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Lichen, as the toxic effect of these two air pollutants on lichens, and the means of combat
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1. INTRODUCTION

One of the major problems of current time is air pollution, the assessment of air quality through
the use of lichens as bioindicators is a major concern at the moment. Lichens present a very
important model of symbiotic organisms that include a fungus termed mycobiont, that captures
fixed carbon from green algae and/or cyanobacteria called photobionts (Mitrovi¢ et al., 2011;
Calcott et al., 2018). Because lichens have no roots and obtain their mineral nourishment from
atmospheric inputs and moist deposits, they make good bioindicators of air pollution (Garty et
al., 2008; Gauslaa et al., 2021). Lichens are also characterized by the presence of many original
compounds, especially bioactive secondary metabolites (Mukemre et al., 2021), which can be
used for their antimicrobial (Maciag et al., 2014; Sargsyan et al., 2021; Gandhi et al., 2022)
and antioxidant activity (Rodriguez et al., 2016; Gessner et al., 2017; Kandelinskaya et al.,
2021), the most important of which are polyphenols thanks to their pharmacological activity
(Stromsnes et al., 2021). Polyphenols have an important role in a plant's ability to withstand
various stresses (Kiani et al., 2021; Tuladhar et al., 2021; Kotton et al., 2022). They are
necessary for plant's growth, nutrition, survival, and defenses (Singh et al., 2021). Currently,
lichens are being used for a variety of purposes, including the therapy of many human illnesses,
especially as an anti-cancer activity (Nugraha et al., 2019; Solarova et al., 2020; Chae et al.,
2021; Sekli¢ et al., 2022).

*CONTACT: Ouahiba BENHAMADA DX wahibabenhamada@yahoo.fr [=] Jijel University, Faculty of Nature and Life
Sciences, Department of Applied Microbiology and Food Sciences, Algeria

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/

e-ISSN: 2148-6905
765


https://doi.org/10.21448/ijsm.1401066
https://dergipark.org.tr/en/pub/ijsm
https://www.researchgate.net/profile/Ari-Nugraha-2
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2474-5739
https://orcid.org/0000-0001-8088-8561
https://orcid.org/0000-0001-9087-1050

Benhamada, Benhamada & Leghouchi Int. J. Sec. Metabolite, Vol. 11, No. 4, (2024) pp. 765-794

Fluoride is one of the most phytotoxic chemical elements for plants and can be present in
many different environmental matrices, even in small amounts (Banerjee & Roychoudhury,
2019). It affects the metabolic activity of plants by decreasing nutrient uptake, germination,
photosynthesis, growth, and productivity (Sharma & Kaur, 2018). Fluoride toxicity causes the
generation of reactive oxygen species (ROS), it has also a negative impact on enzyme activity,
protein synthesis, and gene expression patterns (Choudhary et al., 2019). Heavy metals inhibit
chlorophyll production in lichens (Rola et al., 2019). Abiotic stress has a major impact on
photosynthesis in green plants at every stage (Ashraf & Harris, 2013). According to
Nareshkumar et al. (2015), lead disrupts the prooxidant/antioxidant balance, resulting in a range
of cell and tissue damage that eventually progresses to subcellular destruction.

When lichens are exposed to contaminants in the environment, they frequently undergo
physiological, morphological, and structural alterations (Matos et al., 2015). The most
commonly used parameters to study the toxicity of atmospheric pollutants on lichens are
chlorophyll degradation (Sujetovien¢ & Sliumpaité, 2013; Balarinova et al., 2014; Karakoti et
al., 2014; Sujetoviené, 2015) and lipid peroxidation (Paoli et al., 2015; Sujetovien¢ et al., 2019).
Like all other plant components, including chlorophyll, polyphenols also respond differently to
pollutants in the air. Plants use phenolic compounds to defend themselves from oxidative stress
brought on by a variety of airborne pollutants (Nobile et al., 2021). Plant polyphenols have the
property of naturally acting as antioxidants and being only mildly harmful. Exposure to abiotic
stress triggers the accumulation of amino acids and amines in different plant species. Soluble
sugars play a crucial role in a variety of metabolic processes, acting as a signal to control gene
expression in photosynthesis, osmolyte production, and sucrose metabolism (Khan et al., 2020).
Proline, on the other hand, is crucial for plants; it protects them from various stresses and helps
their faster recovery from stress (Mundada et al., 2021).

Plants manufacture many enzymatic components, such as catalase (Lei et al., 2022), and
non-enzymatic components, such as glutathione (Hasanuzzaman et al., 2020) to prevent ROS-
induced damage, and change their protein composition (Amnan et al., 2022). In response to
abiotic stress, plants also produce H20- as one of the ROS (Zhang et al., 2022b). GSH levels
grow in plants under stressful situations (Nahar et al., 2017), and it is used as an adaptive
mechanism for battling and tolerating stress (Gong et al., 2018). Catalase activity also increases
in plant under fluoride stress correlating with high concentration (Sharma & Kaur, 2019) and
with exposure time (Sharma et al., 2019).

Most studies showed the importance of the use of lichens as bioindicators of air pollution
generated by heavy metals and the toxic effect generated follows the accumulation of these
pollutants at the cellular level. However, few studies have conducted the toxic effect induced
by fluoride on lichens, for this purpose the current review will shed some light on the fluoride-
induced toxic effects in lichens and the adaptation mechanisms used by lichens to combat
induced toxicity.

2. GENERAL DATA ON LICHENS
2.1. History and Definition

Lichenology is a branch of biology that is interested in the study of lichens. It is a discipline
covering several aspects of these organisms: taxonomy, morphology, physiology, the algae-
fungus relationship, ecology, and bio-indication (Kranner et al., 2009). The term lichen is of
Greek origin (hence its pronunciation liken), it was found for the first time in the writings of
THEOPHRASTE (IV century before our era) who also designates the plants growing on the
trunks of trees (Ozenda & Glauzade, 1970). The use of lichens as bioindicators and
bioaccumulators has been studied for several years, the first study was carried out by William
Nylander (1822-1899) who published an article in 1866 (Les lichens du Jardins du
Luxembourg) in which he studied the relationship between environmental pollution and the
disappearance of several lichen species (Vitikainen, 2009).
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Lichens have long been thought of as composite organisms made up of algae and/or
cyanobacteria (phycosymbiont) hosted in a mutualistic relationship by a fungus
(mycosymbiont): (1) Phycosymbiont (algae): it ensures the carbon supply of the whole by its
assimilating pigments, (2) Mycosymbiont (The mushroom): thanks to the felting of its
filaments, it provides support to the algae and prevents its dehydration. It represents more than
90 % of the lichen biomass. Within the lichen thalli, several algae species, yeasts, and even
viruses have all been gradually found (Morillas et al., 2022).

