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Abstract: The study was conducted to determine the influence of fluorine soil contamination (100,
200 and 300 mg kg~ ! of soil) on the levels of exogenous amino acids (ExAAs) and endogenous amino
acids (EnAAs) in the above-ground parts of winter oilseed rape and spring triticale grain. Fluorine
soil contamination had a much more pronounced influence on the content of the tested amino acids in
spring triticale grain than in the above-ground parts of winter oilseed rape. Soil contamination with
fluorine had the greatest influence on leucine (Leu), arginine (Arg) and lysine (Lys), alanine (Ala),
glycine (Gly) and glutamic acid (Glu), increasing their content, and on tyrosine (Tyr), methionine (Met)
and aspartic acid (Asp), decreasing their concentration in the winter oilseed rape above-ground parts.
Under the influence of fluorine soil contamination, an increase in the content of Arg, phenylalanine
(Phe), histidine (His), Leu, Tyr, Gly, serine (Ser), Asp and especially, proline (Pro) and Glu, and a
decrease in the level of Met and cysteine (Cys) in spring triticale grain have been confirmed. The
highest fluorine contamination (300 mg kg ! of soil) had the most favourable influence on the total
amino acid content in the spring triticale. The lowest fluorine dose (100 mg kg~! of soil) had the
same effect in winter oilseed rape. Spring triticale protein had a higher nutritive value than that of
winter oilseed rape. Fluorine soil contamination caused a gradual increase in the nutritive value of
protein in spring triticale grain (in contrast to rape).

Keywords: fluorine; amino acids; protein nutritive value; Brassica napus L.; x Triticosecale Wittm. ex
A. Camus

1. Introduction

Hazardous anthropogenic activity activities associated with the development of civili-
sation increase the migration of heavy metals into the environment. This leads to negative
changes in the quality of the soil, its physicochemical and biological properties, which
consequently contributes to limiting plant growth and development, even causing their
death [1-4]. Fluorine (F) is an element naturally occurring in the environment (13th in the
earth’s crust). Its average content in the earth’s crust is over 600 mg kg~ !. Both natural
processes of chemical degradation of minerals and human industrial activities release it
into the environment [1,2]. Environmental contamination with fluorine compounds caused
by natural geological processes and from anthropogenic sources is a global problem. The
threat concerns all living organisms, including humans [3,4]. With the development of
industry and human activities, the problem of environmental contamination with fluorine
compounds is becoming more and more acute. The result is the penetration of fluorine into
the air, water, soils and grounds. Even a small but permanent influence of this element leads
to its accumulation in the environment, causing a threat to living organisms by including
this element in the trophic chain [5,6].

The main source of natural emission of fluorine to the environment is weathering
processes of minerals with high fluorine content. The most important of them are fluora-
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patite, cryolite, topaz and fluorite [7]. The second natural source of emission of fluorine
compounds into the atmosphere are volcanic eruptions, releasing fluorine in the form of
very toxic hydrogen fluoride (HF). It is estimated that the annual emissions from these two
sources alone range from 60,000 up to 6 million Mg of fluorine. The release of fluorine from
the surface of seas and oceans in the form of aerosols contributes to the emission of about
20,000 Mg per year [8]. Fluorine poisoning is most common in the vicinity of phosphate
fertiliser factories, aluminium, iron and glass smelters, and brick, porcelain and cement
factories. The standards for fluorine concentration in the air are constantly exceeded in the
vicinity of such plants [9,10]. These crops emit fluorine to the air as aerosols, e.g., HF, F;,
SiF, and H,SiFy, and in solid form, e.g., CaF,, NaF and Na,SiF¢ [11]. A significant source of
fluorine released to the environment can also be the use of fluorinated insecticides [12-14]
and preventive drinking water fluoridation programmes [15].

In the scientific literature, we can find many studies [16-19] informing one about
very high concentrations of fluorine in drinking water, which pose a real threat to human
health. The fluorine content of drinking water should not be higher than 1.5 mg L-1[15].
Fluorine is a unique element because in a physiological dose it is essential for humans, as it
participates in the proper development of bones and teeth. At the same time, apart from
its cariostatic effect on the teeth and positive influence on tissues and organs, it can also
be toxic. This is due to the fact that the difference between the optimal and toxic dose is
minimal [20]. The toxic properties of fluorine were first observed in Italy in 1867. At that
time, a dental disease was found in the population living in coastal areas, which was later
called dental fluorosis. In 1912, also in Italy, a cattle disease was observed consisting in
insufficient saturation of bones with calcium. The disease was caused by fluorine emissions
from a superphosphate plant near which the animals were grazing. During World War
II, a similar phenomenon was observed in the area surrounding an aluminium smelter in
Switzerland. It was observed that animals near the aluminium smelter had deformed leg
bones and thickened skull bones [21]. The harmful influence of fluorine seems to be mainly
due to its affinity for calcium ions and its strong negative influence on many enzymes. It
should be emphasised that the International Fluoride Research Society publishes a scientific
journal on fluorine, Fluoride. This quarterly publishes research on the toxicity of fluorine
and its role in the environment, as well as the possibility of using fluorine compounds
in practice. According to the European Food Safety Authority, the recommended daily
intake of fluorine for humans is 0.05 mg kg~! of body weight [22]. Fluorine is currently
considered to be one of the various trace elements that pose a threat to human health, along
with mercury, cadmium and lead [23].

