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Abstract 

The contamination of edible leafy vegetables by atmospheric heavy metal-bearing 

particles is a major issue in environmental toxicology. In this study, the uptake of lead by 

cladodes of Opuntia ficus-indica (Ofi), traditionally used in Mexican cuisine and in 

livestock fodder, is investigated after a 4-months exposure of either cladodes or roots to 

synthetic Pb-fluorapatite particles. Atomic Absorption Spectroscopy (AAS) for the 

quantitative analysis of Pb levels, Scanning Electron Microscopy coupled with Energy 

Dispersive X-Ray Spectroscopy (SEM-EDX) for the examination of the cladode surface 

and fate of particles, and Micro-X-ray fluorescence (μXRF) measurements for elemental 

mapping of Pb in cladodes, were used. The results evidence that foliar contamination 

may be a major pathway for the transfer of Pb within Ofi cladodes. The stomata, areoles, 

and cuticle of cladode surface, play an obvious role in the retention and the incorporation 

of lead-bearing apatite, thus revealing the hazard of eating contaminated cladodes. The 

possibility of using series of successive cladodes for biomonitoring the atmospheric 

pollution in arid and semi-arid regions is also rapidly discussed. 

Keywords: Opuntia ficus-indica, foliar or root exposure, Pb uptake, SEM-EDX, μXRF.    

Capsule: The successive cladodes of Opuntia ficus-indica can be used for biomonitoring 

of atmospheric pollution 

 

1. Introduction 
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The impact of atmospheric deposition on heavy metals accumulation into the main 

biosphere compartments (soil, water, plants, etc…) has been widely investigated in the 

literature (Folkeson, 1979; Jenkis, 1987). Metals in the atmosphere are mostly found 

associated with organic or inorganic particles possessing an aerodynamic diameter in the 

0.01 to 100 µm size range (Kabata-Pendias, 2010). Those airborne metal contaminants 

may cause severe impacts to the human health and the environment (Moriarty, 1999). Air 

quality monitoring is then crucial for continuous risk assessment and for efficient control 

of environmental pollution (European Commission, 2002; WHO, 1987). Such monitoring 

is generally carried out using classical physicochemical techniques complemented by 

biological monitoring (Garrec and Van Haluwyn, 2002). Indeed, biomonitoring with 

lichens and mosses has been shown to provide not only an accurate elemental analysis of 

atmospheric pollution but it has also allowed to characterize the impact of contaminants 

on biological species (Bargagli and Barghigiani, 1991; Garrec and Van Haluwyn, 2002; 

Jenkis, 1987; Kabata-Pendias, 2010; Rühling et al., 1987). Other biological matrices such 

as tree barks (Catinon et al., 2011), mushrooms (Komárek et al., 2007), and several 

famous vegetables in the kitchen garden (De Temmerman and Hoenig, 2004; Hu et al., 

2011; Schreck et al., 2012; Uzu et al., 2010), have also been investigated for such 

purposes. 

Unlike bryophytes and lichens, vascular plants with the possibility of foliar and root 

exposure may present very different metal transfer pathways (Estrella-Gómez et al., 

2009; Honour et al., 2009; Piechalak et al., 2002). Furthermore, the bioaccumulation 

processes in higher plants may be affected by numerous factors including the metal 

speciation (Kabata-Pendias, 2010), the plant species (Amblard-Gross et al., 2004; 

Galsomiès et al., 2003), and the type of exposure to contaminants (Birbaum et al., 2010; 

Lei et al., 2008). Even though a few models can predict the phytoavailability of trace 

elements (especially Cd, Zn, Cu and Pb) to plant roots, such knowledge remains limited 

to specific plants growing under given soil conditions (Alexander et al., 2006; 

McLaughlin, 2001; Mortvedt et al., 1991). In the case of lead, many more studies have 

failed to evidence a significant link between the Pb concentration in the soil and in the 

plant (Jorhem et al., 2000; Murray et al., 2011; Samsøe-Petersen et al., 2002), in 

comparison with those that have reported consistent results (Bielinska, 2009; Huang et 

al., 2012). The rather low level of bioavailable Pb in the soil (Kabata-Pendias and 