2.2. Lichen Morphology

Lichens are thallophytes, their vegetative apparatus is a thallus representing neither leaves, nor
stems, nor conductive apparatus and carrying the reproductive organs, the thallus of lichens
have very varied forms among which we distinguish several major morphological types
(Ozenda, 2000). The fungus partner is principally responsible for determining the three main
growth types of thallus structures: foliose, fruticose, or crustose. Foliose and fruticose lichens
are only partially attached to the substrate through anchor-like structures like rhizines and
hapters, whereas, crustose lichens, which lack the lower cortex, are entirely attached (Budel &
Scheidegger, 2008). The phytobiont and its close physical contact with the mycobiont have a
significant impact on the shape of the lichenized thallus. There are five different types of lichen
thalli (Figure 1).

2.2.1. Principal type of lichen thalli

Lichens are in the form of: (1) Crustose thalli: Phytobiont in a distinct layer below an upper
mycrobiont cortical layer with no lower cortex, forming a crust closely adherent to the support
(bark, rocks or earth), it is by far the most numerous (more than 4/5 of the lichens). The thallus
is generally inseparable from the support. Example: Lecanora, Pertusaria, Ochrolechia; (2)
Leprous thalli: Groups of phycobiont surrounded by mycobiont, result from a coherent
association of granules (0.1-0.2 mm) each consisting of a bunch of hyphae associated with a
few algal cells. Example: Leparia. (3) Foliose thalli: Phycobiont in a layer under an upper
cortex with a discrete cortex underneath, in the form of lobes easily separable from the substrate
to which they are sometimes attached by rhizines. Example: Parmelia, Physia, Xanthoria; (4)
Filamentous thalli: Phycobiont surrounded by a sheath of mycobiont possessing the appearance
of pads, they are in the form of very fine filaments, tangled and spread on the support. Example:
Usnea sp.; (5) Fruticose thalli: Shrub; erect, vertical or dragging; radial structure, often attached
to the base, with the phycobiont in a layer inside the outer cortex, either tufts hanging from the
trunk or branches of trees, or tufts of stems. Example: Usnea, and Ramalina (Elkhateeb et al.,
2022).

2.2.2. Other thalli

Lichen thalli can be presented in three other forms (Figure 2): (1) Gelatinous thalli: These are
the ones that contain cyanobacteria. The thallus is in the form of a simple structure with little
differentiation. Example: Collema, Ephebe, Lichina, Placodium, Leptogium; (2) Squamulose
thalli: They are intermediate thalli between crustose and foliose thalli, are found in the form of
more or less close together or overlapping scales, on board not adhering to the support.
Example: Psoradecipien, Hypocenomycescalaris, Normaninapulchella; (3) Composite thalli:
The composite thallus is a component of two thalli: the first is crustose, squamulose thallus or
foliose, more or less spread out on the substrate. The second of a fructicose nature, growing
perpendicular to the substrate. Example: Cladonia (Blidel & Scheidegger, 1995).
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(e) e1 €2 es

Figure 1. Growth-forms and general appearance of principal type of lichen thalli; (a): Crustose lichens
(a1 : Lecanora sp., a2 : Rhizocarpon geographicum, as : Haematomma puniceum) (b): Folisose lichens
(b1: Parmelia, b,: Hypogymnia, bs: Xanthoria), (c): Fructicose lichens (ci: Usnea, c2: Ramalina, cs:
Teloschistes), (d): Leprose lichens (di: Candelariella efflorescens, d»: Chrysothryx candelaris, ds :
Lepraria incana), (e): Filamentous lichens (e1: Bryoria fremontii, e;: Bryoria fuscescens, es: Bryoria
pseudofuscescens) (Alison, 2006; Nimis et al., 2017).
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Figure 2. Growth-forms and general appearance of squamulose and gelatinous lichens; (a): Squamulose
lichens (ai: Toninia auriculata, a;: Psora decipiens, as: Squamarina lentigera), (b): Gelatinous lichens
(b1: Collema subflaccidum, b,: Collema flaccidum, bs: Collema nigrescens) (Nimis et al., 2017).

2.3. Lichen Ecology

Lichens can develop on a variety of substrates and in a variety of weather situations: (1)
Corticolous lichens are those that grow on tree trunk and bark; (2) Ramicolous lichens live on
twigs; (3) Lignicolous lichens live on wood; (4) Saxicolous lichens live on rocks and boulders;
(5) Muscicolous lichens live on moss; (6) Terricolous lichens live on soil; (7) Foliicolous
lichens live on evergreen leaves (epiphyllous). Any lichen that grows on another plant is
generally referred to as epiphytic (Singh et al., 2016).

2.4. Lichen Reproduction

Lichens frequently combine sexual and vegetative reproduction. Vegetative means can simply
involve thallus fragmentation or specialized organs like soredia or isidia. The fungal partner is
often the sole one involved in sexual reproduction, and the variety of fruiting bodies or ascomata
(sing. ascoma) is astounding. Not only that, but they also differ considerably among species
and higher taxonomic levels like genus and family in terms of internal architecture such as
tissue arrangement, spore sacs (known as asci), and the spores themselves (Perlmutter, 2009).

2.4.1. Vegetative reproduction

The lichen complex can spread globally, either in the form of thallus fragments, or through the
set of special organs, soralia and isidia (Figure 3). A soralia is a crack in the cortex (formed by
the fungus) at the level of the medulla of the lichen which resolves into a floury dust of soredia
which are glomeruli formed of a few cells of algae surrounded by a bunch of hyphae of very
small size and easy dispersal. While the isidia are small buds carried on the surface of the thalli,
these isidia, which are heavier than the soralia, cannot be transported as far, they rather ensure
colonization of the substrate, they are generally considered as organs of multiplication (Ozenda,
2000).