Fluorine is usually considered as a contaminant because it is not an essential element
for plants. It is assumed that the content of fluorine in plants growing in areas not contami-
nated with this element does not exceed 10 mg kg ! of dry matter (D.M.) [24]. Fluorine
is taken up from the soil by the plant’s root system and transported to the leaves. Plants
damage under the influence of fluoride is usually found during shoots and flowering. They
are expressed by necrotic changes of leaves and inflorescences [25]. Cereals grown near
emission sources have a lower weight of grain and straw. Plant responses to fluorine stress
are complex and involve many changes. They often show abiotic stress symptoms, mainly
oxidative stress [26]. Fluorine alters the course of many physiological and biochemical
processes that affect seed germination and plant growth at later stages of vegetation [24,26].

Previous studies [27-29] also showed changes in the mineral composition of plants,
including protein content and its amino acid composition under the fluorine contamination.
Proteins, one of the important organic components of plants, play an important role in
cellular metabolism under fluorine stress conditions. In recent years, increasing attention
has been paid to obtaining crops with a balanced amino acid composition and high nu-
tritional value in order to meet the needs of human and animal nutrition. Fluorine soil
contamination increased the content of nitrogen, including protein nitrogen, in the grain
and spring straw of spring triticale, and reduced the concentration of protein nitrogen in
the aerial biomass of winter oilseed rape and spring triticale yield [28]. Szostek et al. [27]
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showed that soil contamination with fluorine at doses of 100 and 200 mg kg~ ! had a
statistically significant positive effect on the content of exogenous amino acids (ExAAs) and
endogenous amino acids (EnAAs) in the protein of maize aboveground mass. At the same
time, the content of the analysed amino acids was much higher in yellow lupine plants
than in maize. Chakrabarti and Patra [30] also found an increase in the all amino acids
content of about 27% in the content of all amino acids compared to non-fluorinated objects.
This increase affected all three plant organs (grains, leaves and roots) of Oryza sativa L.
var. Swarno and Oryza sativa L. var. IR-3. Hautala and Holopainen [31] also showed an
increase in the all amino acids content of the Hordeum vulgare L. leaves. They found the
most significant increase in the content of aspartic acid (Asp), threonine (Thr), serine (Ser)
and glutamic acid (Glu) in plants. Hanson et al. [32] showed a significant increase in proline
(Pro) content in the same plant. Fluorine soil contamination also affected other elements
content, e.g., it caused a decrease in sodium and sulphur concentrations in crops [29]. There
is only limited information available on the effect of soil contamination with fluorine on
the amino acid content of plants.

In Poland, special attention was paid to the role of oilseed rape in animal nutrition,
mainly non-ruminant animals. Oilseed rape is characterised by a well-balanced protein
in terms of the content of ExAAs. It contains a large amount of sulphur amino acids and
Thr, a significant amount of tryptophan and little undesirable leucine (Leu) [33]. Winter
and spring triticale grains are also used for the production of animal feed. The factor
determining the nutritional and fodder value of triticale grain is the protein content and
its amino acid composition. The key role is played by ExAAs, which must be supplied
from the outside, because animals do not have the ability to synthesise them. These amino
acids include arginine (Arg), phenylalanine (Phe), histidine (His), isoleucine (Ile), Leu,
methionine (Met), Thr, tyrosine (Tyr) and valine (Val). The content of these amino acids
determines the nutritional value of the protein. The second group of amino acids are EnAAs
that animals produce themselves. These include alanine (Ala), cysteine (Cys), glycine (Gly),
Asp, Glu, Ser and Pro. Their content also affects the nutritional value of feeds [34].

With this in mind, research hypotheses were put forward: (1) fluorine soil contamina-
tion causes a reduction in the content of individual ExAAs, EnAAs and their sum in winter
oilseed rape (Brassica napus L.) and spring triticale (x Triticosecale Wittm. ex A. Camus);
(2) fluorine application to the soil is the cause of a reduction in the nutritional value of
plant protein.

2. Materials and Methods
2.1. Plant Growth Experiment

The research was based on a pot experiment carried out in the vegetation hall owned
by the University of Warmia and Mazury in Olsztyn (53°46/23" N, 20°28/34” E, Poland).
The soil used in the experiment came from a cultivated field and was taken from a depth of
0-25 cm. It corresponded to the granulometric composition of loamy sand. Table 1 shows
the basic physical and chemical properties of soil.

The experimental plants were winter oilseed rape (Brassica napus L.)—Bojan variety
and spring triticale (x Triticosecale Wittm. ex A. Camus)—Milewo variety. The sensitivity
of both plants to fluorine soil contamination was determined on the basis of preliminary
pilot studies carried out before the actual experiment was set up. In both experiments,
fluorine was applied to the soil at levels of 100, 200 and 300 mg kg ! of soil. The response of
plants to soil contamination with fluorine was compared to the control object, i.e., without
fluorine. The fluorine doses were selected on the basis of the average total fluorine content
of Polish soils [35]. In all experiments, fluorine was introduced into the soil as potassium
fluoride (commercial form) with the following properties: density—2.49 g cm~3; molecular
weight—58.09 g mol~!; melting point—858 °C; boiling point—1505 °C; vapour density
relative to air—2.01.
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Table 1. Physico-chemical properties of soil.