Pendias, 2001) and the significant contribution of atmospheric deposition to plant aerial 

parts (Douay et al., 2008; Harrison and Chirgawi, 1989) have been assumed to determine 

the level of Pb in plants (Mcbride et al., 2014). Indeed, Pb is generally strongly 

associated with organic and colloidal soil components, and precipitation reactions mostly 

at basic pH (Mosbaek et al., 1989), concur to limit its mobility. Moreover, Pb retained in 

plant roots as Pb-carbonate precipitate or adsorbed on cell walls (Krzeslowska, 2011), 

shows very limited mobility to the aerial parts of plants in comparison with the 

contribution of foliar Pb (Khan et al., 2008; Prasad and Nazareth, 2000). 
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In this study, the bioaccumulation of Pb by Opuntia ficus-indica (Ofi), a long 

domesticated cactus that grows in semi-arid regions, is investigated after deliberate 

contamination of either soil or cladodes by fluorapatite particles enriched with Pb. The 

contamination conditions were selected according to those encountered in the vicinity of 

Selaata fertilizer industry (Lebanon) where nearby cactuses are submitted to a large flux 

of phosphate dust containing various heavy metals (Abi-Ghanem et al., 2009; Aoun et al., 

2010). A preliminary Pb isotopic study revealed that Ofi has the ability to record the local 

atmospheric pollution from the dust deposited onto successive cladodes grown over time 

(El Hayek et al., 2015). As cladodes represent a significant part of human medicinal and 

food consumption as well as a source of fodder for cattle and sheep (Ayadi et al., 2009; 

Corrales-García et al., 2004; De cortazar and Nobel, 1992), a better knowledge of heavy 

metal bioaccumulation pathways in Ofi is crucial. Various stems were then collected 

from a rural region and contaminated with synthetic Pb-fluorapatite particles either by a 

direct application on the grown cladodes or by an addition to the cultivation soil. 

Elemental analysis using Flame Atomic Absorption spectrometry, electron microscopy 

observation using SEM-EDX, and elemental mapping with SEM-EDX and μXRF on 

resin-embedded samples, were used to identify the transfer pathways of Pb and the 

potential of bioaccumulation in Ofi following root and foliar exposure to Pb-fluorapatite 

particles.  

 

2. Materials and methods 

 

2.1. Preparation and characterization of Pb-fluorapatite (Pb-FAP) 

Pb-fluorapatite (Pb 17.2 %) was synthetized according to the chemical precipitation 

method described by Wei et al. (2011) and Laghzizil et al. (2001), that leads to a 

fluorapatite with two metal cations (Me
2+

 = Ca
2+

 + Pb
2+

 and Me
2+

/ PO4
3-

 = 1.67): 

9Ca (NO3)2, 4H2O + 6(NH4)2 HPO4 + 6NH4OH + 2NaF + Pb (NO3)2  

Ca9Pb (PO4)6F2 + 2NaNO3 + 18NH4NO3 + H2O   (1) 

In practice, a solution containing 102 mmol of (NH4)2HPO4 and 34 mmol of NaF, was 

slowly added to a solution containing 153 mmol of Ca(NO3)2.4H2O and 17 mmol of 

Pb(NO3)2, the mixture being maintained under stirring at pH 10 using an ammonia 

solution (27% wt). All chemicals purchased from Sigma-Aldrich were of analytical grade 

and used without further purification. After stirring for 24h, the suspension was filtered 

on Whatman paper to recover a gelatinous precipitate, which was subsequently dried at 

100 ºC for 2 h. The powder was then thoroughly ground in an agate mortar to obtain the 

fine particles used in our experiments. 