2.4.2. Sexual reproduction

It is carried out by the production of spores of the fungus, which, by germinating then give
hyphae which capture the algae. Indeed, two sexually differentiated fungal hyphae merge and
give the surface of the thallus structures in the form of buttons (apothecia), or more or less
closed cups (perithecia) (Figure 3), in which specific cells (asci) will develop ascospores
(generally 8 spores per ascus but the number can vary, and post-miotic mitoses make it possible
to obtain in certain cases 32, 64, ... ascospores, or much less) (Honegger, 1998).
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Figure 3. Organs for vegetative and sexual reproduction; a: soredia, b: isidia, c: apothecia, d: perithecia
(Nimis et al., 2017).

2.5. Composition of Lichen Substances

Primary and secondary lichen compounds can be separated into two categories: Primary lichen
compounds play structural and metabolic roles in biological processes. The majority of these
are found in other plants. Lichens create a wide variety of peculiar secondary products that are
not present in other plants. The functions of secondary lichen compounds are still not fully
understood. They most likely function as antibiotics (acids), photosynthesis-related molecules
(atranorin), light filters (parietin), or agents that speed up the transfer of carbohydrates from the
photobiont to the mycobiont or have roles in degrading the mineral substrates (Podterob,
2008). Lichen metabolites act as a major factor in the metal homeostasis and pollution tolerance
of lichen (Bhattacharyya et al., 2016).

2.5.1. Primary metabolites

Primary metabolites include proteins, amino acids, lipids, carbohydrates, polyols, carotenoids,
vitamins, and other organic compounds vital to lichen metabolism and structure (Elix &
Stocker-Worgétter, 2008; Mitrovié et al., 2011).

2.5.2. Secondary metabolites

A wide variety of chemical groups are represented in lichen secondary metabolites (Nayaka &
Haridas, 2020), such as aliphatic acids, sugar alcohols, quinines, chromones, xanthones,
dibenzofurans, depsides, depsidones, depsones, terpenoids, steroids, carotenoids, and diphenyl
ethers (Yousuf et al., 2014). Secondary metabolites are produced by mycobionts, which then
store them in the cortex or the medullary layer (Calcott et al., 2018).

2.6. Uses of Lichens
2.6.1. Medicinal uses of lichens

In traditional medicine, several lichens such as Usnea, Evernia, Cetraria Cladonia Ramalina
Lobaria, Peltigera and Xanthoparmelia are most frequently used by cultures across the world,
particularly in temperate and arctic regions to treat wounds, skin problems, respiratory, and
obstetrical difficulties. They have been used for both their carbohydrate and secondary
metabolite contents (Crawford, 2015). Likewise, due to their bioactive compounds, lichens are
used as antimicrobial and antioxidant agents (Elkhateeb et al., 2021) also as antiviral agent
(Bhattacharyya et al., 2016). Currently, lichens are employed to treat a variety of human
illnesses because of their anti-cancer, antigenotoxic, anti-inflammatory, analgesic and
antipyretic activity (Nugraha et al., 2019; Sekli¢ et al., 2022). In addition, the lichen's
metabolites are being tested for their potential as hepatoprotective, cardiovascular protective,
gastrointestinal protective, antidiabetic, and probiotic agents (Nayaka & Haridas, 2020).

2.6.2. Uses of lichens as food

Because of its richness in polysaccharides, certain enzymes and some vitamins, some lichens
serve as important source of food for animals (Cladonia rangiferina, Cetraria islandica, species
of Stereocaulon, Evernia, Parmelia and Lecanora) and humans during famine (Parmelia
species, Lecanora esculenta, Cetraria islandica, Lecanora esculenta, Umbilicaria esculenta)
(Elkhateeb et al., 2022).
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2.6.3. Uses of lichens for mineral production

Lichens living on rocks can pull oxalate and turn it into oxalic acid, particularly calcium oxalate
monohydrate and calcium oxalate dihydrate (Marques et al., 2016).

2.6.4. Uses of lichens as bioindicators of air pollution

The possibility that lichens are sensitive to air pollution was suggested as early as 1866 from
observations made around Paris, France. Since then, several studies have been carried out in
large urban areas on several continents, whose gaseous substances most involved in the decline
of lichens appear to be sulphur dioxide which mainly affects the algal component by disrupting
the process of photosynthesis and various fluorine compounds (Weaver, 1975). Because they
are sensitive to changes in temperature, air pollution, and water availability, lichens are
excellent markers of planetary change (Bajpai et al., 2018). Their biodiversity is substantially
impacted by even minor environmental changes (Eldridge & Delgado-Baquerizo, 2018).
According to the researchers, urbanization and environmental pollution appear to have an
impact on every functional aspect of lichens (Koch et al., 2019).

They are used in the bio indication of air quality (Kuldeep & Prodyut, 2015; Pescott et al.,
2015; Sulaiman et al., 2018; Benitez et al., 2019; Mohamed et al., 2020; Quijano-Abril et al.,
2021). Lichens are capable of absorbing large amounts of trace elements from the atmosphere
(Caggiano et al., 2015; Darnajoux et al., 2015). Additionally, they serve as biomonitors
(Kularatne & de Freitas, 2013; Ite et al., 2014; Conti & Tudino, 2016; Demkova et al., 2017,
Abas, 2021; Tarawneh et al., 2021) and bioaccumulators of heavy metals (Wegrzyn et al., 2016;
Winkler et al., 2019; Rola, 2020; Vannini et al., 2021). They can develop on challenging
supports, like coastal rocks (Dévéhat et al., 2014), and are distinct from the majority of other
eukaryotic species in terms of their physiology, anatomy, and capacity to tolerate extreme
stresses (Exposito et al., 2022). Despite their distribution and diversity are influenced by
climate, soil chemistry and geography (Skvorova et al., 2022), lichens can resist various
stressful conditions such as extreme drought and temperatures (Beckett et al., 2021), salinity
(Chowaniec & Rola, 2022), heat (Kraft et al., 2022), nutrient deficiency (Hauck et al., 2009)
heavy metals (Rola, 2020) and fluoride (Roberts & Thompson, 2011). These stresses are the
source of ROS and the most important adaptation mechanism used by lichens for tolerance to
stressful conditions is the scavenging of these ROS (Kranner et al., 2009). Lichens can also
exhibit typical stress-tolerant characteristics, such as reduced growth rates, significant
longevity, low nutrient requirements, the presence of specific morphological and physiological
adaptation, and changes in ecological behavior for surviving in the most hostile environments
in the world (Armstrong, 2017).