Parameter % or Value per kg1 Soil
Grain size
<0.002 1.89%
0.002-0.050 18.61%
>0.050 79.50%
Hydrolytic acidity 30.7 mM(+)
pHin H,O 5.89
pH in KC1 443
Available forms: -
P 432 mg
K 124.5 mg
Mg 30.0 mg
Total organic carbon 60g
Total nitrogen 062¢g
Total fluorine 125 mg

The same NPK mineral fertilisation was applied to all experimental objects: 111 mg N,
48 mg P and 111 mg K kg~! soil. The mineral fertiliser was applied as urea 46%, triple
superphosphate 46% and potassium salt 57%. Soil, dried and sieved (sieve of a diameter
of 1 cm), was used in the experiment. The soil (9 kg per pot) mixed with fluorine and
mineral fertilisers was placed in properly labelled polyethylene pots. Next, experimental
plants were sown (13 plants per pot). Soil moisture was maintained at 60% of capillary
water capacity throughout the growing season. Weather data during the experiment were
typical: average air temperature: minimum—=6.0 °C, average—11.3 °C, maximum—16.0 °C,
average humidity—62.9%, day length: minimum—9 h 4 min, maximum—16 h 18 min.
Winter oilseed rape was harvested at the flowering stage (BBCH 65), while spring triticale
was harvested at the full grain maturity stage (BBCH 89).

2.2. Analytical Methods

The plant biomass was weighed, cut and dried (60 °C). The samples were ground
after drying. Methods for pre-experiment soil and plant analyses are given in Table 2. The
content of the ExAAs: Arg, Phe, His, Ile, Leu, Lys, Met, Thr, Tyr and Val and the EnAAs:
Ala, Cys, Gly, Asp, Glu, Pro and Ser were determined. The results of the amino acid content
analyses were related to the above-ground parts of winter rape and spring triticale grain.
Sigma standard amino acid solution (Sigma-Aldrich Co. LLC, Saint Louis, MO, USA)
was used to calibrate the amino acid analyser. The nutritive value of the protein in both
plants was assessed on the basis of the content of ExAAs. This was done by calculating
the Oser index [36], which compares the percentage content of essential amino acids in
plants with the concentration of the same amino acids in the protein of a whole hen’s egg.
The nutritional value of the tested protein was expressed as the geometric mean of all the
essential amino acids analysed.

Table 2. Methods of soil and plant analyses.

Parameter

Method/Apparatus

Soil
Granulometric composition

pHin HO and 1 M KCl
Hydprolytic acidity (HAC)

Total organic carbon (TOC)

laser diffraction [37]

Mastersizer 2000 Hydro G dispersion apparatus (Malvern, UK)

potentiometric [38]

Kappen [38]

automatic

Shimadzu TOC-L CSH/CNS analyser (Shimadzu Corporation, Kyoto, Japan) with the
solid sample module SSM-5000A (Shimadzu Corporation, Kyoto, Japan) [39]
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Table 2. Cont.

Parameter

Method/Apparatus

Total nitrogen

Kjeldahl [40]

Available phosphorus and potassium  Egner-Riehm [41]
Available magnesium

Total fluorine

Shachtschabel [41]

X-ray fluorescence spectrometry (XRF)

Philips WD-XRF PW 2004 apparatus (Philips Research Corporation, Eindhoven,
The Netherlands)

Plants

Amino acids

Nutritive value of protein

ion-exchange chromatography with post-column derivatization with ninhydrin [42]
automatic amino acid AAA400 analyser (INGOS, Praha, Czech Republic)
Oser Index [36]

2.3. Statistical Analysis

The results were statistically calculated using one-way ANOVA and Duncan’s test from
the Statistica 13.3 software (Tibco Software Inc.: Palo Alto, CA, USA) [43]. A significance
level of p < 0.01 was used to calculate least significant differences (LSD), and levels of
*p <0.05 and ** p < 0.01 were used for correlation coefficients (r).

3. Results

Increasing fluorine soil contamination has a small effect on the content of amino acids
in the above-ground parts of winter oilseed rape (Table 3).

Table 3. The content of amino acids in above-ground parts of winter oilseed rape (Brassica napus L.).

