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ABSTRACT 

Fluorine (F−) stands out for its phytotoxic potential, because it accumulates in plants, changes enzymes activity, reduces 
chlorophyll content and, consequently, affects growth and yield of crop plants. An experiment was conducted to evalu-
ate the effects of F− on leaf gas exchange in coffee and sweet orange plants, compared to sensitive (gladiolus) and tol-
erant (ryegrass) reference species. Plants grown in pots were exposed to F− in a semi-open mist chamber. The experi-
mental design was completely randomized with treatments defined by the combination of plant species and two intensi-
ties of exposure to atmospheric F, with nebulization of HF solutions (low = 0.065 mmol·m−3 and high = 0.260 
mmol·m−3) in a mist chamber, as well as with non-exposed control samples. CO2 assimilation (A), transpiration (E), 
stomatal conductance (gs) and chlorophyll fluorescence rates were measured after 27 days of treatment application. The 
leaf gas exchange variables in ryegrass and orange plants did not vary in response to the increase in atmospheric F, 
while an increase in gs and E values was observed in gladiolus and coffee plants. A decrease in A and potential quantum 
efficiency of photosystem II (Fv/Fm) was found for gladiolus plants. On the contrary, an increase of A for coffee plants 
was associated with the apparent effect previously reported about the loss of leaf stomatal regulation related to the short 
assessment period of plants in this experiment. Damages caused to the photosynthetic system were reflected in the sus-
ceptibility of the evaluated species to the contamination by the element. 
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1. Introduction 

Air pollutants can affect plants by multiple metabolic 
pathways and mechanisms, and consequently, impair the 
productivity of agricultural crops [1]. The response of 
plants to pollution depends on the toxicity of the chemi- 
cal element, the plant exposure and the species sensitivity 
[2]. 

Among these pollutants, F− stands out because of its 
high phytotoxic potential, with absorption occurring 
preferentially through the stomata [1,3]. As F accumu- 
lates in the leaves, ultrastructural and structural damages 
occur in cells and tissues, respectively, and these could 
affect stomatal conductance and gas exchange of plants 
[4,5]. In the chloroplasts, F affects enzymes, such as ATP 
synthase, ribulose bisphosphate carboxy lase-oxygenase 
and sucrose synthase, which have their activity reduced 
[6]. The chlorophyll content is also decreased and the  

photosynthetic system of plants is impaired, which re- 
sults in a decrease in CO2 assimilation and production 
[7,8]. In Brazil, this problem began to be studied in 1990, 
due to the losses recorded on soybean production in the 
state of Minas Gerais [9] and in forest trees [10,11] lo- 
cated in areas adjacent to the Cubatão industrial hub-SP. 
These studies expanded the knowledge on the Atlantic 
Forest biome [12], as well as on fruit crops and forages 
as bioindicators of environmental pollution [8,13]. De- 
spite the importance of the subject, there is only limited 
information on the response of agricultural perennial 
species of economic interest and (sub) tropical origin to 
the atmospheric F pollution [14]. 

Damage to the epidermis and stomata of leaves from 
young plants of coffee and orange exposed to HF in a 
semi-open mist chamber has been recently reported, pos- 
sibly associated with the loss of regulation in mecha- 
nisms of stomatal aperture and closure [15]. These ana- 
tomical changes observed under microscopy justified the  *Corresponding author. 



Fluoride Exposure Compromises Gas Exchange of Plants 17

development of this study, whose objective was to evalu- 
ate the effects of F on leaf gas exchange in coffee and 
sweet orange plants, compared to sensitive (gladiolus) 
and tolerant (ryegrass) reference species. 

2. Material and Methods 

The experiment was conducted in a greenhouse, where 
minimum and maximum average temperatures were 
17˚C and 30˚C, respectively. Four plant species were 
studied: sweet orange [Citrus sinensis (L.) Osbeck cv. 
Pera], coffee (Coffea arabica L. cv. Obatã IAC 1669-20), 
as well as the bioindicators F-tolerant ryegrass (Lolium 
multiflorum Lam.) and the F-sensitive gladiolus (Gladio- 
lus spp.) var. White Goddess. 

The experimental design was completely randomized 
with treatments defined by the four plant species and 
exposure to two concentrations of atmospheric F (low = 
0.065 mmol·m−3 and high = 0.260 mmol·m−3), with four 
replications, through the nebulization of a HF solution in 
a semi-open mist chamber (2.4 m × 1.5 m × 1.7 m) with 
capacity for eight pots, as described in [15], as well as 
the control plants non-exposed to F. A total of 10 mL 
0.04 mol·L−1 or 0.16 mol·L−1 of HF was placed in a mi- 
croparticle nebulizer installed inside the mist chamber 
[15], at each application. During 27 days, the treatment 
plants were exposed to a F− contaminated environment 
for three 30 min periods, on alternate days of the week. 
After each exposure, they remained in the chamber for 
another 60 min, before being removed for the assessment 
of gas exchange and chlorophyll fluorescence parame- 
ters. 