3. GENERAL DATA Fluorine

3.1. History and General Properties of Fluorine

After the discovery of sodium and potassium by the English chemist Humphrey Davy (1778-
1829), André-Marie Ampere (1775-1836) grasped the idea that chlorine and fluorine were both
chemical elements but did not publish his hypotheses. He pointed to the analogies between
hydrochloric acid and hydrofluoric acid and concluded that an element first called oxy-fluoric
and then fluorine must exist. On 1% November 1810, André-Marie Ampére even suggested the
possibility of isolating the element fluorine by electrolysis of anhydrous hydrofluoric acid. In
1813, he announced that a new element had been discovered (Moissan, 1886).

Fluorine, the most electro-negative element of the halogen group, its electronegativity in the
Panling scale is 4 against 3.5 for O and 3 for Chlorine. Fluorine is a chemical element with the
atomic number 9 and is represented by the symbol F. At ordinary temperature and pressure,
fluorine gas is an elemental form of the element fluorine. F> is the formula for fluorine
gas. Fluorine gas doesn’t exist freely in nature due to its high reactivity. Fluorine combines
directly with all elements other than oxygen and nitrogen, reacts vigorously with most
oxidizable substances and organic compounds, which explains its toxicity (Chappuis, 1991).
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3.2. Sources of Fluoride

Parent rock is the main natural source of inorganic fluorides in the soil. Fluoride is naturally
released into the environment by mineral weathering, volcanic emissions, and marine aerosols
(Fuge, 2018). Different industrial uses exist for inorganic fluorine compounds. Fluoride is a
chemical that is used in the manufacturing of aluminum, as a flux in the production of steel and
glass fiber, and as a waste product that is released into the air, water, and land. Additionally, it
may be discharged into the environment during manufacturing phosphatic fertilizers, bricks,
tiles, and ceramics (Bonvicini et al., 2006; Walna et al., 2007).

3.3. Fluorine and Main Derivatives

3.3.1. Gaseous mineral compounds

Gaseous forms of fluorine include: (1) Fluorine: a yellow-green gas at ordinary temperature,
(fluorine 18) prepared in nuclear reactors and used in animal experiments (Chappuis, 1991); (2)
Hydrogen fluoride: also called hydrofluoric acid, it is the fluorinated compound whose
industrial production is the most important, it is a strong corrosive chemical that can cause
intense irritation, severe burns and necrosis (eye, lung, digestive tract) (Kim and Su, 1999); (3)
Silicilated fluorine derivatives: also called silicon tetrafluoride (SiF4): is a very toxic gas,
industrial pollutant of many industries (coal combustion, aluminum industry, superphosphate
plant, brickworks, tile works, glassworks...), SiF4 is also observed in terrestrial volcanic gases
and is predicted to be the major F-bearing species in low-temperature (Schaefer & Fegley,
2005).

3.3.2. Fluorides

The main forms of fluorides are: (1) Alkaline fluorides such as calcium fluoride (CaF2),
strontium fluoride (SrF.), Barium fluoride (BaF), magnesium fluoride (MgFz), lithium fluoride
(LiF) and sodium fluoride (NaF) (Song and Williams, 1993). Except LiF, all alkaline fluorides
are soluble in water. The most common alkaline fluoride is NaF responsible for most accidental
or voluntary poisoning by the fluoride ion (confusion with edible compounds, ingestion of
insecticides, fungicides ...). In addition, NaF has a detrimental effect on immunity and humoral
immunity by causing the reduction of the population of T and B lymphocytes (Kuang et al.,
2016); (2) Main mineral forms: such as fluorspar (CaFz), Cryolite (3NaF, AlF3) and Fluor-
apatite [3Cas (POas) 2, CaF2] constituting phosphate rocks and frequently responsible for
endemic fluorosis (Choudhary et al., 2019).

3.3.3. Organic fluorine compounds

In recent decades, scientists have become interested in organic fluorine compounds. This is
owing in significant part to their ubiquitous use in medicines, agrochemicals, and functional
materials (Li et al., 2018) like: (1) Chlorofluorocarbones (CFCs), commonly referred to as
Freon, generally non-toxic. These are gases or more rarely liquids used as refrigerants, solvents
and, until recent years, as aerosol propellants (Mishra et al., 2022); (2) Fluorocarbones:
characterized by a high gas-dissolving capacity (oxygen, carbon dioxide, inert gases), low
viscosity, and chemical and biologic inertness. The reason why they are used therapeutically as
oxygen transporters instead of hemoglobin (van Hulst et al., 2008); (3) Fluorinated anesthetics:
widely used as an anesthetic agent, these are enflurane, isoflurane, sevoflurane,
methoxyflurane, and fluorinated hydrocarbons such as halothane (Chen et al., 2015).

3.3.4. Natural organic compounds

They are rare, including fluorooleic acid and fluoroacetic acid found in some plants. After
ingestion, fluoroacetate is rapidly converted to the more toxic fluorocitrate (Talcott, 2018),
while sodium fluoroacetate, very toxic, is used as a rat poison (Goncharov et al., 2020).

3.4. Use of Fluorine

Fluorine is a trace element since it represents only 0.0037 % of the human body, to do this, it is
beneficial for human health in low concentrations, but is toxic in excess (Fordyce, 2011).
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3.4.1. Caries and periodontal disease

The beneficial effect of fluoride derivatives in the prevention of tooth decay has been known
since 1930, fluoridation of water or salt prevents tooth decay at the communal level as well as
on an individual level through use at home and professional application (Pollick, 2018). Low
levels of NaF exhibit a pharmacological role in the inflammatory response against the
development and progression of periodontal disease (Kim et al., 2019).

3.4.2. Therapeutic use of fluorine

Fluorouracil is used to treat actinic and solar keratosis, as well as carcinomas of the head and
neck, colon, rectum, breast, stomach, bladder, and pancreas (Vardanyan & Hruby, 2006).
Fluorine has a significant impact on the hydrophobic contact between the drug molecule and
the receptor because of its ability to make the molecule more lipophilic, for this reason the
fluorine atom is used in the production of several therapeutically helpful medications combating
numerous life-threatening disorders (Gupta, 2019).