Amino

Fluorine Dose in mg kg~ of Soil

Acids 0 100 200 300 r 0 100 200 300 r
gkg 1 DM g 100 g~ TotProt (16 g N)
ExAAs
Arg 12.81 13.97 14.07 13.71 0.63 * 452 4.89 497 4.87 0.73 **
Phe 9.51 9.48 9.45 9.43 —1.00 ** 3.36 3.32 3.34 3.35 —0.08
His 5.97 5.79 5.75 5.71 —0.92 ** 2.11 2.03 2.03 2.03 —0.77 **
Ile 7.49 7.71 7.78 7.88 0.97 ** 2.65 2.70 2.75 2.80 1.00 **
Leu 15.33 15.50 15.61 16.36 0.91 ** 5.41 5.43 5.51 5.82 0.89 **
Lys 11.00 11.96 12.08 12.17 0.86 ** 3.89 419 427 433 0.93 **
Met 1.30 1.20 1.17 0.97 —0.95** 0.46 0.42 0.41 0.34 —0.96 **
Thr 10.03 9.99 9.71 9.66 —0.95 ** 3.54 3.50 343 3.43 —0.95 **
Tyr 9.73 8.94 8.10 8.09 —0.95** 3.44 3.13 2.86 2.88 —0.93 **
Val 11.13 11.49 11.53 11.58 0.88 ** 3.93 4.02 4.07 4.12 0.99 **
ExAAs sum 94.30 96.03 95.25 95.56 —0.53 33.31 33.62 33.64 33.98 0.96 **
LSDg o1 n.s. n.s.
EnAAs
Ala 12.26 12.94 12.97 13.19 0.90 ** 4.33 4.53 4.58 4.69 0.97 **
Cys 0.01 0.01 0.01 0.01 0.00 <0.01 <0.01 <0.01 <0.01 0.00
Gly 10.26 10.25 10.38 10.96 0.85 ** 3.62 3.59 3.67 3.90 0.84 **
Asp 20.16 19.86 18.62 18.45 —0.95** 7.12 6.95 6.58 6.56 —0.95**
Glu 24.46 25.29 25.56 26.18 0.98 ** 8.64 8.85 9.03 9.31 1.00 **
Pro 27.63 32.96 28.87 26.14 —0.38 9.76 11.54 10.20 9.29 —0.37
Ser 8.87 8.84 8.78 8.64 —0.95** 3.13 3.09 3.10 3.07 —0.88 **
EnAAs sum 103.65 110.15 105.19 103.57 0.22 36.61 38.56 37.15 36.82 —0.11
LSDy 1 n.s. n.s.
TotAAs sum 197.95 206.18 200.44 199.13 0.08 69.92 72.19 70.80 70.80 0.17
LSDg .01 ns. ns.

Correlation coefficient (r) significant at * p < 0.05; ** p < 0.01; LSD (least significant difference)—significant at
p < 0.01 for fluorine soil contamination, n.s.—not significant.

The sum of ExAAs per 100 g of total protein (TotProt) (16 g N) of winter oilseed rape
was lowest in the control object and highest in the object contaminated with the fluorine
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highest dose—300 mg kg’l soil (Table 3). It should be noted that the growing doses of
fluorine did not cause very large changes in the content of the tested amino acids in winter
oilseed rape protein. The differences between individual objects were small. The influence
of soil contamination contributed to an increase in the content of Arg (0.73 **), Ile (1.00 **),
Leu (0.89 **), Lys (0.93 **) and Val (0.99 **). However, a reverse relationship was found
for Met (—0.96 **), Thr (—0.95 **) and Tyr (—0.93 **). Fluorine soil contamination had
the greatest influence on Leu, Arg and Lys, increasing their content by 8%, 8% and 11%,
respectively, as well as Tyr and Met, reducing their concentration by 16 and 26%, compared
to the control object.

The sum of ExAAs per 1 kg D.M. winter oilseed rape was lowest in the control
object and highest in an object contaminated with 100 mg kg ! soil. The lowest dose of
fluorine was most beneficial to the content of the tested amino acids in the dry matter of
above-ground parts of winter oilseed rape. It should be emphasised that the growing soil
contamination of fluorine also affected the dry matter content of individual ExAAs, such as
winter oilseed rape protein. However, changes in their concentration in dry matter were
slightly smaller.

In the case of EnAAs, their sum per 100 g of TotProt (16 g N) of winter oilseed rape
was lowest in a control object and highest in an object contaminated with 100 mg kg~ soil
(Table 3). The obtained results indicate that all doses of fluorine have a positive influence on
the amino acids content in relation to 100 g of TotProt of the above-ground parts of winter
oilseed rape, especially the lowest dose of fluorine. Compared to the control object, an
increase in the amino acids content after application of 100 mg kg ! soil was 5%, including
Pro by 18%. The influence of increasing fluorine soil contamination increased in the content
of Ala (0.97 **), Gly (0.84 **) and Glu (1.00 **) in protein of winter oilseed rape by 8%. In the
case of Pro (—0.37) and Asp (—0.95 **) along with the increasing fluorine soil contamination,
the content of these amino acids was reduced by 5% and 8%, respectively, compared to the
control object. The highest dose of fluorine was particularly distinguished in this adverse
influence. There was no difference in Cys content in protein of winter oilseed rape under
the influence of increasing fluorine doses.

The highest sum of EnAAs per 1 kg D.M. of winter oilseed rape was shown in an
object contaminated with 100 mg kg~! soil. Changes in the EnAAs content in the dry
matter of winter oilseed rape under the influence of increasing fluorine soil contamination
were similar to those for 100 g of TotProt. Increasing fluorine soil contamination caused
an increase in Ala (0.90 **), Gly (0.85 **) and Glu (0.98 **) by 7-8%. Under the influence of
increasing soil contamination with fluorine, the content of Asp (—0.95 **) in the dry matter
of winter rape gradually decreased, by a maximum of 8%. The content of Cys and Pro was
not varied or the change in their concentration was parabolic. Fluorine soil contamination
had a small influence on the EnAAs content in both TotProt and dry matter of winter
oilseed rape.

