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Abstract Fluoride is among the most phytotoxic atmo-
spheric pollutants, commonly linked to the appearance
of lesions in susceptible plants around emitting sources.
In order to assess the effects of fluoride on leaves of
Spondias dulcis Parkinson (Anacardiaceae), plants were
examined 78 km (non-polluted area) and 0.78 km (pol-
luted area) from an aluminium smelter. The level of
fluoride increased with the exposure time of the plants
in the polluted area. On the third day of exposure in the
polluted area, necroses with typical colouration were
observed. Micromorphological damage began at the
abaxial epidermis, mainly associated with the stomata.
Starch grain accumulation was more pronounced in the
midrib. The cell membranes and chloroplasts were
greatly affected by the pollutant. We observed accumu-
lation of phenolic compounds and electron-dense mate-
rial at the boundaries of the ending veinlets. The micro-
scopic events described precede the appearance of
symptoms and are therefore of prognostic value in
predicting injury by fluoride and will be useful as
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biomarkers. The high sensitivity of S. dulcis to fluoride
and the specificity of the symptoms confirm, for the first
time, in an experiment of active biomonitoring, the
potential of this species as a bioindicator.
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E1  Experiment one
E2  Experiment two
DM  Dry matter

DE Day of exposure

1 Introduction

The air quality monitoring of highly phytotoxic airborne
fluoride in the vicinity of emitters is currently limited to
sporadic investigations despite the growing importance
of these activities in industrial countries and emerging
economies (Franzaring et al. 2007). Fluoride is among
the most phytotoxic atmospheric pollutants, commonly
linked to the appearance of lesions in susceptible plants
around emitting sources, especially factories that pro-
duce phosphate fertilisers, aluminium, glass, and ce-
ramics (Weinstein and Davison 2004).

When the concentration of fluoride surpasses the
natural level in the atmosphere, susceptible species pres-
ent chlorotic and necrotic lesions on their leaves, a
response determined by genetic and edaphoclimatic fac-
tors (Weinstein and Davison 2004). While low
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concentrations of the pollutant may not cause the ap-
pearance of symptoms, they still may cause invisible
damage to very sensitive species (Fornasiero 2003), so,
studies of these plants on a microscopic level are war-
ranted. The integrative evaluation of microscopic injury
symptoms (leading to macroscopic symptoms) for their
potential to diagnose the causative agent still awaits
exploration because the macroscopic and microscopic
levels have most often been studied independently of
one another (Giinthardt-Goerg and Vollenweider 2007).
In studies of ozone, microscopic analysis has been used
as a tool in validating the cause of stress (Vollenweider
et al. 2003) and in detecting injuries in asymptomatic
leaves (Reig-Arminaiia et al. 2004).

The use of susceptible species has been proved a proper,
low-cost methodology for detecting the effects of atmo-
spheric pollutants on organisms (Klumpp et al. 2001).
However, the following prerequisites must be considered
when deciding what species to use: adaptation to the
weather conditions of the target region; the potential to
develop visible symptoms in the leaves (Strehl and Arndt
1989); and specific morpho-anatomical, physiological,
and/or biochemical responses caused by the pollutant
(Oliva and Figueiredo 2005). Spondias dulcis Parkinson
(caja-mirim), a perennial species from Polynesia and dis-
tributed across almost all of Brazil (Souza et al. 1998),
develops typical fluoride-induced leaf symptoms like those
identified in microscopic studies of plants exposed under
laboratory conditions (Sant’Anna-Santos et al. 2012).
However, the results obtained from the studies under con-
trolled conditions must be carefully extrapolated to field
conditions due to the artificial conditions of the experi-
ments (Reig-Arminafa et al. 2004). Thus, it is essential to
expose species with bioindicative potential to the emis-
sions of a polluting source in the field and to compare the
data obtained with results from the laboratory before con-
cluding that the morphological changes and microscopic
damage possess diagnostic value and can be used as
biomarkers, respectively.