To check the chemical composition of the synthesized powder, Fourier Transform 

infrared spectroscopy in the transmission mode (FT-IR 6300 JASCO), and X-Ray 
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Diffraction (XRD) using Cu Kradiation (=0.15406 nm) (Bruker D8 Diffractometer) 

and International Center for Diffraction Data (ICDD) to identify the XRD pattern, were 

used. A mean size of 8 µm was obtained for the Pb-fluorapatite using a laser scattering 

technique (Patrica LA-950V2 Horiba). The particle morphology as well as the Me
2+

/ 

PO4
3- 

elemental ratio were determined using a Scanning Electron Microscope (Jeol JSM 

6360LV) equipped with a Silicon Drift Detector (SDD) PGT working at 20kV. All the 

characterizations performed confirmed the synthesis of stoichiometric Ca9Pb(PO4)6F2 

fluorapatite particles. FTIR results, XRD diffractogram, electron micrograph and EDX 

elemental analysis are presented in the supporting information. 

 

2.2. Cactuses cultivation and exposure to Pb-fluorapatite 

Ofi cladodes from various remote rural areas in Lebanon were first collected and 

analyzed for Pb to obtain pristine cladodes for cultivation (see Table S1 in Supporting 

information). The lowest Pb level found in those cladodes was 4.5 mg.Kg
-1

 dry weight 

which usually identifies a Pb-contaminated plant (Markert, 1992; Remon et al., 2013). It 

is worth noting that Ofi is a long-domesticated plant often grown in the vicinity of 

dwellings, and hence, easily contaminated by anthropogenic activities. Therefore, the 4.5 

mg.Kg
-1

 concentration served to establish the baseline against which Pb-fluorapatite 

contamination was assessed. 

The soil for Ofi cultivation was prepared by thoroughly mixing 2 Kg of natural field soil 

sieved at 2 mm with 2 Kg of sand, thus yielding a well-drained potting soil adequate for 

cactus growth (Drennan and Nobel, 1998). The pH of the soil was almost neutral 

(pHwater=7.3) and contained a low amount of organic matter (0.78%). The initial soil Pb 

concentration of 17.3 mg.Kg
-1

 falls in the normal range of uncontaminated soils (Bowen 

1979). 

The sampled branches of cladodes were rinsed with distilled water to remove any 

residual dust and then planted separately in plastic pots (15 cm diameter and 14 cm deep 

soil) according to the common cultivation procedures of cactus represented by methods 

(a) and (b) (fig. 1): In the method (a), a branch composed of 3 successive cladodes was 

planted vertically in the soil by driving the portion of its most mature cladode into the soil 

(cladode 1 in method (a)), whereas in the method (b) , a branch composed of only one 

cladode was placed horizontally on the soil surface. Foliar contamination tests were 

conducted in triplicate (3 different pots) for both cultivation methods, (a) and (b), by 

brushing the entire surface of the first cladode in contact with the soil (see fig. 1) with 1g 

of Pb-fluorapatite. Such particle amount is equivalent to that found deposited on cladode 

surfaces in contaminated areas (El Hayek et al., 2015). The wet brush method used here 

has been shown to facilitate the deposit of fine particles (Xiong et al., 2014; Muëller et 

al., 2007) that are more relevant to environmental and health problems (Uzu et al., 2010).  
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Pb uptake by soil-root transfer was assessed by adding 1g of Pb-fluorapatite to the 

sand/field soil mixture using method (a) (3 replicates using branches of 3 successive 

cladodes in 3 separated pots). Such amount of Pb-FAP permitted to spike the soil with 

42.95 mg.Kg
-1

 of Pb. Although such concentration represents a slight contamination level 

in comparison with uncontaminated soils (10-30 mg.Kg
-1

) (Bowen, 1979), the parallel 

assessment of foliar and roots behavior under the same exposure conditions restricted the 

Pb concentration in the spiked soil. This comes down to the lack of knowledge about how 

much Pb can be tolerated by cladodes.  

Thus, a total of 15 individual cactuses (fig. 1), including 9 pots for Pb-contamination 

exposure and 6 pots for blanks (3 pots for each method of Ofi cultivation), were then 

grown for 4 months at ambient temperature (25-35°C). The cactuses cultivation was 

conducted in the same rural zone where Ofi cladodes had been collected and under the 

same natural photoperiod. 600 mL of local mineral water were added every week to each 

pot to provide adequate watering of cactuses. A 4 months contact period has been shown 

to be sufficient to reach equilibrium in a natural soil (Alexander et al., 2006; Uzu et al., 

2009), and allowed the development of new cladodes and roots on the cultivated cactus 

plants. 