It should be emphasised that the increasing fluorine soil contamination has a positive
influence on the sum of total amino acids (TotAAs) in the above-ground parts of winter
oilseed rape. The lowest dose of fluorine (100 mg kg~ soil) was the most beneficial.
Fluorine soil contamination had no significant influence on the contribution of ExAAs and
EnAAs in the TotAAs in the above-ground parts of winter oilseed rape (Figure 1). However,
the highest share of ExAAs in the TotAAs in the above-ground parts of winter oilseed rape
was found in the object contaminated with 300 mg kg ! of soil).

The nutritive value of protein in winter oilseed rape above-ground parts determined
on the basis of the ExAAs content was similar in most objects (Figure 2). Only the highest
dose of fluorine (300 mg kg~ of soil) contributed to a slight reduction in the nutritive value
of winter oilseed rape protein with respect to the control object. The nutritive value of
winter oilseed rape protein in objects with the lowest and medium soil contamination was
at the same level as in an object not contaminated with this xenobiotic.
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0 mg kg D.M. 100 mg kg™ D.M.

200 mg kg™ D.M. 300 mg kg™ D.M.

m ExAAs EnAAs

Figure 1. Contribution of ExAAs and EnAAs to TotAAs in the above-ground parts of winter oilseed
rape (Brassica napus L.) depending on soil contamination with fluorine, in %.

Fluorine soil contamination caused a greater modifications of the amino acid composi-
tion of spring triticale grain than in the amino acid content of above-ground parts of winter
oilseed rape. The shaping of TotAAs in spring triticale depending on soil contamination is
given in Table 4.

The sum of ExAAs per 100 g of TotProt (16 g N) in the grain of spring triticale was
lowest in the control object (not contaminated with fluorine) and highest in the object
contaminated with 300 mg kg~! soil (Table 4).

It should be noted that there is a clear linear increase in the content of these amino
acids in the plant grain protein under the influence of growing doses of fluorine. All levels
of fluorine soil contamination had a positive influence on the ExAAs content in the grain
protein of this plant. This was confirmed by calculated correlation coefficients. Increasing
fluorine soil contamination caused a gradual and highly significant increase in the content
of Arg by 10% (1.00 **), Phe by 22% (1.00 **), His by 16% (0.97 **), Leu by 14% (0.95 **) and
Tyr by 16% (0.98 **) in TotProt of spring triticale grain. A positive correlation was recorded
between the growing fluorine soil contamination and the content of Ile (0.66 *), Lys (0.63 *),
Thr (0.68 *) and Val (0.18) in spring triticale protein. The shape of their content was similar
to a parabola. Only Met was an amino acid for which a linear decrease of content (—0.98 **,
up to 35%) was observed under the influence of fluorine soil contamination.
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Winter oilseed rape (Brassica napus L.)

558 515).3]

0 100 200 300
mg kg of soil

56

55

54

EAA-Index by Oser

53

Spring triticale (x Triticosecale Wittm. ex A. Camus)

64
63
62
61

60

EAA-Index by Oser

59

58
0 100 200 300

mg kg™ of soil

Figure 2. Nutritive value of protein in the above-ground parts of winter oilseed rape (Brassica napus
L.) and grain of spring triticale (x Triticosecale Wittm. ex A. Camus) depending on soil contamination

with fluorine.

The ExAAs content in the dry matter of spring triticale and their changes almost
completely coincided with their content in the grain protein. The sum of ExAAs per
1 kg D.M. was lowest in the control object and highest in the object contaminated with
300 mg kg~ ! soil. The TotAAs content in dry matter of spring triticale increased under
the influence of increasing fluorine doses. The exception was Met. In the case of Met,
the opposite relationship was observed, i.e., its content decreased as a result of growing
fluorine soil contamination.

The sum of EnAAs per 100 g of TotProt (16 g N) of spring triticale grain was lowest
in an object not contaminated with fluorine and highest in an object contaminated with
300 mg kg ! soil (Table 4). Fluorine soil contamination has a positive influence on the
content of these amino acids in the TotProt of spring triticale. Fluorine soil contamination
caused a gradual increase in the content of Gly and Ser by 12% (0.92 ** and 0.99 **), Asp
by 15% (0.99 **), Pro by 30% (0.99 **) and Glu by up to 46% (0.97 **). For Ala, the lowest
and for Cys, the highest dose of fluorine contributed to a slight reduction in the content
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of these amino acids in the protein of spring triticale grain in relation to the control object.
Other levels of soil contamination have a positive influence on the endogenous amino acid
content in the spring triticale grain protein.

Table 4. The content of amino acids in the grain of spring triticale (x Triticosecale Wittm. ex A. Camus).

