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Abstract. A comparative study on the effects of air fluoride and sulphur dioxide pollution on a local vine 

(Vitis vinefera L.) cultivar "Asli" growing in the vicinity of a factory producing phosphate fertilisers in 

the southern suburb of Sfax region was investigated. The chemical analysis of both peripheral and central 

necrotic leaf round slices reveals a preferential accumulation of fluoride, as well as calcium in leaf 

margins and tips. However, central leaf areas seem to accumulate both sulfur and magnesium. These 

findings confirm the involvement of these two elements not only in the detoxification of fluoride as CaF2 

and MgF2, but also in regulating metabolic pathways. On the other hand, net photosynthesis is maintained 

at appropriate levels, while 30 to 40% of leaf surface are altered by necrosis. Furthermore, several 

structural changes are revealed in polluted leaves. Indeed, the decrease of leaf density is due probably to 

(i) a decrease in intercellular spaces, (ii) a decline of vascular bundles number and (iii) a gradual 

sclerotization of collenchyma cells occurring jointly with a thickening of their walls. 

Keywords: gaseous fluoride, fruit trees, ion accumulation, necrotic spots, collenchyma cells 

Introduction 

Fluoride compounds and sulphur dioxide (SO2) are among the most important 

phytotoxic air pollutants and prevalent near to industrial activity areas such as 

fertilizer factories, brick kilns, ceramic manufacturing etc (Bell and Treshow, 2002). 

Generally, industries are constructed in rural areas or outskirts of the cities  near to 

agricultural activity areas. Air pollutants emitted from industrial activity areas become 

dispersed in surrounding and deposited on plant leaf surfaces in particulate form or 

gaseous form (Baillie et al., 2016; Baunthiyal et al., 2014). Despite grapevine (Vitis 

vinefera L.) sensitivity to air pollutants (Doley, 1986; Leece et al., 1986; Murray, 

1984), some ecotypes of “Asli” local cultivars are still surviving in the area 

surrounding the SIAPE (factory producing phosphoric acid and phosphate fertilizers) 

located in the southern suburb of Sfax city (Tunisia) (Fig. 1). Air pollutants emitted 

by the SIAPE chimneys factory are mainly fluoride compounds, sulphur dioxide and 

particles (Azri et al., 2002; Ben-Abdallah and Boukhris, 1990). On the other hand, 
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Ben Abdallah (2007) found that fluoride (F) concentration in the air surrounding the 

factory ranged from 0.3-0.68 µg m
-3

. In some studies, plant responses of plants to air 

pollution were carried out on plants by exposing them to long or short term 

fumigations (Davieson et al., 1990; Doley, 1986; Murray and Wilson, 1988) or in 

hydroponics (Stevens et al., 1998) or by analyzing plants growing near to source of 

pollution industry (Abdallah et al., 2006; Elloumi et al., 2003; Jha et al., 2008; 

Zwiazek and Shay, 1987). It has been reported that plants can uptake fluoride through 

roots (Chakrabarti et al., 2013; Telesiński et al., 2011). However, fluoride mainly 

entered into plants via stomatal apparatus thus affecting transpiration and 

photosynthesis or caused necrosis in leaves (Jha et al., 2008). In addition to leaf 

injuries, air pollutants including F and SO2 cause various physiological disorders 

including reduction in photosynthesis and photosynthetic pigments, carbohydrate 

metabolism, membrane dysfunction and anatomical cellular structures (Ali et al., 

2008; Baunthiyal et al., 2014; Mesquita et al., 2010; Telesiński et al., 2011). However, 

detailed information about changes in anatomical and cellular structures with respect 

to their mechanisms of accumulation and tolerance is scarce. Such information can 

help us in using plant species for bio-monitoring (Festy, 2001) as such plant responses 

depend on type of species, type of cultivar used, plant age, climatic conditions and the 

distance from the pollution source (Elloumi et al., 2003). The major purpose of the 

present study was to appraise the combined effects of both fluoride and sulphur 

dioxide pollution on accumulation of mineral nutrients and anatomical traits of local 

Asli vine cultivar grown in Sfax city (Tunisia). A secondary objective of the present 

study was to assess the role of Ca and Mg in avoiding and / or mitigating pollutant 

toxicity. In addition, up to what extent different leaf anatomical characteristics were 

modulated or damaged by these air pollutants in an arid region of Tunisia. 