 

2.3. Lead analysis in Ofi cladodes and roots  

After 4 months, all cladodes and roots were harvested and washed thoroughly first with 

tap water and then with milli-Q water (18.2 MΩ). Prior to washing, the surface of 

initially contaminated cladodes was cleaned with a wet soft brush to eliminate as many 

Pb-fluorapatite particles as possible. All cladodes were sliced separately into small cubes 

(~ 2cm x 2 cm) with a ceramic knife and freeze-dried (Alpha 1-4 LD Christ). A further 

grinding step using a plastic cooking grinder (Braun) provided a homogeneous fine 

powder that was sieved at 1 mm and stored in sealed plastic bags. Roots were first treated 

with a 1 mM HCl solution for 3 min and then a 10 mM HCl solution for 5 min, to desorb 

lead present in the outer cell wall layers (Ferrand et al., 2006; Uzu et al., 2009). The 

cactus roots were then separated using Whatman filter paper, intensively washed with 

milli-Q water (18.2 MΩ) before being oven-dried at 60 ºC for 48 h and stored in sealed 

plastic bags. 

Each cladode and root sample was digested in triplicate according to Alexander et al. 

(2006). Briefly, 20 ml of nitric acid (analytical grade) were added to 1g of plant material; 

after about 12 hours, the sample was progressively heated until total dissolution, and then 

filtered at 0.45 µm. The lead content of all solutions was determined by flame atomic 

absorption spectrometry (Rayleigh WFX-210AA). The calibration was performed using 

certified standard solutions acquired from Fluka-Sigma Aldrich and the detection limit 

was 0.006 mg.L
-1

. 
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Lead levels measured in roots and cladodes were subjected to separate analysis of 

variance (ANOVA) tests using Xlstat software (2009). Significant differences (P < 0.05) 

were assessed using the LSD Fisher test.        

 

2.4. Microscopic observations and spectroscopic analysis 

X-ray microfluorescence (µXRF) imaging of cladodes was performed with an EDAX 

Eagle III XRF system equipped with a polycapillary Rh target excitation source (20 kV, 

300-450 µA) and a Si(Li) detector (resolution of 140 eV). Elemental µXRF maps were 

recorded on centimeter size cladode samples with a relatively slow counting time (600-

2000 ms per pixel) and a step size of 30-50 µm (256x200 pixels). The detection limit for 

heavy metals such as Pb was around 100 ppm. As the Pb M and S K X-ray lines 

overlap, a deconvolution of µXRF spectra was achieved using the EDAX-integrated 

software Vision32. The Cl K line was also found to interfere with the Pb M line and Pb 

(L) line was then used to follow the lead distribution.  

Prior to measurements, cladodes were embedded in an epoxy resin. A 2cm x 2cm piece 

of cladode was first chemically fixed in 2 % glutaraldehyde for 24h, before being 

extensively washed with ultrapure water and dehydrated in a graded series of ethanol and 

water (from 10 to 100% ethanol). Ethanol was then exchanged with a graded series of 

epoxy resin monomers (Lartiges et al., 2001), and the resin-impregnated cladode was 

polymerized at 60°C for 24h. After embedding, thin slices of cladodes were sectioned 

using an IsoMet Low Speed Saw machine (15 LC 0.4 mm).  

Scanning electron microscopy observations were performed with Jeol JSM 6360LV 

microscope equipped with a Silicon Drift Detector (SDD) PGT working at 20 kV. 

Freeze-dried or resin-embedded cladode pieces were mounted on aluminum stubs and 

coated with a thin layer of carbon before observation. 