Assis et al. (2003) observed, in 2000 and 2002, con-
centrations of fluoride with maximum values between 6.22
and 12.87 ug m™> at one monitoring station close to an
aluminium smelter that has been working since the 1940s
in Ouro Preto, Minas Gerais State, Brazil. According to the
World Health Organization (WHO, 2002), the level of
atmospheric inorganic fluoride is usually low (<0.05 ug
m ) in non-polluted sites. Brazilian environmental legis-
lation does not recognise any air quality standards for
fluoride (Assis et al. 2003). Nevertheless, the relevant air
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quality limits adopted by several countries to protect sen-
sitive plants are between 0.3 and 0.5 pg m > of HF (EU
2001; MOE 2005). Aluminium smelters can also be re-
sponsible for the emission of excessive concentrations of
sulphur dioxide (SO,). In Ouro Preto, SO, annual geomet-
ric mean showed values of 22 g m > (Assis et al. 2003)
that are acceptable considering the critical level of 20 pg
m > SO, (annual mean) established in Europe for forest
trees (Sanders et al. 1995). In industrial processes, the
production of aluminium results in the formation of resi-
dues that must be disposed of in the environment after
proper and safe treatment. In fact, technological advances
have been diminishing emissions of this nature, but fluo-
ride is still released in small amounts and may cause
damage (Fornasiero 2003).

The vegetation around the aluminium smelter in
Ouro Preto presents clear signs of fluoride contamina-
tion, including high levels of the pollutant in the leaves
of widely dispersed herbaceous species in that region
(Divan Junior et al. 2008). Despite the efforts of the
company to diminish its industrial emissions, the fluo-
ride content found in native species in proximity to the
factory reached levels greater than 1,000 pg g ' (Divan
Junior et al. 2008), which according to Treshow and
Anderson (1989) happens near sources that do not con-
trol their fluoride emissions.

The goals of this work were to assess the effects of
fluoride emissions of an aluminium smelter on S. dulcis
plants, to examine the potential use in the field of
macroscopic and microscopic symptoms previously
identified in controlled conditions (Sant’Anna-Santos
et al. 2012) in diagnosis of injury and as biomarkers,
respectively, and to identify ultra-structural damage
caused by the pollutant.

2 Materials and Methods
2.1 Species and Culture Conditions

Plants of S. dulcis Parkinson (Anacardiaceae) were ob-
tained from seminiferous propagation from a unique
adult individual located at an altitude of 280 m, at the
coordinates Lat 19°57'04" S and Long 42°5027" W,
mapped through the global positioning system (GPSII
plus, Garmin Ltd., Hampshire, UK) at the boundaries of
Nursery of Parque Estadual do Rio Doce-MG. Voucher
specimen was stored at Herbarium VIC (Universidade
Federal de Vigosa) under the number 29607.
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Two months after sowing, the plants were transferred
to a greenhouse for acclimation. The greenhouse was
located at an altitude of 649 m, at the coordinates Lat
20°4520” S and Long 42°52'40" W. After being trans-
ferred to 2.6-dm> pots, the plants received Hoagland
0.25-strength nutritive solution (Hoagland and Arnon
1950) every 5 days during the acclimation period
(2 months) and until the end of the experiment, follow-
ing the methodology proposed by Silva et al. (2000).

2.2 Location of Experiment

The plants were exposed to pollutant emissions from an
isolated source of atmospheric fluoride emission from
an aluminium smelter in Ouro Preto, Minas Gerais
State, Brazil, according to the methodology adopted
by Divan Junior et al. (2007)—0.78 km from a fluoride
emission source located at an altitude of 1,101 m at the
geographic coordinates Lat 20°24'09.7" S and Long
43°31'14.8" W. Another experimental station, called
the “reference station,” was installed at the Federal
University of Vigosa, Minas Gerais State, Brazil, at an
altitude of 649 m and at the geographic coordinates Lat
20°4520" S and Long 42°52'40" W.

The plants were exposed in the field for one of two
periods, designated experiments 1 and 2 (El and E2,
respectively). In E1, from 3rd July 2006 until 12th July
2006, the samplings were scheduled to be done every
3 days. However, the plants began to show symptoms
before the first sampling. Thus, in E2 (from 24th July
2006 to 27th July 2006), the samplings were done daily.
All the plants were arranged in shelves placed 1.5 m
from the ground as recommended by Divan Junior et al.
(2007). The experiment was completely randomised
with five repetitions in E1 and three repetitions in E2.

2.3 Evaluation of Fluoride Content and Morphological
and Microscopical Damages

In the two periods of exposure of plants in the field, there
was daily monitoring of the evolution of the symptoms.
With regards to the analysis of the percentage of necrosed
leaf area and quantification of fluoride in the dry matter
(DM), samplings were performed on the third, sixth, and
ninth day during E1 and daily during E2.

