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 15 

Abstract 16 

The use of asbestos-containing products has been banned in many countries since the beginning 17 

of the 80’s due to its carcinogenic properties. However, asbestos is widely present in private and 18 

public buildings, resulting in the need to process a vast amount of asbestos-containing waste. 19 

Among the current technologies for the destruction of asbestos fibers, biodegradation by fungi, 20 

lichens, and, more recently, bacteria has been described. We previously reported the involvement 21 

of the bacterial siderophore pyoverdine in the release of iron from the two asbestos groups, 22 

serpentines and amphiboles. Among the large diversity encountered in the pyoverdine family, we 23 

examined whether these siderophores can alter flocking asbestos waste as well. All the tested 24 

pyoverdines were efficient in chrysotile-gypsum and amosite-gypsum weathering, although some 25 

exhibited higher iron dissolution. Iron was solubilized by pyoverdines from Pseudomonas 26 

aeruginosa and mandelii in a time-dependent manner from chrysotile-gypsum within 24 hours. 27 

Renewal of pyoverdine-containing supernatant every 24 or 96 hours allowed iron removal from 28 

chrysotile-gypsum at each cycle, until a limit was reached after 42 days of total incubation. 29 

Moreover, the dissolution was concentration-dependent, as demonstrated for the pyoverdine of 30 
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P. mandelii. Pyoverdine-asbestos weathering could therefore become an innovative method to 31 

reduce anthropogenic waste. 32 

Keywords 33 

Pyoverdine- Pseudomonas-Asbestos-Iron-Alteration 34 

 35 

1. Introduction 36 

Asbestos has been extensively used because of its excellent properties, such as thermal 37 

conductivity, high mechanical strength, resistance to chemical attacks, and low cost. Asbestos is 38 

composed a group of fibrous silicate minerals that belong to the serpentine and amphibole 39 

families. Amphiboles can contain up to 36% iron by weight, whereas the serpentine form of 40 

asbestos contains only 2 to 3% iron by weight (Chao and Aust, 1994). Iron can be present as part 41 

of the mineral structure in the amphibole or as an exchangeable element in the chrysotile 42 

(Douguet et al., 1997; Virta, 2002). The iron encountered in asbestos is able to catalyze many 43 

reactions, such as lipid peroxidation, oxygen consumption, ROS formation, and DNA damage, 44 

precursors for tumor development (Toyokuni, 2009; Valko et al., 2015). The various types of 45 

toxic effects in humans include fibrogenesis and stomach, ovarian, and lung cancer (Scherpereel, 46 

2016). Due to the associated health problems, asbestos was banned after more than 30 years of 47 

intense use. As a consequence, we are confronted with the generation of a vast amount of 48 

asbestos-containing waste (ACW).  49 

Today, most waste is packed and deposited in controlled landfills, an inexpensive 50 

technique that does not remove the toxicity or potential health risk of waste related to fiber 51 

inhalation (Spasiano and Pirozzi, 2017). ACW treated by stabilization aims to reduce the fibers 52 

released, without modifying the crystalline structure, and ends up in landfills. The second type of 53 

treatment, called inertization, consisting of thermal treatment (vitrification or microwave), or 54 

hydrothermal, chemical, or mechanochemical treatment, involves the total transformation of the 55 

fibers, providing an inert and harmless material, considered to be a resource.  However, such 56 

thermal treatment is expensive due to energy consumption and may release emissions into the 57 

atmosphere. Chemical treatment requires chemical products and their disposal, but has allowed 58 

confirmation of the potential Mg released (Paolini et al., 2019). At the laboratory scale, 59 

bioremediation experiments have been carried out on raw asbestos using various organisms 60 
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(fungi, lichens, or bacteria) or metabolites (organic acids or siderophores), whereas few studies 61 

have focused on ACW. A few studies have focused on asbestos-cement waste, whereas none 62 

have investigated biological treatment of flocking asbestos waste (FAW), of which the matrix 63 

composition differs, containing gypsum to allow flocking to walls instead of cement. For 64 

example, lichens are able to cover asbestos-cement roofs and modify the surface reactivity, 65 

leading to bioavailable iron and magnesium liberation (Favero-Longo et al., 2009). Moreover, 66 

modification of the fibers has been described, by which they became amorphous, due to oxalic 67 

acid production (Favero-Longo et al., 2005) and nitrous and nitric acid produced by nitrifying 68 

bacteria, such as Nitrosomonas and Nitrobacter, inducing corrosion of a cement-roof, thus 69 

increasing porosity and reducing the strength of the material (Wasserbauer et al., 1988). 70 