 

3. Results and discussion 

3.1. Ofi cultivation in presence of Pb-fluorapatite particles 

After 4 months of foliar and root exposure to Pb-fluorapatite particles, none of the 

deliberately contaminated Ofi showed necroses or any visible toxic effects on the aerial 

parts of plants. The development of new cladodes (nopalitos) occurred both on 

contaminated stems and blanks, after 2 weeks of cultivation for cladodes planted 

vertically and after 3 weeks for cladodes planted horizontally. Nevertheless, the amount 

of fresh biomass formed, i.e. nopalitos, was about 97 ± 26.1 g for Ofi grown in 

contaminated conditions (roots and foliar exposure), whereas it reached an average of 

112.6 ± 67.5 g for reference cactuses. Likewise, the total root weight was slightly lower 

for contaminated Ofi, i.e. 23.1 ± 3 g and 5.1 ± 1.5 g for cladodes initially planted 
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vertically and horizontally, respectively, whereas the root weight of blanks for the two 

modes of cultivation reached 37.6 ± 2.8 g and 5.8 ± 0.9g, respectively. The lower amount 

of biomass found in contaminated Ofi after 4 months of cultivation might be related to 

the effects of Pb on the biochemical and physiological metabolisms as described in 

previous studies (Onder and Dursun, 2006; Sharma and Dubey, 2005; Zeneli et al., 2013). 

However, the mere presence of fluorapatite particles on the cladode surface, e.g. blocking 

stomata aperture, may be sufficient to cause disturbances in water exchanges and to 

inhibit photosynthesis (Farmer, 1993; Hirano et al., 1995). A heavy metal contamination 

of roots has also been shown to reduce plant growth and to decrease root fresh weight 

(Perfus-Barbeoch et al., 2002).      

 

3.2. Lead concentration in cladodes and roots after Pb-fluorapatite exposure 

The average lead content in washed cladodes (mother cladodes and nopalitos) after 

exposure to Pb-fluorapatite particles is shown in fig. 2 for the two methods of cultivation. 

In comparison with the control (8 mg.Kg
-1 

dry weight), the Pb level was found to be 

significantly higher (P < 0.05) in cladodes deliberately contaminated, regardless of the 

cultivation mode. In the case of foliar exposure, the mother cladodes, i.e. cladode 2 

vertically planted and cladode 1 horizontally placed, showed the highest Pb 

concentrations, i.e. 31.3 ± 3.7 mg.Kg
-1 

and 39.5 ± 2.2 mg.Kg
-1

, respectively. Despite the 

thorough washing procedure used in the present study, such high lead concentration 

might correspond to residual Pb-fluorapatite particles firmly trapped at the surface or 

inside the cladode. On the other hand, the Pb concentration in nopalitos remained at 

levels comparable to reference cladodes after 4 months cultivation, but slightly higher 

than those of the initial uncontaminated cladodes. Such slight increase might originate 

from a translocation of lead from the mother cladode to the daughter cladode. 

Significantly lower Pb contamination levels of cladodes (e.g. 14.7 ± 7 mg.Kg
-1 

DW for 

cladodes 2 planted vertically) were observed in the case of root exposure to Pb-FAP. 

Even if the modalities of cladode and root exposure to Pb-fluorapatite differs, our results 

are in line with previous studies indicating that atmospheric deposits on the aerial parts of 

plants may represent a major contamination pathway for metals (Dalenberg and van 

Driel, 1990; Feng et al., 2011; Uzu et al., 2010; Xiong et al., 2014). Interestingly, a 

translocation process in the whole cactus (including the nopalitos that developed during 

the experiment) took place only for cladodes that were grown on the contaminated soil. 

Indeed, the amount of lead found in cladodes was twice greater compared with the 

control stem (cactus (a)). According to Landero Figueroa et al., (2007), such translocation 

process in Ofi may be attributed to phytochelatines molecules which concentration was 

shown to significantly increase after lead contamination of the soil. A bioaccumulation of 

Pb is of special concern in the case of nopalitos that are commonly used in Mexican 

cuisine (García Ruiz et al., 2008; Landero Figueroa et al., 2007) and for medicinal 
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purpose (Stintzing and Carle, 2005). Indeed, in our experiments, the Pb concentration in 

nopalitos was between 4.7-13.3 mg.Kg
-1

 DW with having a higher accumulation value in 

those exposed to roots contamination. Obviously these values exceed the 0.3 mg.Kg
-1

 

fresh weight recommended for edible vegetables in the EU regulations (European 

Commission, 2002) which is equivalent to 2.58 mg.Kg
-1

 DW in the case of cactus (DW 

represented 8.6% of nopalitos) .  