 

 

Figure 1. Map of study area in Sfax, Tunisia 

Materials and Methods 

Description of study area 

The study area is 20 km wide Mediterranean coastal low land lined with 100-meter 

high peaks. It is submitted both to continental dry winds and to highly humid sea 

coastal winds. The prevailing winds from the southeastern sector have a frequency of 

(25.5%), and those of the southwestern sector appear with a frequency of about 

16.25%. However, northwest and northeast winds occur with intermediate 
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frequencies. The average total year rainfall is 210 mm, the average minimum 

temperature of the coldest month (January) is 6.5°C and the average maximum 

temperature of the hottest month (August) is 31°C. Most of the total annual rainfall is 

mostly occurring from October to December; the dry period is during June-September. 

 

Sampling techniques 

The 20-year old local vines (Vitis vinefera L.) growing in a loamy sand soil which 

were approximately 0.5 km and 30 km away from the polluting factory “SIAPE 

factory” were marked as polluted and control plants. Similarities between polluted and 

non polluted sites were verified by particle size analysis. Ninety (90) leaf samples 

from three plants of the cultivar were taken from branches located in the upper median 

and lower portions of the vine tree which were facing and exposed to the factory 

fume. Non-affected leaf samples were collected from non-polluted land plots situated 

30 km away the factory. Aerial parts of vine that are located above the 12
th

 node of the 

shoot were taken. Samples were collected from polluted and non-polluted sites during 

the grapevine growing season (June, July and August 2009).  

To determine leaf pollutant sites, we selected only grape leaves exhibiting at the 

same time central and marginal necroses. Owing to their available great leaf surfaces, 

90 grapevine leaves, with 30 to 40% of necrotic leaf area, were cut into leaf marginal 

and leaf central necrotic pieces. The same leaf marginal and central pieces were also 

used to determine the concentration of F, Ca
2+

, Mg
2+

 and P. 

The leaf marginal necrosis was evaluated throughout the growing season (from 

May to August) of the leaves of “Asli” cultivar. Photosynthesis measurements were 

performed after the estimation of leaf necrose percentage according to Mabrouk and 

Carbonneau (1996) method. Necrotic peripheral slices of leaves were distributed into 

classes according to percent necrotic area (Table 1). Control or non-affected leaves 

were also cut into leaf marginal and central area and grouped into classes along with 

affected leaves. 

 
Table 1. Distribution of classes in function of percentage of leaf necroses. 

 Percentage of leaf necroses 

 Control 0 10-20 30-40 50-60 > 60 

Classes CT C0 C1 C2 C3 C4 

 

 

Photosynthesis measurements 

Leaf net photosynthesis was measured in the field under ambient environmental 

conditions between 9:30 and 10:00 am using a portable gas exchange system (IRGA, 

CID 301 PS, Vancouver USA). The measurements were made on leaves that remain 

attached to the mother plant, occupying the l0
th

 to the 12
th

 shoot node. All 

measurements for gas exchange were taken on sunny days with 1500 µmol m
-2

 s
-1

 light 

intensity. The PAR was measured directly by the infrared gas exchange analyzer 

system. The average leaf temperature during the experimental period was of 34 °C ± 

2.55 °C. All measurements of gas exchange characteristics were measured on grapevine 

plants at both locations on with a difference of one day with same diurnal conditions. If 

there was any significant change in light or weather conditions, the measurements were 

taken on the next day but under similar diurnal conditions.  
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Fluoride, sulphur, calcium and magnesium analyses 

For fluoride analysis, different plant tissues (leaf blade, leaf stalk and internodes) 

were oven-dried at 70 °C for 72 hours. Oven dried leaf material were ground to 

make powder. Leaf powder was re-dried prior to weighing sub-samples for analysis. 