Moreover, Wang et al. (2010, 2011) also highlighted the porous structure of cement pipes after 71 

microorganism colonization. They showed that acid-producing bacteria together with slime-72 

forming and heterotrophic bacteria contribute to corrosion of the inside surface of asbestos-73 

cement pipes of water distribution systems. Innovative bio-chemical processes have been 74 

recently proposed, in which the cement phase is dissolved by lactic acid produced by 75 

Lactobacilli or by dark fermentation, before hydrothermal end treatment (Balducci et al., 2012; 76 

Spasiano et al., 2017). Siderophore production is a common mechanism shown in fungal and 77 

bacterial weathering of native asbestos, leading to iron dissolution from fibers (Daghino et al., 78 

2010; Rajkumar et al., 2009). Siderophores are a well-known strategy that many living 79 

organisms use to access iron, an essential element for growth. In mineral-bacterial weathering, 80 

various siderophores have been implicated in iron dissolution, resulting in leaching of the 81 

material, and pyoverdine (PVD) has been described to interact with iron-bearing silicates, such 82 

as smectite (Ferret et al., 2014) and municipal waste-bottom ashe (Aouad et al., 2008). However, 83 

this mechanism has not yet been investigated on ACW. We thus investigated the impact of the 84 

bacterial siderophore PVD, produced by fluorescent Pseudomonas, on FAW. In building 85 

construction, two types of FAW have been described, varying in texture, thickness, and density. 86 

The first type used in this study contained 50 to 90% chrysotile fibers ((Mg3Si2O5(OH)4) and 10 87 

to 50% gypsum (CaSO4, 2H2O), whereas the second contained 5 to 30% chrysotile fibers and 95 88 

to 70% gypsum. Amphibole fibers, such as amosite ((Fe, Mg)7Si8O22(OH)2), have also 89 

sometimes been combined with FAW. The ability of pyoverdine to extract iron from fiber has 90 
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already shown on chrysotile and amphibole raw asbestos. However, two main difficulties such as 91 

the iron pollution present in the matrix and the fiber accessibility may interfere with the iron 92 

extraction by pyoverdine. 93 

Among the 100 PVDs so far described by siderotyping fluorescent Pseudomonas, their 94 

affinity for iron is not yet known. We therefore tested several representatives from the PVD 95 

laboratory collection to determine their ability to scavenge iron from ACW and selected the most 96 

efficient. Iron removal was tested as a function of PVD concentration and the optimum time for 97 

FAW alteration determined. Long-term alteration experiments by the best identified PVDs 98 

determined the iron extraction limit. 99 

 100 

2. Experimental 101 

2.1 Asbestos wastes preparation 102 

Two types of flocking asbestos wastes were used, chrysotile-gypsum and amosite-gypsum. 103 

These wastes come from the asbestos removal site of Jussieu University of Paris and kindly 104 

provided by the Mediterranean Company of Zeolites (SOMEZ). To obtain amosite-gypsum, 105 

FAW samples were incubated in an acidic bath with sulfuric acid (8 mol/L), until total 106 

dissolution of the chrysotile brucite layer. All asbestos samples (0.2 g) were sterilized by 107 

autoclave (121°C for 20 min) and incubated at 70°C for 14 days before experiments. Before each 108 

experiment, asbestos samples were washed with 20 mL of sterile succinate medium to remove 109 

free Fe and Mg. 110 

 111 

2.2 Bacterial strains 112 

Bacteria used in this study were listed in table 1. Strains were stored in LB-20 % glycerol 113 

stock at -80°C. Pseudomonas cells were grown routinely overnight at 30°C in Luria Bertani 114 

medium (LB) under shaking condition (220 rpm). 115 

 116 

2.3 Production of pyoverdines 117 

1 mL of overnight LB culture of Pseudomonas strains was centrifuged (3 min at 9871 g). 118 