To evaluate necrosed leaf area, all leaves of each of the
individual S. dulcis plants were digitalized and submitted
for image analysis using Image Pro-Plus, version 4.1 for

Windows® (Media Cybernetics, Silver Spring, MD,
USA), to calculate the percentage of necrosed leaf area.

All leaves of each plant were dried in a stove at 70 °C
and reduced to particles with dimensions of less than
1 mm using a Wiley grinder. Then, 0.5-g aliquots of each
sample were extracted in 0.1-M perchloric acid (Garcia-
Ciudad et al. 1985) using an ionic strength adjustment
buffer (Larsen and Widdowson 1971) for potentiometric
determination of total fluoride content. The analyses were
carried out in duplicate and repeated twice.

For the classification of plants by their susceptibility
to fluoride, we took into consideration the necrosed leaf
area in relation to the fluoride content in leaf DM,
adopting the following scale proposed by Klumpp
et al. (1995): very susceptible (plants that present leaf
symptoms with accumulation of fluoride less than 50 pg
g ' DM) and susceptible (plants that present leaf symp-
toms with accumulation of fluoride between 50 and
200 pg g~' DM).

Concerning the microscopic analyses, the leaf sam-
ples were collected on the third, sixth, and ninth day
during E1 and on the third day of exposure during E2.
The fragments were taken out from the middle portion
of the folioles under expansion from leaves located at
the third or fourth knot (from the apical bud). In order to
identify fluoride-injured prognostic microscopic charac-
teristics, all the samples were collected from asymptom-
atic areas from the folioles with necrosis (in plants
exposed to pollution). These samples were destined to
the characterization of structural and ultra-structural
damages, detection of phenolic compounds, starch,
and micromorphological damages.

For the micromorphological analysis, samples fixed in
Karnovsky’s solution (Karnovsky 1965) were post-fixed
in osmium tetroxide (1 %), dehydrated in ethylic series
and dried to the critical point (equipment model CPD
020, Bal-Tec, Balzers, Liechtenstein). The leaflets were
covered with gold using the cathodic spray process in a
Sputter Coater (model FDUO010, Bal-Tec, Balzers, Liech-
tenstein). Photographic documentation was performed
using a scanning electron microscope with a digital cam-
era (model Leo 1430 VP, Zeiss, Cambridge, England).

For the light microscopy, after fixation in Karnovsky’s
solution (Karnovsky 1965) and dehydration in ethylic
series, the samples were placed in methacrylate
(Historesin, Leica Instruments, Heidelberg, Alemanha).
Transverse cuts (8 wm thick) were obtained in automatic
rotary microtome (model RM2155, Leica Microsystems
Inc., Deerfield, USA) and stained with Toluidine Blue,
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pH=4.0 (O’Brien and McCully, 1981) for anatomical
analysis. For the detection of starch, the cuts were sub-
mitted to lugol (Johansen 1940). The permanent slides
were mounted with Permount.

Samples used for the histochemical test for detection
of phenolic compounds were fixed in a solution of
ferrous sulphate in formalin (Johansen 1940) for 24 h
under vacuum, washed in distilled water, and submitted
to dehydration in ethylic/butylic series. After embedding
in histologic paraffin, the blocks were cut (10-pum thick)
using a rotary microtome, and the slides were mounted
in glycerine jelly (Kaiser 1880). For extraction of phe-
nolic compounds (control), a portion of the samples was
stored in methanol under vacuum for 72 h and then fixed
according to the protocol described above for samples
submitted to phenol detection. The images were obtain-
ed using a light microscope with a digital camera (model
Olympus AX70TRF, Olympus Optical, Tokyo, Japan).

Regarding the ultra-structural analysis, after fixation in
Karnovsky’s solution (Karnovsky 1965), the samples were
post-fixed in osmium tetroxide (1 %), dehydrated in cres-
cent ethylic series, and embedded in Spurr resin (Spurr
1969). Transverse cuts, 70-nm thick, were performed with
an ultramicrotome (model UCT, Leica Microsystems Inc.,
Deerfield, USA). The ultra-fine cuts were contrasted in
uranyl acetate and lead citrate (Reynolds 1963) and record-
ed in transmission electron microscope (model Zeiss
EMO900) at 50 kV, coupled with a digital camera.

The data for fluoride content and percentage of
necrosed leaf area were submitted to analysis of vari-
ance, using SAEG software (Euclydes 1983), and the
means of the treatments were compared using Tukey’s
test at 5 % probability.