Fluorinated molecules are widely used in bioengineering and nanotechnology due to its
properties in forming C-F bonds, which can adapt membrane permeability and improve the
pharmacokinetic properties of drugs (Zhang et al., 2022a). The most common example of
fluorination is that of fluorination of steroids, this one has been very remarkable especially in
the anti-inflammatory field, this is the case of 9a- and 6a- fluorosteroids used in the treatment
of rheumatoid arthritis and fluticasone propionate used as an anti-inflammatory in allergic
rhinitis and asthma (Filler & Saha, 2009; Yamazaki et al., 2009).

3.4.3. Prevention of osteoporosis and otosclerosis

Once bone has been destroyed, fluoride offers the greatest potential as an osteoporosis
treatment, essentially common postmenopausal osteoporosis (Pak et al., 2009). In 1961, Rich
and Ensinck employed sodium fluoride for the first time to treat osteoporosis (Kleerekoper,
1998). According to low-quality study, patients with otosclerosis may benefit from sodium
fluoride to retain hearing and lessen vestibular symptoms (Cruise et al., 2010).

3.5. Toxicokinetic of Fluorine

Fluorine absorption can be done by: (1) Inhalation exposure: specific for hydrogen fluoride or
mixtures of hydrogen fluoride and fluoride, this type of exposure is one of the industrial
accidents that causes serious damage (Lee and Jeong, 2021); (2) Oral exposure: the
gastrointestinal system easily absorbs soluble fluoride compounds such as sodium fluoride,
hydrogen fluoride, and fluorosilic acid (Whitford, 1996), about 80 to 90 % of fluoride ingested
through this route by passive diffusion (Zohoori & Duckworth, 2017); (3) Dermal exposure:
the rapid entry of fluoride ions into the epidermis by hydrofluoric acid results in soft tissue
necrosis, decalcification, and bone deterioration (Dennerlein et al., 2016). Accidental cutaneous
exposure to anhydrous hydrogen fluoride has been associated with systemic fluoride poisoning.
After ingestion, fluorides pledge the plasma with maximum absorption within 60 minutes of
exposure initiation (Buzalaf & Whitford, 2011). Once in the blood plasma, fluoride is
distributed, to soft and mineralized tissues and reversibly incorporated mainly in bone, being
released back to plasma during bone remodeling (Ekstrand, 1996; Whitford, 1996).

About 60 % of fluoride that has been ingested by healthy adults is eliminated in urine via
the kidneys, compared to about 45 % for children (Villa et al., 2010; Buzalaf & Whitford,
2011). Most of the fluoride not absorbed from the stomach is absorbed from the small intestine
and eliminated in feces (Buzalaf & Whitford, 2011). Fluoride is also excreted in sweat (Fawell
et al., 2006), and saliva (Ingram et al., 2005).

3.6. Toxic Effects of Fluorine

Due to the excessive intake of fluoride through drinking water, fluoride toxicity adversely
affects physiological and biochemical parameters in either agricultural crops, plants, animals,
or human consumption (Tak, 2018).
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3.6.1. Toxic effects on the environment

The use of chlorofluorocarbones (CFCs) as aerosol propellants expected to decrease and even
disappear due to the action of freon components on atmospheric ozone (Mishra et al., 2022).
Fluorinated gases (F-gases) used as refrigerants, blowing agents and electrical insulators are
powerful greenhouse gases and, therefore, their release into the environment creates a
significant contribution to global warming (Sheldon & Crimmin, 2022).

3.6.2. Human toxicity

Fluoride has recently been grouped with hazardous metals (lead, methylmercury, arsenic) and
polychlorinated biphenyls in epidemiological research, because of their adverse effects
obtained in animal experiments, in particular on developmental toxicity, and the molecular
mechanisms by which it can cause effects. Given the extensive fluoridation of drinking water
and the ubiquitous use of fluoride in dental hygiene products like toothpaste, if this evaluation
Is accurate, it would be quite pertinent (Guth et al., 2020). Acute Toxicity may be caused by
accidental ingestion or, for suicidal purposes, of sodium fluoride, fluorosilicate, hydrofluoric
acid or fluorosilic acid solutions, the symptoms of which are vomiting, diarrhea, salivation,
respiratory arrest, cardiac depression, convulsions, and leading coma (Norman & Arden, 1991).

Dental fluorosis is among the most well-researched long-term effects of fluoride in people
(EFSA, 2013). Indeed, excessive incorporation of fluoride into tooth enamel before teeth
eruption leads to hypomineralization of developing teeth. This problem is found when fluoride
intake exceeds a concentration in drinking water of approximately 1 mg/L of fluoride, under
conditions where drinking water is the only relevant source of fluoride. Another example of the
long-term effects of fluoride is skeletal fluorosis (osteosclerosis and other bone abnormalities)
caused by persistent fluoride toxicity, which results in excruciating pain and weakness, due to
exposure to the environment or industry (Choubisa, 2021; Mohideen et al., 2022).

Higher doses of fluoride (> 10 mg/L) can be correlated with debilitating fluorosis and
carcinogenic risk. Confined studies suggest that fluoride may speed up the development of cells
that would eventually turn cancerous, but this claim is debatable because there is no conclusive
evidence linking fluoride to the influence of carcinogenicity (Bajpai, 2013; Ali et al., 2019). It
should be mentioned that fluoride ions exhibit a number of genotoxic characteristics and may
possess mutagenic effects when in prolonged contact with biological components, but there are
only a few studies discussing the ability of fluoride ion to increase the level of genotoxic effects.
The danger of genotoxicity associated with human exposure with fluoride compounds is still
an open question (Ribeiro et al., 2017; Mikheeva et al., 2020)

3.6.3. Fluoride phytotoxicity

One of the most phytotoxic chemical elements for plants, fluoride is present in many
environmental matrices and can be harmful to them even in small amounts (Banerjee &
Roychoudhury, 2019). Fluoride can cause slower plant growth and browning of their leaves,
generally poisoning begins with chloroses, followed by the destruction of tissues, color change
and finally the appearance of necrosis. The most remarkable toxic effect of fluoride on plants
is leaf damage (Figure 4); indeed, plant leaves are the site of fluorine accumulation which
causes stomata closure and inhibition of photosynthesis, hence the appearance of necrosis.
Fluorides also induce degradation of photosynthetic pigments, thereby inhibiting
photosynthesis, interfere with active metabolism, decrease the rate of cell division and
expansion which decreases the germination and development of seed (Ram et al., 2014; Sharma
and Kaur, 2018; Choudhary et al., 2019; Pelc et al., 2020; Sahariya et al., 2021), length of root,
length of shoot, plant height, number of leaves, size of leaf, number of flowers per plant and
fruit-set percentage (Singh et al., 2013; Sodani et al., 2021). Fluoride toxicity also has an
adverse effect on development, mineral nutrition, respiration, reproduction, and the activity of
cellular enzymes (Sahariya et al., 2021).
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3.6.4. Toxic effects of fluoride on lichens