For iron starved cells, the iron-deficient succinate medium (composition in g.L-1: K2HPO4, 6.0; 119 
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KH2PO4, 3.0; (NH4)2SO4, 1.0; MgSO4.7H2O, 0.2; sodium succinate, 4.0; pH adjusted to 7.0 by 120 

addition of NaOH), sterilized by 0.2 µm filtration, was used (Meyer and Abdallah, 1978).  The 121 

pellet, washed twice with 1 ml of sterile succinate medium, was suspended in 1 ml of sterile 122 

succinate medium and inoculated in 15 mL of sterile succinate medium, incubated at 30°C under 123 

shaking condition (220 rpm). After 24 h of growth, 7.5 mL of this culture was transferred in an 124 

Erlenmeyer flask containing 1 L of sterile succinate medium. After 24 h of incubation at 30°C 125 

under shaking condition (220 rpm), the culture was centrifuged (2664 g for 40 min). The 126 

supernatant was filtered twice with glass microfibre filters (Whatman, GF/C) and once on 127 

nitrocellulose filter (0.45 µm porosity). To determine pyoverdine concentration, OD400 was 128 

measured with a Specord 205 spectrophotometer (Analytik Jena). When needed, the PVD 129 

concentration was adjusted with purified PVD according to the method described so far. 130 

Siderophore containing supernatant was loaded, after acidification (pH 6.0), on XAD-4 column, 131 

washed with two volume of purified water and eluted with one volume of 50% ethanol. The 132 

eluate was concentrated under vacuum on a rotary evaporator and lyophilized. 133 

 134 

2.4 Asbestos dissolution by pyoverdines 135 

To evaluate the effect of various PVDs on the dissolution of iron from chrysotile-gypsum 136 

and amosite-gypsum, 20 mL of PVD-containing supernatants adjusted to 100 µM were incubated 137 

with materials in 50 mL Falcon tubes. After 24 h of incubation at 30°C under shaking condition 138 

(220 rpm), the assays were centrifuged 30 min at 9871 g to recover supernatants. Assays were 139 

done in 3 to 5 replicates.  140 

Kinetics of iron dissolution from chrysotile-gypsum in 20 mL of PVD-containing 141 

supernatant of P. aeruginosa and P. mandelii respectively adjusted to 100 µM were followed on 142 

24 hours with regular sampling of the solution at 1, 2, 4, 6, 8 and 24 h. Assays were done in 5 143 

replicates. 144 

Long-term alteration of chrysotile-gypsum by PVD-containing supernatant of P. 145 

aeruginosa and P. mandelii was performed by renewal cycles at 30°C under shaking condition 146 

(220 rpm). Nine cycles of 24 hours and seven cycles of 96 h were realized in the presence of 100 147 

µM of PVD-containing supernatant, followed by a 24 and a 96 h cycles with 200 µM of PVD-148 

containing supernatant. Assays were done in 5 replicates. 149 
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To determine the effect of pyoverdine concentrations produced by P. mandelii on iron and 150 

magnesium dissolution from chrysotile-gypsum, material was incubated during 48 h at 30°C 151 

under shaking condition (220 rpm) with 20 mL of supernatant adjusted to 25, 50, 100, 150 and 152 