Fluorine Dose in mg kg1 of Soil

Amino 0 100 200 300 r 0 100 200 300 r
Acids
g kg1 DM g 100 g~ TotProt (16 g N)
ExAAs
Arg 6.40 7.49 8.04 8.53 0.98 ** 5.36 5.52 5.74 5.91 1.00 **
Phe 478 5.83 6.39 7.02 0.99 ** 4.00 4.30 456 4.86 1.00 **
His 2.64 3.25 3.46 3.70 0.96 ** 221 2.40 247 2.56 0.97 **
Tle 3.49 3.70 422 4.46 0.99 ** 2.92 2.73 3.01 3.09 0.66 *
Leu 7.16 8.14 9.16 9.88 1.00 ** 6.00 6.00 6.54 6.84 0.95 **
Lys 3.93 441 456 4.90 0.98 ** 3.29 3.25 3.26 3.39 0.63 *
Met 1.65 1.54 1.42 1.30 —1.00 ** 1.38 1.14 1.01 0.90 —0.98 **
Thr 3.67 3.98 419 5.07 0.95 ** 3.07 2.93 2.99 3.51 0.68 *
Tyr 255 3.01 3.23 3.59 0.99 ** 214 222 2.31 2.49 0.98 **
Val 493 7.54 6.80 6.70 0.53 413 5.56 4.86 4.64 0.18
ExAAssum 4120  48.89 51.47 55.15 0.97 ** 3451 36.05 36.76 38.20 0.99 **
LSDO.Ol 6.78 n.s.
EnAAs
Ala 434 4.81 5.17 5.50 1.00 ** 3.64 3.55 3.69 3.81 0.77 **
Cys 0.71 0.90 1.00 0.79 0.35 0.60 0.66 0.71 0.55 —0.19
Gly 4.67 5.31 5.70 6.32 1.00 ** 3.91 3.92 4.07 438 0.92 **
Asp 6.41 7.52 8.10 8.89 0.99 ** 5.37 5.54 5.79 6.16 0.99 **
Glu 2543 30.08 39.03 44.83 0.99 ** 21.30 22.18 27.88 31.05 0.97 **
Pro 13.84 16.64 19.02 21.75 1.00 ** 11.59 12.27 13.59 15.06 0.99 **
Ser 5.36 6.36 6.92 7.28 0.97 ** 4.49 4.69 4.94 5.04 0.99 **
EnAAssum  60.76 71.62 84.94 95.36 1.00 ** 50.90 52.81 60.67 66.05 0.98 **
LSDp 10.86 7.94
TotAAssum 10196 12051  136.41 150.51 1.00 ** 85.41 88.86 97.44 104.25 0.99 **
LSDy o1 17.63 12.92

Correlation coefficient (r) significant at * p < 0.05; ** p < 0.01; LSD (least significant difference)—significant at
p < 0.01 for fluorine soil contamination, n.s.—not significant.

The highest EnAAs content per 1 kg D.M. of spring triticale was founded in the object
contaminated with 300 mg kg ! soil. Their sum was 57% higher than in the control object.
Increasing fluorine soil contamination has contributed to a linear increase in the content of
all tested amino acids (except Cys). The increase was greater than for TotProt. However,
the highest dose of fluorine (300 mg kg~! soil) caused a 21% reduction the Cys content
in dry matter of spring triticale, in relation to the variant with a lower dose of fluorine
(200 mg kg~ soil).

To summarise the results obtained in experiment, it should be stated that the sum
of TotAAs per 1 kg D.M. of spring triticale was the highest in the object with the highest
dose of fluorine (300 mg kg ! soil). It was 48% higher than in an uncontaminated object.
Increasing fluorine soil contamination has a positive influence on the content of analysed
amino acids in dry matter of spring triticale grain. Fluorine soil contamination caused a
decrease in the contribution of ExAAs to TotAAs in spring triticale grain from 40.4% in the
control object to 36.6% in the object with the highest dose of fluorine—300 mg kg ! of soil
(Figure 3). Therefore, it caused a decrease in the nutritional value of the grain of this plant.
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Figure 3. Contribution of ExAAs and EnAAs to TotAAs in the grain of spring triticale (x Triticosecale
Wittm. ex A. Camus) depending on soil contamination with fluorine, in %.

The nutritive index of the protein of spring triticale grain ranged from 60 in the
control object (without fluorine) to 64 in the object contaminated with the highest dose
of fluorine—300 mg kg ! soil (Figure 2). Increasing fluorine soil contamination has con-
tributed to a small increase of 7% in the nutritive value of the protein of spring triticale grain.

4. Discussion

In the scientific literature, we can find research reports informing about both the posi-
tive influence of fluorine’s natural environment and the negative impact of this contaminant
on plants. These changes generally relate to the yield and mineral composition of plants.
Such different plant reactions to fluorine stress are caused by many factors, among which
the most important are: the level of contamination and the time of fluorine exposure or the
physicochemical properties of the soil, mainly its reaction [44]. In slightly acidic or acidic
soils, the plant-available forms of trace elements are more concentrated in the soil solution,
which increases their content in plants. This is caused by an increase in the solubility of
chemical combinations of these elements and a decrease in their binding on soil colloids
under low soil pH conditions. The role of an effective material reducing the mobility of
heavy metals in the soil-plant system is fulfilled by lime. According to Romar et al. [45],
fluorine binding to insoluble compounds such as CaF;, or apatite compounds of similar
composition occurs in calcium-rich soils, thus limiting the bioavailability of fluorine to
plants. Ruan et al. [44] showed that the application of lime at 1.05 and 2.70 g kg~! soil
contributed to a decrease in fluorine content in tea leaves by 37 and 89%, respectively. In
the acidic environments, is generally a greater bioavailability of this element is generally
listed. Acid soil was used in our experiment for this reason, that the influence of fluoride on
plants was as large as possible. Soil sorption properties and clay mineral content also play
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an important role. An important role is also played by the individual species characteristics
of the plants, due to their different sensitivity to the studied stress factor, i.e., fluorine
contamination. The research carried out seems to confirm this hypothesis, as some plant
species reacted less well to the stress caused by fluorine contamination, while others reacted
more clearly.