3 Results

With increasing time of exposure in both experiments
E1 and E2, the levels of pollutant increased continuous-
ly in the plants located near the emitting source but
remained constant at below 0.6 ug g' in the plants at
the reference station. In E1, on the third day of exposure
(DE), the level of fluoride accumulated in the leaves was
almost eight times higher (»<0.01) than that observed at
the reference station. In E2, the level of pollutant accu-
mulated in the DM was approximately six times higher
(p<0.01) after the first DE and 12 times higher after the
third DE, compared to that observed in the reference
station. Compared to the plants in E1, the plants exposed
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in E2 accumulated, in the same period of time (3 days
of exposure), 67 % more fluoride in their leaves
(Fig. 1a, b).

In E1, necroses appeared on the second DE, spread to
7.5 % of the total leaf area on the third DE and spread to
approximately 60 % of the total leaf area at the end of
the exposure (ninth DE) (Fig. lc). In E2, necroses
appeared earlier, right after the first DE, covering
4.5 % of the total leaf area. On the third DE, 14.5 % of
total leaf area was already undergoing necrosis (Fig. 1d).
Compared to the plants in E1, the plants in E2 presented
93 % more necroses on the third DE. The folioles of the
plants exposed in the reference station became a bright
green colour (Fig. 2a). As for those exposed in Ouro
Preto, during both exposure periods, the necroses started
from the margin, base, and apexes of the folioles
(Fig. 2b—d). The lesions developed gradually, going
through the lateral veins and midveins affecting some
folioles completely. There were no chlorotic lesions
observed in the leaves. The necroses had typical
colouration: darkened, brown, and greyish (Fig. 2e, f).

Scanning electron microscopy revealed that the
folioles of S. dulcis from the reference station had ab-
axial epidermis without trichomes but with stomata
(Fig. 3a), and at the midrib region there were elongated
epidermal cells and convex outer periclinal walls
(Fig. 4a). In the adaxial epidermis, the epidermis pre-
sented conspicuous anticlinal wall contours and epicu-
ticular waxes with a pulverulent character (Fig. 4c).

In the plants exposed in Ouro Preto in E1 and E2,
damage was observed on the third DE, restricted to the
abaxial epidermis and associated mainly with the sto-
mata. In addition to ostioles obliterated by the fragments
of'the cuticle (Fig. 3b), we observed fungal hyphae close
to or associated with the stomata (Fig. 3c); deformed
stomatal outer ledges (Fig. 3d—f); concavities on the leaf
surface (Fig. 3g); rupture of the epidermis and exposure
of the internal tissues (Fig. 3h—j). However, in E2, the
damage was more severe than in E1, with rupture of the
epidermis on the third DE (Fig. 3k), an event observed
only from the sixth DE onward in E1 (Fig. 3h). In E1, on
the ninth DE, the epidermal cells of the midrib col-
lapsed, forming grooves parallel to the longest axis of
the leaf (Fig. 4b). On the adaxial epidermis, the damage
started on the sixth DE, characterised by epicuticular
waxes that were amorphous and/or eroded (Fig. 4d), less
evident anticlinal wall contours and the presence of
fungal hyphae (Fig. 4¢), which formed a mass of fungal
hyphae in some places (Fig. 4f).
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Fig.1 Fluoride content (a—b) and percentage of necrosed area (c—
d) in leaves of S. dulcis as a function of the time of exposure to a
nearby fluoride emission source (Ouro Preto) and at the reference

Light microscopy revealed that S. dulcis from the
reference station had hypostomatic folioles with
uniseriate epidermis and mesophyll formed by a layer
of palisade parenchyma, four or five layers of spongy
parenchyma (Fig. 5a), crystalliferous idioblasts contain-
ing druses (Figs. 5a, c; 6¢) and vessel elements with
helicoidal thickening of the secondary wall (Fig. 5e).
The midrib showed collateral vascular bundles with a
layer of fibres between the phloem and the cortical
parenchyma (Fig. 5h). Testing with ferrous sulphate
indicated the presence of idioblasts with phenolic com-
pounds only in the midrib (Fig. 6a). Testing with Lugol
showed the presence of starch in the midrib (Fig. 6b), as
well as in the leaf mid-region (Fig. 6e).