200 µM. Assays were done in 5 replicates. 153 

Materials were eliminated from supernatants by filtration (0.22 µm porosity). Iron and 154 

magnesium content were measured depending on the experiment.  155 

 156 

2.5 Determination of Fe and Mg contents 157 

In order to determine iron content, we used the bathophenanthroline method, which is a 158 

sensitive colorimetric method for determining ferrous iron content. To determine the total iron, 159 

ferric iron was converted to ferrous iron by thioglycolic acid. Each sample was analyzed in 160 

triplicate. 20 µL of sample were dispensed into each well of a 96-well plate (Greiner, PS flat-161 

bottomed microplate). 40 µL of saturated sodium acetate (5.5 M) (Sigma-Aldrich), 80 µL of cold 162 

distilled water, 10 µL of a thioglycolic acid solution diluted 10 times in water (Sigma-Aldrich) 163 

and 10 µL of bathophenanthroline (5 mg.mL-1) (Sigma-Aldrich) were additionned per well. 164 

After shaking, microplates were stored overnight at 4°C. Absorbance was measured at 535 nm in 165 

a Tecan microplate reader (Infinite M200, Tecan) and iron concentration (mg.L-1) was 166 

determined by reference to a standard curve. 167 

For the magnesium content, calmagite method was used. Magnesium formed a coloured 168 

complex with calmagite. EGTA (Ethylene Glycol Tetraacetic Acid) was used to eliminate any 169 

calcium interference. Each sample was analyzed in triplicate. To prepare the reactive solution, 170 

one volume of reagent 1 (1 mol.L-1 of 2-Methyl-2-Amino-1-Propanol and 215 µmol.L-1 of 171 

EGTA) with one volume of reagent 2 (300 µmol.L-1 of calmagite) were mixed. 3 µL of sample 172 

were dispensed into each well of a 96-well plate (Greiner, PS flat-bottomed microplate) and 300 173 

µL of reactive solution mixed were added. After shaking and 30 seconds of incubation, 174 

absorbance was measured at 500 nm in a Tecan microplate reader (Infinite M200, Tecan) and 175 

magnesium concentration (mg.L-1) was determined by reference to a standard curve. 176 

 177 

2.6 STEM-EDX of asbestos fibers 178 
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TEM (Transmission Electron Microscopy) images were recorded with a JEOL 2100 179 

microscope, with a 200 kV potential applied on a LaB6 filament as an electron source. 180 

Resolution of the TEM is 0.21 nm. TEM mapping was performed in STEM (Scanning 181 

transmission electron microscopy) mode (resolution 2 nm) and using an SSD-EDX (Silicon Drift 182 

Detector-Energy Dispersive X-ray) spectrometer to determine the chemical composition. 183 

 184 

2.7 Statistical analysis 185 

Results presented in all figures correspond to mean values of three to five replicates. 186 

Significant statistical differences among values were determined using Kruskal-Wallis test 187 

(RStudio v1.0.153) followed by a Conover post-hoc analysis. Values with the same letter are not 188 

significantly different at p = 0.05. 189 

 190 

3. Results and discussion 191 

3.1 Efficiency of pyoverdines on iron removal from flocking asbestos wastes 192 

PVDs, yellow-green fluorescent pigments, are composed of three moieties: (i) a peptide 193 

chain varying in the nature, number, and order of amino acids, (ii) a dihydroxyquinoline 194 

chromophore, conferring the yellow-green color of the molecule, and (iii) an acyl chain radical 195 

made of dicarboxylic acid residue which can be either succinate, malate, or their amide forms, or 196 

alpha-ketogluratate or glutamate, depending on the producing strain and growth conditions. 197 

Based on these structural differences, PVDs have been purified from various Pseudomonas 198 

strains to obtain a large family composed of more than 100 different structures, depending on 199 

their peptide chain and radical R (Meyer et al., 1998). PVD binds to Fe3+ in a 1:1 stoichiometry 200 

with a stability constant for Fe(III) of approximately 1032 M-1 for PVD produced by P. 201 

aeruginosa PAO1 (Albrecht-Gary et al., 1994). From this bank, we selected nine PVDs produced 202 

by various Pseudomonas species based on their different isoelectrofocusing profile related to the 203 

length, nature, and presence of cycle rings in the peptide chain (Table 1). These selected PVDs 204 

were tested to investigate potential differences in their ability to chelate iron. We previously 205 

showed that purified PVDs can extract iron from the three native asbestos types, chrysotile, 206 

amosite, and crocidolite, and with the same efficiency as PVD-containing supernatant (David et 207 
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al., 2019). Therefore, we used PVD-containing supernatants to determine the effect of these 208 

siderophores on FAW, chrysotile-gypsum, and amosite-gypsum (Fig. 1). The nine selected PVDs 209 