The results of our own research showed that fluorine soil contamination was much
more clearly modified by the amino acid composition and the biological value of the spring
triticale grain protein than the above-ground parts of winter oilseed rape. The reaction of
plants to fluorine soil contamination, including its influence on the amino acid profile and
protein content in plants, was varied. In Aslam et al. [46], the TotProt content of maize was
reduced under the influence of fluorine contamination at a dose of 100 and 200 mg L.
Pak Afgoi variety was more fluorine-resistant than the Pearl variety. Karmakar et al. [47]
reported a significant reduction in the content of TotProt in the leaves of three species of
plants. After application of a dose of 3 mg L~1, the reduction of protein content in plants
was small, compared to the control. However, the increase in the fluorine dose to the
level of 20 mg L~ has contributed to a clear limitation of protein content in Pistia stratiotes,
Eichhornia crassipes and Spirodela polyrhizas by 26, 22 and 28%, respectively. Of the three plant
species, Eichhornia crassipes proved to be the most resistant to fluorine stress, as evidenced
by the lowest reduction in protein content. The experiment by Pal et al. [48] showed a
significant reduction in the protein content of various plant species (there were 13 of them)
under the influence of fluorine was demonstrated. Singh et al. [49] stated that plants from
control objects (not contaminated with fluorine) were characterised by the highest protein
content. After application of fluorine at doses of 100 and 200 mg L~!, the protein content
decreased by 10 and 25% in wheat (HUW-234) and by 28 and 34% in barley (EMBSN-34),
respectively. A reduction in protein content in plants was also recorded in the experiment
of Eyini et al. [50]. At the highest dose of fluorine (50 mg L~1), the greatest reduction in
plant protein content was observed (31%).

The decrease in protein content under the influence of fluorine stress can be explained
by reduced synthesis, as well as greater degradation of this ingredient. Probably the process
of using protein to produce energy in response to metabolic stress occurs. Chang [51]
explains it in more detail. He believes that fluorine reduces the number of ribosomes
and destroys the structure of ribosomal proteins, which has a negative effect on overall
protein synthesis.

Sinha et al. [52] also found a reduction in protein content of Hydrilla verticillata. They
found a gradual reduction in the protein content in plants, of 41% at the highest dose of
fluorine (25 mg L~1), in relation to non-contaminated objects. They indicate a gradual
increase in the Cys content of plants with increasing fluorine dose. At the highest level of
fluorine contamination, the increase in the Cys content in plants was 39%, in relation to
the control. In our own research, only an 8% reduction in the content of Cys in the grain
of spring triticale with the highest dose of fluorine (300 mg kg~! soil) was noted. In the
case of winter oilseed rape, the content of Cys was practically the same at all fluorine doses.
Our own research has therefore shown a different relationship to that previously cited.
Increasing soil contamination has a positive influence on the amino acids sum in both the
above-ground parts of winter oilseed rape and the grain of the spring triticale. The lowest
dose of fluorine (100 mg kg ! soil) was the most favourable in the above-ground parts of
winter oilseed rape, and the highest level of fluorine contamination in the grain of spring
triticale (300 mg kg ! soil). According to Yang and Miller [53], the increase in amino acid
content in plant tissues as a result of exposure to fluorine is due to increased synthesis and
a beneficial influence on some cellular enzymes. Yu and Miller [54] also explain this by
the fact that fluorine ions in plant tissues can have a positive influence on plant breathing
routes. This results in increased synthesis and production of free amino acids. Li and
Ni [55] noted an increase in the content of all amino acids (except Tyr and Cys) in the
leaves of Camellia sinensis L. As the fluorine concentration in soil increased, the content of
Tyr gradually decreased. Similar dependencies were obtained in our own research, as a
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linear reduction of Tyr content in winter oilseed rape was also demonstrated. In the grain
of spring triticale, the Tyr content gradually increased in relation to both dry matter and
TotProt against the background of increasing fluorine doses. In the present study, in the
experiment with winter rape, the Cys content did not fluctuate against the background of
soil contamination with fluorine and practically did not change. In spring triticale, there
was a gradual increase in the content of this amino acid compared to the control. Only in
relation to TotProt, the highest dose of fluoride slightly decreased the content of this amino
acid by 8%.