Fluoride concentrations were determined using the potentiometric technique 

described by Rhimi et al. (2011). Sulphur was determined by the turbidimetric 

method of (Blanchar et al., 1965), the detection limit of which is about 10 ppm with 

a RSD of 0.41%.  

After digesting plant powder with nitric and perchloric acids (2 v/ 1 v), Ca
2+

 and 

Mg
2+

 were determined by the atomic absorption spectrophotometry technique with 

polarized Zeeman (HITACHI, Z-6100).  

 
Anatomical sections 

Fresh polluted and non polluted grape leaves were taken and fixed during 24 hours 

in Formalin - Acetic – Alcohol mixture (FAA) according to the fixation procedure 

described by Sass (1958). The fixed material was rinsed with water and then divided 

into two batches. The first one was dehydrated in alcohol and included in paraffin, cut 

and stained by the triple stain (Safranin, Heidenhain’s and blue aniline). The second 

batch was cut by a freezing microtome and stained with aceto-carmin (Locquin and 

Langeron, 1978). Freezing and serial cross sections were observed under a light 

Reichert LKB microscope equipped with a camera. 

 

Statistical analyses  

Statistical analyses were performed with the SAS package (Statistical Analysis 

System, version 6.12, Cary, NC, USA) using both Duncan multiple range and Student 

Tests at the 5% significance level.  

Results  

Morphological responses  

Our regular field observations in the polluted area allowed us to recognize various 

expressions of damage caused to the local vines growing in the vicinity of the factory.  

As shown in Fig. 2, two types of leaf necroses were observed: marginal necroses of 

brick red colour, occupying lobes extremities and central necroses occupying inter 

vein leaf blade spaces as few scattered circular red spots. Whereas the formers are 

very frequent and present in nearly all the vine leaves exposed to the factory smoke; 

the latter’s are infrequent and appear especially on old leaves. 

For the studied cultivar, necrotic tissues are separated from healthy ones by a dark 

violet borderline (Fig. 2). As time advances, necroses continue to invade the leaf 

surface. New necrotic tissues are limited by a new borderline less attenuated than the 

first one until obtaining concentric halos of necrotic zones giving the leaf margin a 

mosaic aspect (Fig. 1). 
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Figure 2. General pattern of necrotic areas in the leaves of grapevine cv. Asli affected by 

factory fumes 

 

 

Observation of anatomical sections  

In comparison with control (Fig. 3, A-D), grapevine leaves from polluted area 

showed a decrease in number of upper and lower epidermal cells (Fig. 4, E-M), 

thickening in epidermal cuticle, thickening in cell walls of collenchyma cells at both 

sides of leaf midrib, an increase in sclerotisation of collenchyma cells.  

 

 
 

 

 

 

 

 

 

 

 

 
 

 

Figure 3. (A) Transverse section, of control grape leaves, including the midrib, scale 1 bar = 

100 µm. (B) Detail of the midrib vascular tissues, scale 1 bar = 10 µm. (C) Detail of the 

collenchyma, scale 1 bar = 20 µm. (D) Transverse section through the leaf blade. 1 bar = 100 

µm. C = cuticle; Co = collenchyma ; LEp = lower epidermis; Ph = phloem; PP = palisade 

parenchyma; SP = spongy parenchyma; UEp = upper epidermis; Xy = xylem. 
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Figure 4. Transverse sections of polluted grape leaves. (E-G) Detail of midribs, scale 1 bar = 

100 µm.(H-J) Detail of the collenchyma. Note both its thickeness and sclerification with respect 

to the control, scale 1 bar = 20 µm. ( K-M)  Transverse section through the leaf blade, scale 1 

bar = 100 µm. C = cuticle; Co = collenchyma ; LEp = lower epidermis; Ph = phloem; PP = 

palisade parenchyma; SP = spongy parenchyma; UEp = upper epidermis; Xy = xylem. 

