads to the initiation of
germination, is widely known, and this study has been used by many authors as a model for assessing
crop resistance to biotic and abiotic stresses [29–31]. From physiological and biochemical points of
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view, germination occurs after restored metabolic activity. Then, a large number of specific metabolic
events, such as antioxidants enzymes activity, take place. When the seeds initiate growth, they
need appropriate internal and environmental conditions. However, changes in these conditions
caused by toxic substances such as NaF result in changes in the seed’s metabolism [32–34]. The
high levels of fluoride lead to the production and accumulation of ROS, as well as changes in the
enzymatic antioxidant system. This system comprises of antioxidant enzymes, such as CAT and POX.
Many authors suggest that oxidative damage is a major effect of F toxicity to plants. Due to the effects
on these antioxidant enzymatic systems, many researchers have also studied the adverse effect of F on
the metabolic processes of plants [1,35,36].

In the current study, the analysis of CAT and POX activities has been used for the first time in
wheat embryos under fluoride-induced stress. In addition, the activities of those enzymes in wheat
roots have been presented, which are not examined very often. The results have shown the inhibiting
effects of sodium fluoride on CAT activity in both embryos and roots. The activity decreased with the
increase in the sodium fluoride concentration in all of the cultivars, and the highest inhibition of CAT
activity in embryos and roots has been observed for the Tobak cultivar at 87% and 97%, respectively.
The reduced activity of enzyme antioxidants such as CAT can lead to lipid peroxidation and membrane
damage [37]. CAT activity during the seed imbibition phase is usually low and initially increases
during the seedling stage [21]. However, in our study, because of the NaF solutions, CAT activity
in the embryos and roots was lower than in the control samples, while the level of inhibition was
dependent on the cultivar. Differences in CAT activity among the cultivars under fluoride-induced
stress were also observed by Tak and Asthir [38]. In their study, CAT activity decreased drastically in
the roots of the F-tolerant wheat cultivar HD 3086, compared with the less tolerant WH1105. Fluoride
combines easily with many heme enzymes such as CAT, which has iron in its structure. Moreover,
fluoride anion coordinated with the heme iron is proven to be hydrogen bonded to the distal histidine
(His64) and to a water molecule in this enzyme. Hence, iron which allows CAT to react with the
hydrogen peroxide is blocked [39]. However, wheat under fluoride-induced stress may also cause both
an increase and a decrease in CAT activity. Such changes are noted by Śnioszek et al. [40] in leaves
of the winter wheat cultivar Skagen. After the application of NaF and KF into the soil, CAT activity
boosts with the increases of fluoride concentrations in the soil. The differences in CAT activity are
observed among different plant cultivars as well. Many similar changes are recognized in different
crops. Mondal [41] discovered that CAT activity steadily escalates with the increase of NaF in four rice
cultivars. In the studies by Rao et al. [42], CAT also showed its increased activity in tea leaves under
fluoride-induced stress.

As has been mentioned earlier, POX, similar to CAT, also reacts with H2O2. The distal histidine
contributes to the stability of the fluoride complex in POX in a similar way to CAT, and it also
leads to the decrease of this enzyme’s activity [39]. However, the increase in the POX activity under
fluoride-induced stress is observed more often. In our study, POX activity has been different in the
cases of embryos and roots and between cultivars. In embryos, POX activity in the Delawar and
Tobak cultivars increased with 5.0 mmol·dm−3 of NaF, and for 8.0 mmol·dm−3 of NaF it started to
decrease the most in the Tobak cultivar (58%). Only the Arkadia cultivar saw increases in POX activity
in all of the NaF concentrations. POX activity may increase during germination phase due to plant
response to wounding stress induced by radicle penetration through the micropylar endosperm which
is accompanied by the rupture, or wounding of this tissue. [43]. However, it is largely unknown how F
is deposited in seeds and the levels at which it is toxic to embryos [44]. Contrary to the embryos, the
POX activity in roots escalated with the increase in the NaF concentration, while the decrease was only
observed in the Tobak cultivar in 2.5 mmol·dm−3 of NaF. We have also remarked that the activities for
roots differed among cultivars. Roots have usually shown a greater tendency to accumulate fluoride
than other parts of plants [35]. In the study by Tak and Asthir [38], greater POX root activity was
characteristic for HD 3086 wheat cultivar resistance to F in normal conditions and under F-induced
stress, and it demonstrated superior tolerance mechanisms in terms of H2O2 production and utilization.
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Hence, those differences may indicate the existence of more tolerant cultivars which have a better
ability to scavenge H2O2 [44].