Fluorinated pollution can cause an almost total disappearance of some lichen species. A precise
cartographic study makes it possible to establish the existence of a lichen desert in the
immediate vicinity of the factories. As one moves away from it, the lichen flora gradually
enriches (Perkins, 1992). Numerous studies have shown a relationship between lichen damage
and fluorine accumulation. This is because lichens are able to quickly accumulate large amounts
of fluoride. This accumulation varies according to the lichen species, the time and the distance
from the source of pollution (Deruelle & Lallement, 1983), climatic factors (Conti & Cecchetti,
2001), and fluoride concentration (Chakrabarti et al., 2014).

As a result of the stressful environment, lichens suffered numerous biochemical and
physiological alterations. The most prevalent metric used to study the toxicity of air pollutants
on lichens is chlorophyll degradation (Sujetovien¢, 2015). Fluoride has the greatest impact on
photosynthesis and respiration (Sharma & Kaur, 2018). Significant decrease in chlorophyll a,
chlorophyll b and total chlorophyll contents in Xanthoria parietina under fluoride stress was
noted by Benhamada et al. (2023b), however significant increase of chlorophyll a/b ratio was
obtained correlating with exposure time to NaF (r = 0.818, p < 0.001), indicating that
chlorophyll b is more affected than chlorophyll a in X. parietina.

In X. parietina under fluoride-induced stress, the color change of the pinkish gray thalli
suggests that it is accompanied by a destruction of lichenic acids, this is due to the destruction
of chlorophylls a and b, and transformation into phaeophytin, before the complete degradation
of all pigments including carotene and xanthophyll (Deruelle & Lallement 1983; Zhang et al.,
2016; Yang et al., 2019). Fluoride accumulation would also create favorable conditions for
exosmosis causing permanent plasmolysis of lichen algal cells. This phenomenon of
plasmolysis is explained by the inhibition of the metabolism of the cell wall compounds, there
will be a slight dehydration resulting in the folding of the lichen upper cortex, including the
necrosis formation (Figure 5). According to Nash 111 (1971) and Gilbert (1973), this necrosis is
due to the destruction of lichenic acids.

Figure 5. Fluoride injury symptoms (necrosis) in epiphytic lichens (LeBlanc et al., 2011).

Fluoride also decreases germination of spore. Semadi (1989) studies have shown that low
concentrations of NaF inhibit spore germination in Physonia pulverulacea lichen. Plants boost
the activity of antioxidant enzymes such as catalase in order to trap ROS and detoxify their
effects (Lei et al., 2022). Several studies have shown that catalase expression increases
significantly correlating with increasing concentrations (Mondal, 2017; Elloumi et al., 2017,
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Sharma & Kaur, 2019; Benhamada et al., 2023b) and with increasing exposure time to sodium
fluoride (NaF) (Sharma et al., 2019).

Several studies have found that lichens employ glutathione for detoxification; GSH increases
in plants under stressful situations and is part of plant adaptation methods to battle and survive
stress (Sanita di Toppi et al., 2008; Nahar et al., 2017; Gong et al., 2018). Results obtained by
Benhamada et al. (2023b) showed that the GSH content increases correlating with increasing
concentrations of NaF in X. parietina. During lipid peroxidation, a wide range of aldehydes are
produced, including MDA. MDA is a promising biomarker and diagnostic for lipid oxidative
damage in drought-stressed plants (Amine-Khodja et al., 2022; Toto et al., 2022). Compared
to the control test, results obtained by Benhamada et al. (2023a) showed a significant increase
in MDA contents (p < 0.05%) in exposed X. parietina to NaF solutions. Similar results were
archived by Dzubaj et al. (2008) and Pisani et al. (2009) who showed that X. parietina reacts
against fluorine by increasing MDA content.

Proline is part of a broader adaptive response to adversity (Liang et al., 2013; Ghosh et al.,
2022). Proline accumulation might be thought of as a stress indicator that changes depending
on the plant type (Amine-Khodja et al., 2022). According to Benhamada et al. (2023a), a
significant increase in proline content in X. parietina was noted correlating with increasing
exposure time to NaF concentrations (r = 0.783, p = 0.00032). Soluble sugars and polyphenols
like proline, are part of plant adaptation strategies to battle and tolerate stressful situations
(Gangola & Ramadoss, 2018; Khan et al., 2020; Amine-Khodja et al., 2022). Results obtained
by Benhamada et al. (2022) showed significant increase in polyphenol contents correlating with
increasing concentration of NaF in X. parietina thalli. Significant increase in the content of
soluble sugars correlating with increasing concentration of NaF (r = 0.678, p = 0.0010) was
also noted in X. parietina under NaF stress (Benhamada et al., 2023a).

4. GENERAL DATA ON LEAD
4.1. Definition and History

Lead (Pb) from the “Latin plumbum” with atomic number 82 and atomic mass of 208, is a blue-
gray non-radioactive metal that turns gray once exposed to air, with a melting point of 327.5
°C and a boiling point at atmospheric pressure of 1740 °C. It is the most universally widespread
element of heavy metals and the second most toxic heavy metal after arsenic. Lead and its
oxides typically create covalent bonds when reacting with acids and bases (Boldyrev, 2018). It
has been commonly used for nearly 6000 years in human activities (Papanikolaou et al., 2005),
and since at least 200 B.C. humans have been aware of its harmful effects, indeed Asia Minor
saw the earliest known usage of lead between 6000 and 4000 B.C. (Hernberg, 2000).
Meanwhile and with the huge development of population and economic growth, lead pollution
has increased from an estimated 10 tons to 1 000 000 tons per year, with a global production
about ten million tonnes in 2014 (Boldyrev, 2018).