 

 

Fluorine and sulphur distribution in different plant parts  

Analyses of necrotic and central round leaf slices showed a significant increase in 

fluoride (F) accumulation in the necrotic leaf areas. On the other hand, the F content of 

the central leaf parts including the main veins were similar to that in control leaves (Fig. 

5). Both leaf stalks and internodes accumulated lower F as compared to that in central or 

marginal areas of leaf from non-polluted and polluted area (Table. 2; Fig. 5). 
 

Table 2. Fluoride (µg.g
-1
DW) content of leaf stalk and internodes of grapevine cv. Asli from 

polluted and non-polluted areas during two different periods. 

 May 15 th August 15 th 

 F
-
 F

-
 

Area Control Polluted Control Polluted 

Leaf stalk       5.7 ± 0.1 6.1 ± 0.6
*
 6.1 ± 0.4 6.5 ± 0.2

NS
 

Internode 0.71 ± 0.05 0.74 ± 0.07
NS

 0.81 ± 0.05 1.29 ± 0.06*** 

Fluoride contents Vs controls *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05 NS: non significant (n = 10). 
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Figure 5. Fluoride contents (µg F
-
/g dw) in the center and in leaf margins of grapevine cv. Asli 

from non-polluted and polluted areas. Means of 10 replicates and confidence intervals at 5%. 

 

 

The chemical analyses of central leaf necrotic round slices showed high leaf sulphur 

content, as compared to control ones (Fig. 6). However, contents of sulphur in leaf 

margins and fluoride in the centre were not significantly higher than those of controls 

(Figs. 5, 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Sulphur contents (mg S/g dw) in the center and in leaf margins of grapevine cv. Asli 

from non-polluted and polluted areas. Means of 10 replicates and confidence intervals at 5%. 

 

 

In the present study, a significant increase in fluoride accumulation was recorded in 

the necrotic peripheral round leaf slices. However, central parts of grapevine leaves 

including the main veins or midrib accumulated lower amount of fluoride (Fig. 5). The 

leaf stalks and internodes accumulated low fluoride (i.e. 1-6 µg/g dwt) throughout the 

growing season (Table 2) as compared to that in leaf lamina (50-250 µg/g dwt; Fig. 5). 

These results showed the preferential accumulation of fluorine in leaf tissues 

extremities.  
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Besides, the accumulation of fluorine in coincidence with the appearance of 

peripheral grape leaf necroses suggest the existence of an external mechanism of 

fluoride sequestration allowing the exclusion of some elements as fluorine at leaf 

extremity level. Indeed, the restriction of damages to the leaf margins allows the plant to 

keep a great proportion of leaf surface intact and therefore, to maintain photosynthetic 

activity at appropriate levels. Such mechanism would explain the ability of this species 

to photosynthesize, even when the leaf surface was damaged up to 30 % (Table 3). 

The chemical analyses of central leaf necrotic round slices showed high leaf sulphur 

content, compared to control (Fig. 6). For the same grape leaf exhibiting both marginal 

and inter-vein central necroses, contents of sulphur in margins and fluoride in the centre 

were not significantly higher than those of controls (Fig. 5, 6). These findings confirm 

that inter-vein central necroses are probably due to SO2, whereas marginal leaf necroses 

are typical of fluoride compounds effects.  

 

Leaf calcium and magnesium distribution and photosynthesis of healthy leaf areas 

As also seen in Fig. 7, the mineral analyses of the central and necrotic grape leaf 

areas reveal high Ca and F concentrations in the leaf margins. The polluted grapevine 

seems to retain more Mg in the central leaf areas than in the leaf margins. As indicated 

in Table 3, photosynthesis of central (healthy) leaf areas decreased as the percentage of 

leaf necroses increased and that the plant could still photosynthesize while 30 to 40% of 

its leaf surface was necrotic. However, when 60% or more of the leaf surface was 

damaged, and there was less than 40% of healthy leaf area, low net photosynthesis of 

the central leaf area was observed (Table 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 7. Fluoride, calcium and magnesium concentrations in central and necrotic leaf area of 

grapevine cv. “Asli” from polluted and non polluted areas. Means of 10 replicates and 

confidence intervals at 5%. 
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Table 3. Fluoride content (µg.g
-1
DW) and net photosynthetic rate (µmol m

-2
 s

-1
) healthy and 

necrotic areas of grapevine leaves. 