After F exposure, plants were monitored by observing 
the appearance of visual symptoms of F toxicity in 
Gladiolus leaves and the integrity of ryegrass plants, 
which can accumulate F without showing signs of dam- 
age caused by its excess. 

Gas exchange measurements were made in exposed 
plants or not to atmospheric F in the morning and after- 
noon, estimating the variables average between the two 
periods. On citrus and coffee plants were used recently 
matured leaves, located in the upper 2/3 part of the plant 
height, on gladiolus’, the second leaf which was grown 
after the treatment F without visual symptoms of damage, 
and on ryegrass, leaves located in the middle of the vase 
were used. These measurements were made using an 
infrared gas analyzer mod. LI-6400 (Li-Cor Biosciences, 
Lincoln, Nebraska, USA) for the determination of CO2 
assimilation (A, mol·m−2·s−1), transpiration (E, mmol· 
m−2·s−1) and stomatal conductance (gs, mol·m−2·s−1) in 
plant leaves. 

At the measurements, the temperature of the leaves 
varied between 30˚C and 35˚C in the morning and be- 
tween 34˚C and 39˚C in the afternoon. The average solar 
radiation in both periods was 1200 ± 2 mol·m−2·s−1. The 
relative humidity ranged between 35% and 45% in the 

morning and between 21% and 31% in the afternoon. 
The atmospheric CO2 concentration was 370 ± 3 µmol- 
mol−1, in both periods. 

The chlorophyll fluorescence was assessed with a 
modulated fluorometer (PAM 2000, Walz, Germany), on 
the same day and in the same leaves used for gas ex- 
change measurements, which were located in the inter- 
mediate region of the stem. The saturation pulse method 
[16] in leaves pre-adapted to the dark was employed, 
with initial (F0) and maximum (Fm) fluorescence values 
determined after 12 h in the dark. The potential quantum 
efficiency of photosystem II (Fv/Fm) was estimated. 
Darkness was used to represent a situation of photo- 
chemically inactive leaves [17]. 

Data were subjected to analysis of variance by the 
F-test and the treatment effects were assessed by com- 
paring the means (n = 4) through the Duncan’s test at 5% 
probability, using the GLM mode from the SAS® statis- 
tical package [18]. 

3. Results 

Ryegrass plants showed no effects of exposure to F on 
the CO2 assimilation (A) (Figure 1), stomatal conduc- 
tance (gs) (Figure 2) and transpiration (E) (Figure 3). 
Even at a high F concentration (0.260 mmol·m−3) and 
increased F content in the leaf tissue (up to 181 mg·kg−1), 
there was no significant damage to the leaves and ana- 
tomical structures of the epidermis [15]. 

When compared to the control plants, the gladiolus 
exposed to F showed reduction of 18% and 66% of CO2 
absorption, relating to plants exposed to low and high F 
concentration, respectively (Figure 1).  

These corroborate the results on F concentration in re- 
cently matured leaves (from 45 to 120 mg·kg−1) and sub- 
sequent reduction of the total weight of the dry matter of 
the leaves exposed to F treatment [15]. However, for the 
gladiolus, it has also been found that the stomatal con-  

 

 

Figure 1. Effect of fluoride doses in the CO2 assimilation of 
ryegrass, gladiolus, citrus and coffee plants at 27 days of 
exposure to HF in a mist chamber. Means followed by the 
same letter, for each dose, do not differ statistically at 5% 
probability by the Duncan’s test. 

Open Access                                                                                           AJPS 



Fluoride Exposure Compromises Gas Exchange of Plants 18 

 

Figure 2. Effect of the fluoride doses in the stomatal con- 
ductance of ryegrass, gladiolus, citrus and coffee plants at 
27 days of exposure to HF in a mist chamber. Means fol- 
lowed by the same letter, for each dose, do not differ statis- 
tically at 5% probability by the Duncan’s test. 
 
ductance and transpiration increased when plants were 
exposed to F (Figures 2 and 3).  

In addition to the A reduction for the gladiolus exposed 
to the environment contaminated with F, there was a re- 
duction in chlorophyll fluorescence (Prob. F < 0.01; CV 
= 2.4%), with values of Fv/Fm = 0.83 in the control plants, 
Fv/Fm = 0.82 in plants exposed to a low concentration of 
F (0.065 mmol·m−3) and Fv/Fm = 0.58 in those exposed to 
a high F concentration (0.260 mmol·m−3), which sug- 
gested the occurrence of photoinhibition [19] and possi- 
ble damage to the photochemical system for this species. 
This later is possibly explained by the fact that excess F 
causes similar injuries to thylakoids membranes and 
consequent reduction of the electron transport chain be- 
tween photossistems as observed in Spinacea oleracea 
plant treated with the DCMU photosynthesis inhibitor 
[20]. The F treatment did not affect the parameters of 
chlorophyll fluorescence in ryegrass, coffee and sweet 
orange plants (Fv/Fm = 0.76 ± 0.04). 