The anatomical damage to the leaf blade of the plants
exposed in Ouro Preto was clear on the third DE, in both
E1l and E2, characterised by plasmolysis and retraction

Days after exposure

station (Vigosa): a, ¢ experiment 1; b, d experiment 2. The vertical
bars indicate the standard error

of the palisade parenchyma (Fig. 5b and d), as well as
phenolic compound accumulation in the spongy paren-
chyma, at the adjacencies of the ending veinlets
(Fig. 51, g), and in the epidermis (Fig. 5i) and medullar
parenchyma of the midrib (Fig. 6d). In the midrib, there
was conspicuous starch grain accumulation in the cells
of the medullar parenchyma (Fig. 6d), but in the leaf
mid-region (Fig. 6f), starch grain accumulation was
similar to that observed in S. dulcis from the reference
station (Fig. 6e).

Transmission electron microscopy revealed that the
samples collected from the reference station had organ-
elles with peripheral disposition, chloroplasts with well-
defined grana, starch grains with lobate shape, smooth
cell wall, and vacuoles with hyaline content (Figs. 7a,
8a, c) and vessel elements with helicoidal thickening of
the secondary wall (Fig. 8f).
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10 mm

Fig. 2 Leaves of S. dulcis at the reference station (a) and on the
third (b), sixth (c), and ninth (d—f) days of exposure to emis-
sions of an aluminium smelter (experiment 1): a Bright
green colouration; b Appearance of necrosis; ¢ Necroses
occurring in all folioles; d High percentage of necrosed

Ultra-structural damage to plants exposed in Ouro Preto
started on the third DE in both E1 and E2. The cell walls
acquired an undulate shape (Fig. 7b) showing re-entrances
(Fig. 7c) and fibrillar aspects (Fig. 7e). The chloroplasts
looked senescent (Fig. 7b, c); furthermore, there was an
increase in the volume of the peripheral reticule (Fig. 7d), a
disassembled lamellar system (Fig. 8d), and more
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leaf area; e Necrosis progressing through the lateral vein,
consisting of three zones of distinct colourations: darkened
(arrow), greyish (circle) and brown (star); (f) Necrosis
progressing through the midrib. Lv lateral vein; Mr midrib

voluminous starch grains (Fig. 8¢) compared to the plants
at the reference station. We observed an increase in the
electron density and rupture of the cell membranes
(Fig. 7d), and in some cells, the formation of concentric
fragments (Fig. 8e). Besides the phenolic compound accu-
mulation in the vacuoles of palisade (Fig. 7¢) and spongy
parenchyma cells (Fig. 8b), there was an increase in the
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Fig. 3 Abaxial epidermis of the folioles of S. dulcis plants (scan-
ning electron micrographs) not exposed to the pollution (a) and on
the third (b, k), sixth (c-h), and ninth (i, j) days of exposure to
emissions of the aluminium smelter in experiments 1 (a—j) and 2
(k): a Stomatal outer ledge; b Ostioles obliterated by cuticle
fragments; ¢ Fungal hyphae; d—f Deformed stomatal outer ledges

amount of electron-dense rough material in the adjacencies
and within the vessel elements, and there was a gradual
increase of this material with increasing time of exposure

(Fig. 8g, h).

(stars); g Concavities in the epidermis (circles); h Epidermis
rupture; i Rupture of the stomatal outer ledge and the epidermis;
j Exposure of the inner tissues; k Epidermis rupture in the adja-
cencies of the stomata. So stomatal outer ledge; Er epidermis
rupture; Fh fungal hyphae; It inner tissue

4 Discussion

Fluoride accumulated quickly in the leaves of S. dulcis
plants located 0.78 km from the fluoride source, as was
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Fig.4 Abaxial (a, b) and adaxial (c—f) epidermis of the folioles of
the plants of S. dulcis (scanning electron micrographs) not exposed
to the pollution (a, ¢) and on the sixth (d—f) and ninth (b) days of
exposure to emissions of the aluminium smelter (experiment 1): a
Midrib; b Grooves (arrows) in midrib; ¢ Anticlinal walls well-

also observed in plants of Chloris gayana Kunth and
Panicum maximum Jacq. exposed in the same area
(Divan Junior et al. 2007). Heavy accumulation of pol-
lutants in the leaves after a short period of exposure
suggests that the plants were exposed to high levels of
fluoride in the atmosphere (Fornasiero 2003).