Percentage of leaf necroses (%) 

 Control 

 

0 10-20 30-40 50-60 60 

 

 

Classes CT C0 Cl C2 C3 C4 

F-(n=10) 17.7 ± 1.7 24.0 ± 2** 36.5 ± 2.2*** 64.7 ± 3. 4*** 83.4 ±5,5*** 117.4 ± 8.2*** 

Pn (n=19) 14.1 ± 1.1 

 

 

13.8 ± 1.2 NS 12.16 ± 1.34+++ 10.24  ± 1.17+++ 8.3  ± 1.7+++ 6.0 ± 1.0+++ 

Fluoride content vs controls***p < 0,001, **p < 0,01( n=10);net photosynthesis vs controls +++ p< 0.001 

NS:  non significant (n = 19). 

Discussion 

In the present study, regular field follow-up in the polluted area allowed us to 

recognize various expressions of damage caused to vine tree. For example, severe 

fluoride injuries to vine tree, in the form of necrosis of brick red color at leaf margins 

and tip burn were detected. In addition, necrosis in the centeral region of leaf was 

found as few scattered circular red spots. These findings are similar to those of Miller 

(1992) who reported that brick-red marginal necroses occupying lobes extremities of 

leaf grapevine represent the symptoms of fluorine pollution, whereas central necroses 

are the symptoms of SO2 pollution. In the present study, necrotic tissues are separated 

from healthy ones by a dark violet borderline that consists of anthocyanin pigments. 

In an earlier study, it is suggested that anthocyanins accumulation in vegetative tissues 

of plants is an indicator of environmental stress (Fornasiero, 2001), which could be 

first line of defense to limit damage at leaf margins (Ben Abdallah, 2007). Our 

previous works demonstrated that the number of necrotic halos could be useful to 

estimate, within Vitis vinifera species, the degree of sensitivity to pollution (Ben 

Abdallah et al., 2006).  

In some of earlier studies it has been shown that species resistant to air pollution are 

those accumulating fluoride without showing any symptom of F
-
 toxicity or growth 

restrictions (Baunthiyal et al., 2014; Ben-Abdallah and Boukhris, 1990; Fornasiero, 

2001). In addition, some tolerant species are those exhibiting specific symptoms of F
-
 

toxicity and still surviving in the polluted area. For example, our histochemical study 

shows that several structural changes were recorded such as (i) a decrease in the size of 

epidermal cells and the number of vascular bundles with time, (ii) an extension and 

tightening of palisade parenchyma cells. Decrease in epidermal cells in both upper and 

lower epidermis is one of the reasons of decrease in leaf thickening due to stress 

(Fornasiero, 2001). From the data for histochemical studies of fluoride injured plants 

from the present study, it is suggested that fluoride toxicity caused the damage to 

spongy mesophyll cells and lower epidermis, and then toxicity spread within the leaf. 

This argument can be supported by some of similar earlier studies on jack pine (Pinus 

banksiana L.) (Zwiazek and Shay, 1987), Avena sativa and Lycopersicon esculentum 

(Stevens et al., 1998). However, the gradual sclerotisation of collenchyma cells due to 

fluoride accumulation suggested that a wall thickening mechanism to protect leaf cells 

from injury and death is present in nearby cells. This argument can be supported by the 

fact that in angiospermic plants wall thickening, lignifications, and neo-synthesis of 

xylem cells are involved in plant defense mechanism against fungal invasion (Nicole et 

al., 1992). In the present study, fluoride become accumulated in the necrotic peripheral 

regions of leaf slices as compared to leaf central parts. These results can be explained in 

view of the findings of Rhimi et al. (2011) who found lower accumulation of fluoride in 
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non-necrotic tissues and suggested that necroses would not appear unless certain 

concentrations were reached in leaf tissues. Thus, toxicity of fluoride depends on 

amount of fluoride accumulation. 