4.2. Origin of Lead

Lead occurs naturally in soil, water, plants and animals (Tiwari et al., 2013). It is found
naturally in the earth's crust at concentration of 15-20 mg/kg. In general, lead concentrations
are around 5 to 25 mg/kg in soil, 1 to 60 pg in surface water, and around 1pg/m? in air (Lu,
1992). Lead can be emitted naturally either by erosion that carries it to the soil, surface water,
and sediment, or by terrestrial or underwater volcanic eruptions (Popescu et al., 1998).
Industrial lead pollution originates from several industrial processes, especially from mining
and smelting, plastics, printing and phosphate industries, manufacturing batteries, metallurgy,
and lead refining complexes (Kapusta & Sobczyk, 2015; Kabir et al., 2020) as well as car traffic
and leaded aviation gasoline (Lin et al., 2011).
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4.3. Lead, Lead Compounds and Uses

(1) Metallic lead (Pb): lead is primarily used to create rechargeable storage batteries. Pb makes
up the gray negative electrode in battery (Crompton, 2000); (2) Lead oxides: such as a-PbO
(litharge) and B-PbO (cutter) used in the industries of glassware, enamels, drying oils of
accumulators, a-PbO> (scrutinyite) and B-PbO. (plattnerite) used as energetic oxidants and
make up the red color positive electrode in battery (Crompton, 2000), and Pb3O4 (leas tetraoxide
or minium) used in the composition of anti-rust paints (Pavlov, 2017); (3) Lead sulphides (PbS):
formed by chemical reaction of lead acetate with thiourea at room temperature. It provides
varnishes of yellow color, which can be colored brown by addition of manganese oxide or green
by addition of copper oxide (Bhatt et al., 2011); (4) Lead arsenate PbAHsO4 and lead stearate
Pb(C17H3sCO0Q).: used in insecticides and herbicides (Gad and Pham, 2014); (5) Lead iodide
Pbl2 and lead base acetate Pb(CH3-COO)2: used as a mordant in printing and dyeing textiles, as
a lead coating for metals, as a dryer in paints, varnishes and pigment inks, and as a dye in hair
dyes (Ghazi & Millette, 1964); (6) Alkyl derivatives of lead and organic lead compounds: such
as tetraethyl lead and tetramethyl lead used as antiknock agents in gasoline (Filella & Bonet,
2017); (7) Lead nitrate Pb(NOz3)2: used in the manufacture of matches and explosives, as a heat
stabilizer in nylon, and as a coating on paper for photothermography (Nielsen, 2013); (8)
Insoluble lead compounds: such us lead carbonate Pb(COs)2 and lead sulfate (PbSQO4) used in
paints synthesis (Nielsen, 2013), lead chromate (PbCrOa) used as a yellow pigment in paints,
rubber, plastics, and ceramic coatings (Gad and Pham, 2014), lead fluoride (PbsFs) used as a
pigment in ancient Rome and in anti-corrosion coatings (Bose et al., 1983) with additional uses
in the electronic and optical industries, lead naphthenate used as catalysts and as a varnish drier,
lead phosphate and lead stearate used as stabilizers in the plastics industry and lead sulfate with
zinc in galvanic batteries (Nielsen, 2013).

4.4, Toxicokinetic of Lead

We distinguish respiratory absorption specific to small Pb inorganic lead particles and aerosols
that can be almost completely absorbed, while larger particles can be moved by mucociliary
clearance to the oropharynx and swallowed (James et al., 1994); gastrointestinal absorption
influenced by age (40-50 % for children compared to 3-10 % for adults), diet, nutrition and
physiological characteristics of Pb in the ingested medium (Ziegler et al., 1978) and dermal
absorption specific for inorganic forms of lead but less frequent than inhalation and oral
exposure.

Ingested lead undergoes the action of hydrochloric acid from gastric juice and that of bile
secretions, which by determining partial solubilization and, consequently, increasing toxicity;
absorption is maximum in the small intestine and duodenum. Once in the blood, lead mainly
attaches to red blood cells before being distributed to the bones (Barry,1981), lead can also be
transferred from the mother to the fetus and also from the mother to infants via maternal milk
(Papanikolaou et al., 2005). Inorganic forms of lead are not metabolized, so they form
complexes with a variety of proteins and non-protein ligands, while organic compounds are
actively metabolized in the liver by oxidative dealkylation by cytochrome P-450 enzymes
(Philip & Gerson, 1994). About 50 - 60 % of eliminated lead is carried out mainly through the
urinary and biliary excretion route (Ziegler et al., 1978), lead elimination can be also done
through sweat, saliva, hair, nails, breast milk and seminal fluid (Barbosa et al., 2006).

4.5. Lead Toxicity
4.5.1. Human toxicity

Lead poisoning originates from paints, water, food, dust, but in the majority of cases by oral
ingestion and absorption through the gut. Acute lead-related toxicity is manifested by
headaches, muscle tremors, abdominal cramps, kidney damage, loss of memory with
encephalopathy (Papanikolaou et al., 2005). Lead exposure has a negative impact on the
hematological, renal, reproductive, neurological, digestive and respiratory systems. Lead also
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causes generation of ROS that results in critical damage to various biomolecules such as DNA,
enzymes, proteins and membrane-based lipids, while simultaneously altering the antioxidant
defense system (Wani et al., 2015). Once in the blood, lead can inhibit certain enzymes
responsible for heme synthesis, particularly 6-aminolevulinic acid dehydratase (Sakai, 2000).

4.5.2. Phytotoxic effects of lead

In plants, lead is mainly absorbed by the root system and in minor amounts through the leaves.
Once inside the plant, lead accumulates in the roots, but part of it is transferred to the aerial
parts. At the cellular level, it accumulates in the wall, vacuoles and forms small deposits in the
endoplasmic reticulum (Sharma & Dubey, 2005). Figure 6 shows an example of morphological
distortion observed in the leaves of Vicia faba plants under lead stress.

Lead toxicity causes severe oxidative damage to plants, it limits the synthesis of
photosynthetic pigments, proteins, and affects net assimilation rate, sweat rate, and stomatal
conductance (Arif et al., 2019). Lead also reduces the rate of seed germination, and plant
growth, and causes retardation of carbon metabolism, and blocks potassium in plants which
causes membrane damage and stomatal closure (Zulfigar et al., 2019). Lead stress also inhibits
the activities of several enzymes especially that of the Calvin cycle (Sharma & Dubey, 2005),
reduces gas exchange attributes, and induces the oxidative stress markers and activities of
antioxidant enzymes (Bamagoos et al., 2022).