In both experiments with S. dulcis performed in the
winter, the fluoride content increased with the time of
exposure of the plants in Ouro Preto but remained
constant in the reference station, confirming the pollu-
tion by fluoride in proximity to the emitting source.
Generally, the fluoride content in plants is determined
by the concentration in the atmosphere, time of expo-
sure, and species’ absorption ability (Vike 1999). We
observed greater accumulation of the pollutant in E2
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defined and pulverulent epicuticular wax; d Erosion of epicuticu-
lar waxes and amorphous aspect; e Anticlinal walls with less
evident contour and the presence of fungal hyphae; f Mass of
fungal hyphae. Mr midrib; Aw anticlinal wall, Ew epicuticular
wax; We wax erosion; F/ fungal hyphae

than in El in S. dulcis exposed for the same duration
of time (3 days), indicating that variation in the accu-
mulation of the pollutant is related to differences in
fluoride concentration in the atmosphere. Episodic var-
iations in fluoride emission into the atmosphere are
common events in areas near emitting sources (Divan
Junior et al. 2008).

The greatest percentage of the symptoms observed
3 days after exposure of the plants in Ouro Preto in E2,
in comparison to El, is correlated with the highest
concentration of the pollutant in the leaves. In S. dulcis,
necroses occupied 29 % of the leaf area with levels of
fluoride less than 8 pg g ', demonstrating a higher
sensitivity of this species relative to P. maximum (Divan
Junior et al. 2007) and justifying the classification of the
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Fig. 5 Leaf blade structure of S. dulcis (light microscopy of
transverse sections) not exposed to the pollution (a, ¢, e, h) and
on the third (b, d), sixth (f), and ninth (g, i) days of exposure to
emissions of the aluminium smelter (experiment 1): a Leaflet mid-
region; b Plasmolysis of the palisade parenchyma; ¢
Crystalliferous idioblast; d Protoplast retraction; e Vessel element;
f, ¢ Accumulation of phenolic compounds (arrows) in the

species as “very susceptible” according to the scale of
Klumpp et al. (1995). When fluoride accumulates in the
tissues and reaches lethal concentrations, it causes le-
sions in the leaves (Coulter et al., 1985), but

ue L & 4

R WK G %
S U
=EA ‘f".-‘ T

\_a'

A& a™r

adjacencies of the ending veinlets (f) and in parenchyma (g); h
Midrib; i Accumulation of phenolic compounds (arrow) in the
epidermis. Ad adaxial epidermis; 4b abaxial epidermis; Ci crystal
idioblast; Pp palisade parenchyma; Sp Spongy parenchyma; Ht
healthy tissue; At affected tissue; Pr protoplast retraction; Ve vessel
element; Cp cortical parenchyma; Fi fibres; Ph phloem; Xy xylem

susceptibility varies with the species (Weinstein and
Davison 2004; Mezghani et al. 2005; Abdallah et al.
2006; Divan Junior et al. 2008; Mesquita et al. 2011).
Leave of Prunus armeniaca L. exhibit necroses with
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Fig. 6 Leaf blade structure of S. dulcis (light microscopy of
transverse sections) not exposed to the pollution (a—c, e) and on
the ninth (d, f) days of exposure to emissions of the aluminium

smelter (experiment 1): a Midrib submitted to the test for detection
of phenolic compounds: positive reaction in idioblasts (arrow); b

65 ug g ' of fluoride in the dry matter, while Olea
europaea L. may accumulate up to 300 pg g of
fluoride in the dry matter of its leaves without exhibiting
any symptoms of phytotoxicity to the pollutant
(Mezghani et al. 2005). Variations in the amount accu-
mulated and the tolerance to the element occur between
species (Mezghani et al. 2005; Oliva and Figueiredo
2005; Divan Junior et al. 2008; Mesquita et al. 2011)
and between cultivars (Fortes et al. 2003; Oliva and
Figueiredo 2005).
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Positive reaction to Lugol showing starch grains; ¢ Peripheral
starch grains and phenolic compounds in parenchyma (arrow); d
Accumulation of starch grains and phenolic compounds (arrow); e
Leaf mid-region; f Starch accumulation. Sg starch grain; Ci
crystalliferous idioblast

The symptomatology observed in the present
study was similar to that recorded in the laboratory
(Sant’Anna-Santos et al. 2012), supporting the con-
clusion in biomonitoring that the cause of the stress in
S. dulcis may be a consequence of abnormal amounts
of fluoride in the leaves. In the field, the symptom-
atology has been used to monitor the effects of the
stress caused by several biotic and abiotic factors
(Vollenweider and Giinthardt-Goerg 2006), including
fluoride (Fornasiero 2003; Mezghani et al. 2005).
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Fig. 7 Palisade parenchyma of S. dulcis (transmission electron
microscopy of transverse sections) not exposed to the pollution (a)
and on the third (b), sixth (¢, d), and ninth (e) days of exposure to
emissions of the aluminium smelter (experiment 1): a Smooth cell
wall; b Undulate cell wall and chloroplast with senescent aspect; ¢
Cell wall with re-entrances and senescent chloroplast; d Increase