While examining the fluorine pathway in plant tissues, Fornasiero (2001) reported 

that fluoride enters the leaf by diffusion through the stomata, and dissolves in the humid 

spaces of sub stomatal cavity. After that, the ions are translocated with the transpiration 

stream to sites of greatest evaporation, which are usually margins and tips where 

concentrated F
-
 amounts would cause the first signs of damage, such as necroses and 

burns (Eliftheriou and Tsekos, 1991). In view of these reports, we would suggest that 

apical and marginal necroses are specific and typical of fluoride compounds. In 

addition, a mechanism that limits fluorine at leaf margins allows the plant to keep 

photosynthetic activity at appropriate levels. Such mechanism would explain the ability 

of this species to photosynthesize, even when the leaf surface was damaged up to 30%. 

Under such conditions, grapevine plants can be used as bio-indicators of F pollution or 

used in mapping fluorine pollution as earlier suggested by Festy (2003).  

The sulphur content was higher in central part of leaf than in control but lower at the 

margins than in control. These findings suggested that inter-vein central necroses are 

probably due to SO2, whereas marginal leaf necroses are typical of fluoride compounds 

effects. Long ago, (Kaiser et al., 1993) fumigated green peas with SO2 or fluorine and 

found that sulphur is excreted in the root environment as sulphuric acid, while fluorine 

accumulated in leaf margins. Like other gases, SO2 enters the leaf through the stomata 

by diffusion process and oxidizes to sulfite (SO3
2-

) and then in sulphate (SO4
2-

) in 

palisade cell walls (Cape et al., 2003; Eichert and Fernández, 2012). The lesser leaf 

central necroses in the study area might have been due to low concentration of SO2 or 

the slow oxidization of SO3
2-

 to SO4
2-

 in leaves. These results are similar with some of 

earlier findings in which it was reported that in humid climate SO2 molecules react with 

atmospheric water molecules to form more sulphuric acid and greater damages and 

injuries in leaves than those in arid climate (Ali et al., 2008; Fowler et al., 1989; 

Freer‐Smith and Mansfield, 1987).   

In the present study it was found that this local grapevine variety accumulated more 

calcium in leaf margins to balance fluoride accumulation. These results suggested that 

grapevine leaves lessen the toxic effects of fluoride by trapping fluoride as CaF2. Long 

ago, it has been reported that accumulated fluoride as CaF2 do not disturb plant 

metabolism (Abdallah et al., 2006; Machoy-Mokrzynska, 1995). Our findings confirm 

the non-translocation of fluoride, through phloem towards lower plant organs as 

demonstrated in previous works (Wiese et al., 1996). The interaction between fluoride 

and calcium has also been reported with other cations such as silicon and aluminium 

(Abdallah et al., 2006; Ben Abdallah et al., 2006; Rhimi et al., 2011). Since magnesium 

is a central component of the chlorophyll molecule as well as a compound of the cell 

wall pectin, and in view of its important role in enzyme balance and protein synthesis 

(Türk et al., 1993), the tendency to considerably increase the Ca content where F is 

present and to keep more Mg in the central leaf parts points to Mg being involved in a 

detoxification mechanism that consists in trapping fluoride in the form of MgF2. Both 

mechanisms allow the plant to maintain its Ca and Mg concentrations at appropriate 

levels to survive under such harsh circumstances. Grapevine accumulated higher 

amound of phosphorus (P) and Mg in the central parts of the leaf as a strategy to 

minimize damage by F as much as possible. 
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In conclusion, necrosis in peripheral regions of grapevine leaf is due to F toxicity 

where F cause damages to epidermal cells, and plants try to lessen the toxic effects of F 

by cell deaths at leaf margins while maintaining photosynthetic activity for survival. 

Moreover, grapevine tolerated F by increase in cell wall thickening of palisade or 

spongy cells and by detoxifying F by accumulating Ca and Mg as CaF2 and MgF2.   
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