Mild visual symptoms caused by F atmospheric con-
tamination and the consequent buildup in the leaves (up 
to 132 mg·kg−1 of F) were observed in coffee plants [15]. 
The presence of F in the environment resulted in in- 
creases of 46% and 64% in A and gs, respectively, when 
compared to the control plants of this species (Figures 1 
and 2). This apparent A increase did not result in a 
greater carbon allocation to the shoots. Instead, there was 
a reduction of approximately 30% in the dry matter of 
leaves, as previously described by [15]. 

For the sweet orange plant and ryegrass, there were no 
treatment effects on gas exchange parameters, whose 
averages were A = 3.52 mol·m−2·s−1 (Figure 1), gs = 
0.030 mmol·m−2·s−1 (Figure 2) and E = 2.95 mol·m−2·s−1 
(Figure 3). This may be associated with less damage to 
the structure of the stomata in the leaf epidermis of this 
species, and in the lack of change in dry matter produc- 

 

Figure 3. Effect of the fluoride doses in the transpiration of 
ryegrass, gladiolus, citrus and coffee plants at 27 days of 
exposure to HF in a mist chamber. Means followed by the 
same letter, for each dose, do not differ statistically at 5% 
probability by the Duncan’s test. 
 
tion of these plants, as demonstrated in previous studies 
[15]. 

4. Discussion 

The increases in gs and E may indicate loss of plant ca- 
pacity to regulate the opening and closing of stomata. 
Moreover, according to [15], scanning electron micros- 
copy (SEM) images of the surface of the leaves demon- 
strated that stomata damage caused increased stomatal 
area and possibly longer opening periods, when com- 
pared to the control plants. Stomata damage would fa- 
cilitate the pollutant entry into the plants [21]. These 
characteristics explain the high sensitivity of the gladio- 
lus to excessive F in the atmosphere, because plants 
adapted to polluted environments tend to increase the 
density of stomata and decrease the specific surface of 
the stomatal pores in the leaf, as a measure for control- 
ling gas exchange and reducing pollutant input via sto- 
mata [5,22]. 

Some authors have reported increased photosynthesis 
in plants treated with F, and this was the case in intact 
plants and in plant tissues removed immediately after HF 
fumigation [23-25]. What happened with the coffee 
plants in this experiment was possibly an increase in 
maintenance respiration during nighttime and decreased 
growth respiration in response to environmental stress 
they were subjected, i.e., higher CO2 consumption to 
repair damage, which caused a large amount of the as- 
similated carbon not to be used for plant growth. 

During the F exposures, when the visual symptoms 
become more pronounced in the leaves, A decrease 
probably due to more severe structural and ultrastructural 
damage and change of biochemical and photochemical 
phases of photosynthesis [26,27]. This was caused by F 
accumulation in chloroplasts, reduction in gs or changes 
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in photosynthetic enzyme activity and loss of chlorophyll 
a [8,28]. The data [29] also demonstrated A increase for 
two pine species, under low HF concentrations in the 
environment, while there had been no structural and ul- 
trastructural damage to the needles; however, photosyn- 
thesis declined as F concentrations were higher, and was 
also associated with more severe damage to plants. Thus, 
in response to longer periods of F exposure, some species 
may revert the increased A. In fact, this type of response 
was observed in our laboratory during a later experiment 
(data not shown). 

Additionally, visible damage and the metabolic and 
physiological effects caused by F can be explained by the 
interaction with cell calcium (Ca) [30]. The increased 
Ca2+ concentration within the guard cells triggers the 
closure of the stomata. Because F has high ability to react 
with the free Ca2+ and form compounds such as CaF2 
[31], it is possible that the Ca2+ concentration required 
for the cell guards to close decreased, which detracted 
from stomatal control and consequently altered stomatal 
conductance in gladiolus and coffee plants, allowing a 
much greater diffusion of water, as well as CO2. 

5. Conclusion 

The CO2 assimilation, stomatal conductance and transpi- 
ration of ryegrass (tolerant species to F toxicity) and 
sweet orange plants did not vary in response to increased 
atmospheric F in the control treatment, as well as in the 
low F concentration (0.065 mmol·m−3) and high F con- 
centration (0.260 mmol·m−3) treatments. However, gas 
exchange damage was observed for the gladiolus (sensi- 
tive species to F toxicity) and coffee plants. In the case of 
gladiolus, there was also a significant reduction in chlo- 
rophyll fluorescence and consequent damage to the po- 
tential quantum efficiency of photosystem II (Fv/Fm). The 
increase of CO2 assimilation by the coffee plants was 
possibly due to the onset of stress experienced by this 
species. Thus, the damage to the photosynthetic system 
was generally reflected in the species susceptibility to 
contamination by the element evaluated. 
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