However, we have reported that the NaF concentration has a higher impact on CAT and POX
activities than the cultivar of wheat. In our previous study on winter wheat seedlings, we also observed
that the fluoride concentration in the soil had the greatest influence on the activity of antioxidant
enzymes [40].

The evaluation of the germination of seeds is important for the provision of successful, high-yield
crop production. Many authors also report that increased levels of F negatively affect wheat
germination [16,31,45–47]. In our study, sodium fluoride also reduced a number of germinated
seeds (GI%) in all of the wheat cultivars, but at different levels. The lowest GI% was observed in
10 mmol·dm−3 of NaF, and it was 14% for the Arkadia cultivar and 17% for the Delawar cultivar.
However, in the same concentration, the GI% for the Tobak cultivar was 50%. Alim et al. [45] suggested
that this might be caused by the inhibition of phytase enzymes by fluoride. This enzyme is very
important during germination and contributes to the degradation of phytate (also known as phytic
acid). Phytate is widely recognized as a main source of stored energy for germinating seeds and a
compound of phosphorus (up to 80% of total P in seeds). Baunthiyal et al. [48] also suggested that
fluoride inhibits the carbohydrate metabolism during germination; hence, seeds are unable to grow.
Yadu et al. [49] considered that it may be due to a reduction of amylase activity.

Plant root systems play a vital role in water and nutrient uptakes, and thus in the growth,
physiology, and metabolism of all plants [50]. Root length measurement is considered a rapid
phytotoxicity test method for chemicals such as fluoride [51]. Study of this indicator is also used
to identify plant cultivars tolerant to many abiotic stresses [13,52,53]. The reduction of root length
due to F toxicity has been reported in many crops such as wheat, rice, barley, rye, and various plant
species (e.g., peas, cucumbers, radishes, tomatoes, and sunflowers) [25,31,38,40,41,46,54]. In the
study by Sachan and Lal [55] on the root and shoot growth of chickpeas, an inhibitory effect of even
1.0 mmol·dm−3 of a NaF concentration was revealed. In our study, we also reported a decrease in root
length, which was dependent on the cultivar. These results are analogous to the GI%; the highest
reduction of root length in 10 mmol·dm−3 of NaF was observed for the Delawar (73%) and Arkadia
(84%) cultivars and the lowest for the Tobak (43%) cultivar. We also reported some anomaly among the
cultivars, for Tobak and Arkadia there was no GI% reduction observed, respectively at 5.0 - 8.0 mM
and at 2.5 – 5.0 mM NaF. Crops cultivars of the same species differ in response to stress effects due to
the morphological features of plants [55]. However, most often, fluoride reduces the root length in
plants by up to 70%, compared with the control plants [38]. This root reduction may be related to the
decrease in turgor pressure, which causes the inhibition of cell growth in roots. Some authors also
support the view that fluoride induces alterations in seed metabolism, which results in the inhibition
of root growth [38,49,56]. Moreover, the morphological and physiological characteristics of roots play
a major role in shoot growth determination, as well as entire plant production [57].

5. Conclusions

The decrease in germination, inhibition of root growth, and inhibition of catalase activity in
embryos and roots have been reported for all tested winter wheat cultivars. These effects have been
strengthened with the increase in fluoride concentration. Changes in the peroxidase activity induced
by NaF have been dependent on the winter wheat cultivar. The results of the η2 analysis have shown
that the NaF concentration has a greater effect on the activity of the determined antioxidant enzymes
than the winter wheat cultivar.
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investigation, J.P., M.Ś., and A.T., writing—Original draft preparation, J.P., M.Ś., J.W., and A.T; writing—Review
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