Though there are detailed descriptions of the damage
caused by fluoride, such as visible red areas on both
surfaces of the leaf and “burn” of the leaf apex in
Hypericum perforatum L. (Fornasiero 2003), the symp-
toms are generally described as apical and marginal
chloroses and necroses, in the laboratory (Fornasiero
2001; Chaves et al. 2002) as well as in the field
(Mezghani et al. 2005; Divan Junior et al. 2007; 2008).

in the volume of the peripheral reticule and increase in electron
density and rupture of tonoplast; e Cell wall with fibrillar aspect
and phenolic compound accumulation in the vacuole. Ch chloro-
plast; Cw cell wall; Mi mitochondria; 7o tonoplast; Pr peripheral
reticulum; Pc phenolic compound

The lack of detail in the description of the symptoms
limits the usefulness of the parameter for a more precise
diagnosis in the field, which is needed to pinpoint the
origin of the stress.

The detailed description of the symptoms are espe-
cially important for assess areas of industrial develop-
ment where the plants are usually exposed to a combi-
nation of air pollutants. In the vicinity of aluminium

@ Springer
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Fig. 8 Spongy parenchyma (a—e) and vessel elements (f-h) of S.
dulcis (transmission electron microscopy of transverse sections)
not exposed to the pollution (a, ¢, f) and on the third (e, g) and
ninth (b, d, h) days of exposure to emissions of the aluminium
smelter (experiment 1): a Vacuole with hyaline content; b Vacuole
full of phenolic compounds; ¢ Chloroplasts with well-defined
grana; d Chloroplast showing a disassembled lamellar system; e

factors, other agents like sulphur dioxide (SO;) can
mimic fluoride-induced injury. However, the chlorotic
or necrotic injury caused by SO, are known to be
confined to the interveinal area of the leaf (Weinstein
and Davison 2004), differing to the fluoride necrosis
described in this work that develop along the veins and
the foliar margin.

@ Springer

Voluminous starch grains and concentric fragments of cell mem-
branes (star) in detail; f Vessel elements with helicoidal thickening
of the secondary wall; g—h Increase in the amount of electron-
dense rough material (arrow) in the adjacencies and within the
vessel elements. Ch chloroplast; Gr grana; Pc phenolic compound;
Sg starch grain; Sw secondary wall

In a similar way to most atmospheric pollutants,
gaseous fluoride penetrates the plants through the sto-
mata, which are associated with most of the damage
present in S. dulcis plants exposed in Ouro Preto. The
initial appearance of damage beginning on the abaxial
surface is related to restriction of the stomata to this leaf
surface in this species (Silva et al. 2000).
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The damage observed on the adaxial surface of the
leaves of plants exposed in Ouro Preto is probably due
to the potentialising effect of the dew, frequently ob-
served during the period of the experiments (winter),
which dissolves the pollutant resultant from the dry
deposition, favouring the removal of the epicuticular
waxes and loss of cuticle structure. The removal of these
hydrophobic layers probably facilitates the establish-
ment of the fungi observed on both surfaces of the
leaves exposed to the factory’s emissions, since surfaces
that present a film of water promote colonisation by
microorganisms (Barthlott 1981). Removal of the epi-
cuticular waxes and infestation by fungal hyphae were
reported in the laboratory (Sant’Anna-Santos et al.
2012), but these microorganisms were not detected in
the control plants. These observations were also found
to be true for the plants exposed in Ouro Preto, indicat-
ing that the pollution is responsible for promoting fungal
infestation via removal of the epicuticular waxes.

Loss of turgidity of the epidermal cells in the plants
exposed in Ouro Preto was the probable cause of the
modification of the anticlinal wall outlines in both sur-
faces of the leaf. The plasmolysis of the epidermal cells
was more intense in the abaxial surface of the leaf, where
the stomata are the main entryway for the pollutant, and
in the midrib. Despite being practically deprived of sto-
mata, the prominent curvature formed by the midrib in
the relief of the leaf may predispose this region to more
time in contact with the pollutant dissolved in the dew. In
plants of Magnolia ovata (A. St.-Hil.) Spreng. exposed to
fluoride simulated rain, the epidermal cells suffer a grad-
ual reduction of volume that is more intense near the
necrosis (Sant’Anna-Santos et al. 2007).