Figure 6. Vicia faba leaves grown on Hoagland nutrient solution under Pb stress, 0.0 mM (left) and 48
mM (right) (Kamel, 2008).

4.5.3. Toxic effects on lichens

Foliose lichens are commonly utilized as biomonitors of metal contamination in the
environment due to their proclivity to accumulate high quantities of dangerous metals
(Subhashini & Suganthi, 2014; Purvis, 2014; Caggiano et al., 2015; Darnajoux et al., 2015).
Lichens, according to Abas and Awang (2017), are good biological indicators for
biomonitoring. X. parietina can accumulate substantial levels of heavy metals when compared
to other fruticulous lichens such as Ramalina farinacea (Belguidoum et al., 2021). Using a
natural sensor for the sampling of biological material, the lichen X. parietina was capable of
accumulating four heavy metals (Cr, Zn, Cu and Ni) in the Setif region, North-East of Algeria
(Douibi et al., 2015). Transplantation of lichen thalli of Evernia prunastri and Ramalina
farinacea from an unpolluted site to a polluted site showed significant accumulation of lead
after 3 months of exposure time (Sujetoviené & Cesynaité, 2021). Additionally, Benhamada et
al. (2023c) verified that lead accumulation in X. parietina thalli is correlated with longer
exposure times and higher lead nitrate concentrations Pb(NO3)2. Lead has been demonstrated
to infiltrate cells, particularly in fungal cortical compartments, even though lichens still have
significant extracellular quantities of the metal, primarily coupled to cell walls and extracellular
polymers, once inside the cell, the first important sign of its toxicity is the reduction of
photosystem 11 (PSII) photochemical reactions, and consequently the reduction of integrity and
chlorophyll content (Branquinho et al., 1997). Mechanisms of tolerance to lead in lichens are
shown in Figure 7.
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Figure 7. Mechanisms of tolerance to lead in lichens. The mechanisms of tolerance to lead of the
mycobiont are marked in yellow and those of the phycobionts in green. When there is more than one
phycobiont, these may have different strategies against lead. Different microalgae are represented with
different thicknesses and shade of greens. C cortex, M mycobiont, hyp hyphae, pho phycobiont
(Exposito et al., 2019).

Unlike fluoride which showed symptoms related to lesions in epiphytic lichens (Figure 5),
the accumulation of heavy metals, with the exception of Cd, did not show significant
morphological differences between stressed thalli and control (Sujetoviené et al., 2019). In
addition to the control test, X. parietina thalli were treated with Pb(NO3). concentrations for 24,
48, and 96 hours, and total chlorophyll content was quantified as a direct effect of lead stress,
chlorophyll levels fell as lead concentrations in solution increased; the lowest levels of this
pigment were found in thalli treated with high quantities of lead, showing that Pb had a
detrimental impact on chlorophyll a content (Carreras & Pignata, 2007; Benhamada et al.,
2023c). Aboal et al. (2008) discovered that a decrease in chlorophyll a/b ratio is an obvious
marker of degradation caused by senescence or stress. Additionally, Bajpai et al. (2010)
discovered that heavy metals (Zn, Cd, and Cu) cause physiological changes and inhibit
photosynthesis even at very low concentrations, while lead causes a decrease in total
chlorophyll and Ca/b ratio.

Protein content in X. parietina decreased significantly with increasing Pb(NO3)2
concentrations (r = -0.790, p = 0.0002) (Benhamada et al., 2023c) . Esposito et al. (2012) and
Chetia et al. (2021) discovered a decrease in total protein levels to correspond with Pb, Cd, Zn,
Cu, Co, Ni, and Cr in lichens growing in different contaminated locations. Catalase levels in
plants exposed to lead increase considerably, according to Abu-Muriefah (2015) and Khan et
al. (2021). Several other research have found that heavy metals promote oxidative stress in
biomarkers (Taiwo et al., 2014; Batool et al., 2018; Ullah et al., 2021; Benhamada et al.,
2023c).

Lead causes membrane damage, especially through water loss and ion leakage (Exposito et
al., 2019), indeed, lipid peroxidation, which is one of the main consequences of prooxidant
pollutants examined in thalli lichen, can cause these impairments (Alvarez etal., 2015;
Gurbanov & Unal, 2019). Indeed, membrane damage results in the degradation of its
phospholipids which accumulate in the form of MDA residues (Zoungranan et al., 2019).
Benhamada et al. (2023a) found a positive correlation between MDA contents in X. parietina
and increasing concentrations of Pb(NOs). (0.865, p = 0.000031).
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Lead has the ability to stimulate the formation of ROS (Kovacik et al., 2018; Wieners et al.,
2018, Benhamada et al., 2023c) that react with several vital biomolecules of the species causing
serious morphological, metabolic and physiological abnormalities (Zoungranan et al., 2019).
To neutralize and trap free radicals produced by lead, lichens accumulate polyphenols, usnic
acide, cysteine and tripeptide glutathione, proline, soluble sugars, GSH and catalase (Kovacik
et al., 2017; Exposito et al., 2019; Gurbanov & Unal, 2019).

Plants respond to stress by storing proline and soluble sugars in order to protect the structure
of their macromolecules (Alhasnawi, 2019). Proline determination in lichens is an investigative
method for various stress events. Benhamada et al. (2023a), showed significant increase in
proline and soluble sugar contents correlating with exposure time of X. parietina thalli to lead
nitrate (r = 0.811, p = 0.00013 and r = 0.780, p = 0.00036, respectively).

5. CONCLUSION

Based on this literature search, we were able to conclude that fluoride must be categorized as
one of the most toxic air pollutants, even though lead was more toxic than fluoride. This opens
the field to further research comparing the toxicity of fluorine to that of heavy metals on various
other ecosystems. It will be highly beneficial to conduct more research to identify the cellular,
intracellular, and molecular sites of action of lead and fluorine as well as to find out what
additional compounds this lichen has produced to counteract stressful environments. Several
other studies will be requested to compare the toxicity of heavy metals with that of fluoride and
thus to control the use of fluoride, particularly in drinking water disinfection processes.
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