As for roots contamination, the fig. 3 shows that Pb concentration only increased 

significantly when the cultivation soil was contaminated with Pb-fluorapatite particles 

(Pb value in roots is of 13.2 ± 1.6 mg.Kg
-1

 DW, i.e. three times greater than in the control 

roots). The corresponding cactuses were also the only ones with a fraction of adsorbed 

lead on the root membrane (1.06 ± 0.15 mg.Kg
-1

 DW). Such results underline that foliar 

exposure was indeed the single transfer pathway for cladodes contaminated with dust 

deposits. In other terms, no dust deposition or contamination was detected in the virgin 

soil associated with foliar exposure. 

The transfer factor (TF), defined as the ratio of Pb concentration in plant roots (TF) to 

that in contaminated soil (42.95 mg.Kg
-1

), was also calculated. The TF showed relatively 

low value (0.22) revealing the weak mobility of Pb in soil, in accordance with previous 

studies which reported TF values between 0.1 and 0.17 (Khan et al., 2008; Uzu et al., 

2009). Moreover, the Global Enrichment Factor (GEF), i.e. the ratio of Pb concentration 

in the contaminated plant to the Pb concentration in the control plant (Chopra and Pathak, 

2013; Singh et al., 2010), was found to vary between 1.7 and 5 for roots and foliar 

exposure, respectively, thus indicating a moderate lead uptake in comparison with other 

plants exposed to various types of Pb-enriched particles (Schreck et al., 2014; Xiong et 

al., 2014). However, independently of the morphological characteristics of the cladode 

surface that obviously play a significant role in the retention of Pb-contaminant particles 

(Barber et al., 2004; El Hayek et al. 2015), it is worth noting that fluorapatite is a very 

stable mineral phase (Nriagu, 1974; Smičiklas et al., 2008) which strongly reduces the 

mobility of lead (Kabata-Pendias and Brümmer, 1992; Laperche et al., 1997). Also of 

interest is the slight uptake of Pb by the cactus roots that occurs at a neutral soil pH, a 

factor known to limit Pb physiological uptake (McBride et al., 2013). 

 

3.4. Microscopic identification of lead-enriched spots by SEM-EDX  

SEM-EDX examination of the cladodes contaminated with Pb-fluorapatite particles 

helped identify the potential surface structures participating in the lead retention in Ofi 

(fig. 4). Thus, large areole structures and stomata of around 60 µm in diameter play a 

significant role in the integration of contaminated particles (fig. 4a-f). Such observations 

are in accordance with previous literature about the role of stomata and trichomes in the 

foliar pathway of heavy metal uptake (Eichert et al., 2008; Rao and Dubey, 1992; 

Rucandio et al., 2011; Tomašević et al., 2005; Uzu et al., 2010; Vianna et al., 2011). 
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Even following a thorough washing, numerous fluorapatite particles were found simply 

trapped by the rough surface of cladodes (fig. 4b). Such poor elimination of dust deposits 

by washing procedures has already been reported in the literature (De Temmerman et al., 

2012; Deljanin et al., 2014). In our case, the presence of hydrophobic epicuticular wax 

and thick rough cuticles obviously contribute to the retention of Pb-fluorapatite particles 

(Little, 1978; Madany et al., 1990; Birbaum et al., 2010a; Xiong et al., 2014). 

As already noted at the macroscopic scale, electron micrographs did not reveal any area 

of necrosis in the vicinity of contaminant particles. Cabbages, exposed to metal-rich 

atmospheric deposits, also remained green and healthy which was related to their cuticle 

thickness (Xiong et al., 2014). In contrast, the smooth surface of lettuces showed 

significant necrosis after foliar exposition to heavy metal-bearing particles 

(Grzegorzewski et al., 2010; Schreck et al., 2012; Uzu et al., 2010). 