Histochemical tests revealed the presence of phenolic
compounds in the leaves of S. dulcis, as was observed in
the stem of this species by Sant’Anna-Santos et al.
(2006c¢). Dark contents intensely stained green by tolu-
idine blue were observed in the midrib and in the adja-
cencies of the ending veinlets in the leaves of S. dulcis
exposed in Ouro Preto. In general, phenolic compounds
are stained green by toluidine blue (Briggs et al. 2005).
Other authors, such as Fornasiero (2003) and Mesquita
et al. (2012), have already suggested the possibility of
phenol accumulation in plants exposed to fluoride; how-
ever, specific tests have not been performed to confirm
this possibility. The accumulation of phenols has been
interpreted as a mechanism of defence of the plants,
activated by biotic and abiotic factors that induce stress
in the plant (Vaughn and Duke 1984). The accumulation

of electron-dense material inside the vessel elements
probably reflects the transport of fluoride through the
xylem. Additionally, macroscopic observations suggest
that necrosis progression through the vascular tissues is
more pronounced in the midrib, reinforcing the hypoth-
esis that fluoride acts in the vascular system.

The ultra-structural changes in the plasma membrane
observed in S. dulcis were similar to those seen in the
mesophyll of H. perforatum, where the plasma mem-
brane, frequently broken, appears detached from the cell
wall (Fornasiero 2001). The results obtained by
Rakowski et al. (1995) in Pinus strobus L. indicate that
the plasma membrane may be one of the initial sites of the
injuries caused by fluoride. Divan Junior et al. (2007)
observed a significant effect of fluoride on membrane
integrity by increasing the release of cell electrolytes in
plants with high accumulation of pollutants. Fluoride
modifies the lipid-protein interactions of the membranes,
altering metabolic functions (Rakowski 1997), such as
the activity of the enzyme H'-ATPase (Faganha and de
Meis 1995), increasing membrane permeability.

Among the organelles, chloroplasts showed a greater
variety of ultra-structural alterations in the plants ex-
posed in Ouro Preto. In the literature, the symptoms
attributed to fluoride are normally the following: stro-
mal swelling and thylakoid coiling; less distinct la-
mellar system; increase in the number and size of
plastoglobules; accumulation of starch grains; in some
cases, increase in the number, size, and electron density
of the plastoglobules; rupture of the external cover and
alteration in the shape of the chloroplasts (Wei and Miller
1972; Thomson 1975; Soikkeli and Tuovinen 1979;
Soikkeli 1981; Zwiazek and Shay 1987; Eleftheriou
and Tsekos 1991; Anttonen 1992; Holopainen et al.
1992; Miller 1993; Wulff and Karenlampi 1996;
Fornasiero 2001).

In S. dulcis, there was an increase in the volume of
the starch grains of the chloroplasts. The occurrence of
cells with an abnormal amount of starch has already
been reported in S. dulcis under stress caused by acid
rain (Sant’Anna-Santos et al. 2006a; 2006b) and is
related to the inhibitory effect of the pollutant on the
translocation of carbohydrate from the leaves to the
roots, causing the accumulation of starch grains in the
chloroplasts (Rennenberg et al. 1996). The accumula-
tion of starch grains was also evidenced in the meso-
phyll of the leaves of Pinus halepensis Mill. exposed to
urban pollution (Soda et al. 2000). These authors sug-
gested that starch accumulation was a consequence of
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the collapse and inactivation of the phloem. This phe-
nomenon might be indicative of acceleration in the cell-
ageing process under the influence of the pollutants
(Schmitt and Ruetze 1990).

5 Conclusion

The high sensitivity of S. dulcis to fluoride, the speci-
ficity of the symptoms, and the high correlation between
symptomatology and levels of fluoride all combine to
confirm for the first time, in an experiment of active
biomonitoring, the potential of S. dulcis as a
bioindicator. Microscopic observations of the leaves
collected in Ouro Preto were similar to observations in
plants exposed to fluoride in the laboratory (Sant’Anna-
Santos etal. 2012), which demonstrate that all the events
described precede the appearance of macroscopic symp-
toms, thus guaranteeing that these parameters have
prognostic value in predicting injury by fluoride and
will be useful as biomarkers.
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