(at a concentration of 100 µM) were incubated with each FAW for 24 h. The control medium 210 

(sterile succinate medium) had no visible effect on iron dissolution from waste, whereas all 211 

tested PVDs exhibited significant iron extraction from both types of waste, ranging from 0.24 212 

mg.L-1 to 1.22 mg.L-1 iron dissolved for chrysotile-gypsum and 0.63 to 5.39 mg.L-1 for amosite-213 

gypsum. For chrysotile-gypsum, 25% of the siderophores were in the PVD-Fe complex form, 214 

whereas PVD was almost saturated at 100% for amosite-gypsum, a factor that may have limited 215 

material weathering. A higher amount of extracted iron was obtained for amosite-gypsum, which 216 

is consistent with the chemical composition of this material, which contains more iron than 217 

chrysotile-gypsum. Iron removal was not the same for all PVDs. Moreover, the PVD which 218 

extracted the most iron was different, depending on the type of waste: PVD from P. mandelii for 219 

chrysotile-gypsum, with 1.22 mg.L-1, and P. fluorescens for amosite-gypsum, with 5.39 mg.L-1. 220 

In addition, the amount of iron extracted from samples incubated in fresh supernatants for 48 h 221 

was the same as that measured after 24 h (data not shown). Studies examining siderophore-222 

mediated iron dissolution from chrysotile waste are lacking. A few studies have focused on the 223 

effect of the commercial bacterial siderophore desferrioxamine, produced by Streptomyces 224 

pilosus, on asbestos fibers. Iron removal from crocidolite and amosite by this siderophore is also 225 

effective (Chao and Aust, 1994). Moreover, Mohanty et al. (2018) showed that desferrioxamine 226 

releases exchangeable and structural iron from chrysotile fibers in a concentration-dependent 227 

manner. Other studies have shown that fungal strains can extract iron from asbestos, likely 228 

promoted by siderophores (Daghino et al., 2008). Mohanty et al. (2018) showed that 229 

desferrioxamine was as effective as the fungi siderophore, ferrichrome, in removing iron from 230 

chrysotile fibers. 231 

 232 

3.2 Kinetics of iron extraction from chrysotile-gypsum by pyoverdines  233 

We then focused on the most representative ACW among waste, chrysotile-gypsum. Based 234 

on the results show in Fig. 1, we carried out waste alteration using the two PVD-containing 235 

supernatants from P. aeruginosa (PVDaeruginosa) and P. mandelii (PVDmandelii), adjusted to a 236 

final concentration of 100 µM (Fig. 2). We sampled and measured iron solubilization during the 237 
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first 8 h and at the end of the incubation to better understand the iron extraction kinetics. The 238 

kinetic profiles of dissolution by the two PVDs were very similar and achieved the same iron 239 

extraction (0.9 mg.L-1) at the end of the experiment, consistent with the results presented in Fig. 240 

1. We detected dissolved iron for PVDmandelii and PVDaeruginosa after only 1 h of contact (0.12 241 

and 0.17 mg.L-1, respectively), which progressively increased during the next 8 h of dissolution 242 

(0.59 and 0.54 mg.L-1, respectively). The same time scale of 24 h was used by Mohanty et al. 243 

(2018) to reach an iron dissolution equilibrium for chrysotile fiber weathering by 244 

desferrioxamine. However, we cannot compare the iron concentrations because our experiment 245 

focused on chrysotile waste embedded in gypsum for flocking purposes in housing, whereas that 246 

of Mohanty et al. used raw asbestos fibers.  247 

 248 

3.3 Long-term alteration of chrysotile-gypsum by pyoverdines  249 

Our experiments clearly show that the optimum time for chrysotile-gypsum alteration is 24 250 

h without renewal of the medium. We conducted a second set of experiments, with periodic 251 

medium renewal, for 42 days on FAW to determine the limit of iron extraction by PVDs 252 

produced by P. aeruginosa and P. mandelii. The supernatant was replaced by fresh apo-PVD 253 

supernatant at each cycle. PVDaeruginosa and PVDmandelii showed equivalent iron release over 254 

time, which is consistent with the previous results. Succinate medium alone had no effect on iron 255 

dissolution, as only low iron concentrations were detected in the control (0.01 to 0.08 mg.L-1) 256 