There are data in the literature confirming that fluorine compounds can significantly
increase the content of free amino acids in plants. Li et al. [56] found a gradual increase in
the Pro content of Camellia sinensis after the application of increasing fluorine contamination
in their experiment with hydroponic cultures. At the highest level of contamination of
0.53 mM F, the content of Pro increased more than 2 times compared to an uncontami-
nated object. Maitra et. al. [57] showed an increase in the content of Pro in Vigna radiata.
Interesting studies on the response of Punica granatum to fluorine emissions from a phos-
phorus fertiliser factory in Tunisia, depending on the distance from the emission source,
were presented by Elloumi et al. [58]. Plants growing around the factory at a distance of
only 0.5 km accumulated the largest amounts of Pro. Punica granatum leaves contained
significantly larger amounts than the roots. When the emission source was dismissed, the
content of Pro in Punica granatum gradually decreased. Elloumi et al. [59] and Mezghani
et al. [60] confirmed the same tendency in research with Eriobotrya japonica. Other studies
by Elloumi et al. [61] with Helianthus annuus indicate an increase in Pro content and a de-
crease in protein content after phosphogypsum soil application at a dose corresponding to
5% of soil mass. Elloumi et al. [62] with Nerium oleander and Datta et al. [63] in research
with Cicer arietinum L. received the same relationship. Gadi et al. [64], Ahmed et al. [65],
Saleh et al. [66], Das et al. [67] and Dey et al. [68] showed an increase in Pro content and a
simultaneous reduction in the protein content in plants.

Pro is a special amino acid, because an increase in its content in plant tissues indi-
cates cellular stress caused by various toxic substances. Zouari et al. [69] claim that the
increase in Pro content can be used as an important indicator informing about the resis-
tance of plants to fluorine. Cai et al. [70] showed a positive correlation between fluorine
concentration and Pro content in Camellia sinensis leaves. In their research, the Pro content
of Camellia sinensis leaves increased with the increasing fluorine contamination. The Pro
content of Camellia sinensis leaves increased by 113% after application of 50 mg L~!. This
relationship is also confirmed by the results of our own research. They showed an increase
in Pro content in spring triticale grain under the influence of all doses of fluorine and in the
above-ground parts of winter oilseed rape growing on soil with lower soil contamination
with fluorine. Spring triticale seems to be more resistant to soil contamination with fluorine
than winter oilseed rape. The effect of soil contamination with fluoride on plant yield and
fluoride content in crops has been reported in previously published papers [28,71].

In summary, it should be noted that the economic importance of winter oilseed rape
is constantly growing every year and this is a global trend. This is due to the fact that
oilseed rape is mainly used for the production of o0il and its consumption by humans, but
also for the production of feed for farm animals, or as a bioenergy source and for cellulose
production [72]. The strengthening of the global economic position of oilseed rape, among
other crops, is due to the doubling of its yield per hectare. Winter oilseed rape has a long
tradition of cultivation in European countries, Canada and Asia. The level of yield obtained
per hectare achieved in Europe is well above the world average, particularly in Asia. In the
European climate, primarily winter varieties are grown, which are more productive than
spring varieties, dominating rather in the Western hemisphere, mainly in Canada [73].

The area under spring triticale in the world is currently about 3.5 million hectares.
In Poland, in 2018, triticale was cultivated on an area of 1 million 188 thousand hectares,
of which 93% was occupied by winter triticale. Such great interest in the cultivation of
this cereal is due to its relatively low soil requirements, resistance to fungal diseases, high
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yield potential and feed value. Triticale is mainly used as feed grain for poultry and pigs.
Triticale grain is characterised by a high protein content with a favourable amino acid
composition and high digestibility [74]. Choosing a spring variety was associated with
fewer publications about spring triticale than winter triticale.

Therefore, it seems justified to constantly monitor of the quality of agricultural prod-
ucts obtained in terms of food safety, especially those coming from areas exposed to the
emissions of fluorine compounds and contamination with this element.

5. Conclusions

Fluorine soil contamination had a much more pronounced effect on the amino acids
content of spring triticale grains than on winter oilseed rape. Fluorine soil contamination
had the greatest influence on Leu, Arg and Lys, Ala, Gly and Glu, increasing their content,
as well as Tyr, Met and Asp, decreasing their concentration in above-ground parts of winter
oilseed rape. With the increasing soil contamination, there was an increase in the content of
Arg, Phe, His, Leu, Tyr, Gly, Ser, Asp and especially, Pro and Glu, and a reduction in Met
and Cys concentration in spring triticale grain. Increasing fluorine doses have contributed
to the amino acid sum in both spring triticale and winter oilseed rape. In the case of spring
triticale, the highest fluorine dose (300 mg kg~! soil) was most favourable for the total
amino acid content, whereas in winter oilseed rape, the lowest dose (100 mg kg~! soil) was
most favourable. Spring triticale protein had a higher nutritive value than that of winter
oilseed rape. The nutritive index of protein, calculated on the basis of the ExAAs content
in the above-ground parts of winter oilseed rape, was at a similar level. Increasing soil
contamination with fluorine contributed to a slight increase in the nutritive value of spring
triticale grain protein. Under its influence, a gradual increase in the nutritional value of
protein in spring triticale grain was observed, from 60 in the control object (uncontaminated)
to 64 in the object contaminated with 300 mg kg~! soil.
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