EDX spectra of Pb-fluorapatite particles found on the cladode surface after 4 months 

cultivation appear identical to those of the initial contaminant particles (see fig. S3 in the 

supporting information). However, numerous calcium oxalate crystals were observed 

within stomata and trichomes often in the close vicinity of Pb-fluorapatite particles (fig. 

4d). Actually, Ofi is considered one of the richest species for calcium oxalate crystals 

(Nobel, 2002). Such calcium oxalate crystals might promote the dissolution and 

transformation of heavy metal-bearing deposited dust at the leaf surface (Ehrlich, 1996; 

Franceschi and Schueren, 1986; Gadd, 2010), although no direct evidence between Pb 

bioaccumulation and the presence of calcium oxalate at the surface of cladodes could be 

found using SEM.  

 

3.5. μXRF analyses      

The distribution of lead in cladode sections embedded in resin was investigated using 

μXRF. Fig. 5 presents the Pb, Ca, P and K elemental distribution maps of a typical cross-

section of both an areole structure and a region comprising the cuticle and parenchyma 

tissues. A typical μXRF spectrum taken from that zone of interest is shown in fig. 5b. A 

Pb-enriched zone that reaches a 300 µm depth is observed at the surface of the areole that 

is distinct from the much more localized P distribution that identifies Pb-fluorapatite 

particles. This suggests that some Pb-fluorapatite particles may have been dissolved over 

time and that Pb may have diffused inside the areole tissue. Furthermore, the presence of 

Pb-fluorapatite particles trapped below the cladode surface confirms the ability of Ofi to 

trap permanently atmospheric deposits, which is a key point for its use as a air pollution 

biomonitor (El Hayek et al., 2015). Indeed, the occurrence of dust particles in the suber 

tissue of trees (Catinon et al., 2011) and in the upper cortex of lichens (Ayrault et al., 

2007) were shown to be a crucial characteristic for a correct assessment of the 

atmospheric bioaccumulation of contaminants.  
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The major cations present in Ofi (Nobel, 2002), i.e. Ca and K, were also measured during 

the μXRF analysis. The elemental maps of those elements show that Ca and K are 

abundant in the cuticle, Ca being also present as well-defined spots corresponding to 

calcium oxalate crystals (Nobel, 2002). Similar observations were also made, i.e. Ca, P, 

K, and metals associated in oxalate crystals, in the trichome structure of tobacco (Sarret 

et al., 2006). Oxalate crystals are considered as major players in metal detoxification 

(Franceschi and Schueren, 1986; Sarret et al., 2006). However, further studies are 

required to extend such role to calcium oxalate crystals in the case of Ofi. 

X-ray elemental mapping of the cladode section embedded in resin by SEM-EDX is in 

good accordance with that obtained from μXRF analyses (fig. 6). Although the low 

detection limit of EDX (>1000 ppm for Pb) precluded the identification of lead diffusion 

into the deep layers of the areole structure, the capture of fluorapatite particles from the 

rough areole surface was nevertheless detected. Indeed, similar Pb, P and Ca elemental 

maps were obtained in the investigated area, making obvious its significant participation 

in the integration of airborne particles within the cladode.       

4. Conclusion 

Lead bioaccumulation by Opuntia ficus-indica represents a major toxicological risk to 

public health in regions where nopalitos are used as food. In this study, SEM-EDX and 

µXRF observations evidence the incorporation of fluorapatite particles in stomata and 

trichomes following foliar exposure. Such integration process leads to an increase in Pb 

concentration for cladodes contaminated by atmospheric deposits. 

Such observations may also explain the differences in Pb isotopic signatures recorded 

between successive cladodes (El Hayek et al., 2015); thus each series of cladodes may be 

used to biomonitor local atmospheric deposits over time. On the other hand, the Pb 

fraction that was absorbed by roots was found to spread in the whole stem up to the 

developing daughter cladodes. Such a contribution is nevertheless significantly lower 

than that integrated from foliar exposure. Therefore, the possibility of identifying the 

origin of lead input from the atmosphere (El Hayek et al., 2015), combined with the 

ability to accumulate atmospheric fallouts on the surface of its cladodes, make Opuntia 

ficus-indica a promising biomonitor for arid and semi-arid regions.  
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