(Fig. 3). During the 24 h cycles (T24-1 to T24-8), using siderophore concentrations of 100 µM, 257 

iron extraction decreased from 0.92 to 0.28 mg.L-1 for PVDaeruginosa and 0.88 to 0.22 mg.L-1 258 

for PVDmandelii. We observed an unexpected increase to 0.42 for PVDaeruginosa and 0.37 for 259 

PVDmandelii for T24-9, due to a longer stand-by period (a week) between T24-8 and T24-9 than 260 

for the other cycles, for which the duration was < 72 h. Thus, the cycles were extended to 96 h 261 

for seven cycles. At T96-1, iron dissolution was 0.55 mg.L-1 for PVDaeruginosa and 0.45 mg.L-1 262 

for PVDmandelii. After T96-2, released iron decreased to 0.24 mg.L-1 for PVDaeruginosa and 0.25 263 

mg.L-1 for PVDmandelii and remained constant between T96-5 and T96-7. Then, we incubated 264 
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the chrysotile-gypsum in a 200 µM PVD-containing supernatant for 24 and 96 h to determine 265 

whether additional iron could be extracted. However, the concentration of solubilized iron was 266 

very low (0.17 for PVDaeruginosa and 0.09 mg.L-1 for PVDmandelii after 96 h). The waste 267 

contains chrysotile, with a theoretical composition of Mg3Si2O5(OH)4, which is a sheet silicate 268 

composed of inner tetrahedral silicate layers and outer magnesium oxide octahedral layers 269 

(brucite). Since asbestos originated from soils where iron is highly abundant, magnesium in the 270 

outer layer may be replaced by ferrous and ferric iron. The same phenomenon may occur in the 271 

inner silicate layer, where silicon may be exchanged by ferric iron only (Pollastri et al., 2015). In 272 

our study, some iron appeared to be more easily solubilized during short-term assay (24 h), 273 

whereas we needed to increase the exposure time to 96 h to continue iron dissolution. It is well 274 

known that siderophore-mediated iron removal leads to siderophore adsorption on the iron-275 

bearing mineral surface. For example, PVD has already been shown to dissolve structural iron 276 

from smectite upon contact (Ferret et al., 2014). A few studies have focused on siderophore 277 

dissolution mechanism for mineral asbestos. Mohanty et al. (2018) studied iron release from 278 

chrysotile fibers, depending on the concentration of desferrioxamine in long-term experiments 279 

with no solution renewal. The low concentration of desferrioxamine (1 µM) released some iron 280 

from the surface of the brucite layer, whereas increasing the concentration of desferrioxamine to 281 

10 µM led to better surface coverage. Exhaustion of surface sites could provide easier access to 282 

the iron present in the silica tetrahedron. In our experiment, the concentration of both 283 

siderophores remained predominantly constant (100 µM) and the solutions were renewed at 284 

regular intervals of 24 h or 96 h. Our results tend to point to the same conclusion as those of 285 

Mohanty et al. (2018), in which short renewal cycles appear to release iron from the brucite 286 

layer, leaching the fiber surface and potentially providing access to iron from the silica layer. 287 

The increase in iron removal by the 96 h renewal cycles could be explained by two mechanisms: 288 

i) better siderophore surface coverage and the ii) release of iron from the silica layer. As iron 289 

dissolution from the silica tetrahedron could be slow, our long renewal cycles may have 290 

facilitated such weathering. 291 

Analysis of chrysotile fibers by STEM-EDX (Fig. 4) showed a large decrease of iron 292 

content after long-term alteration with both PVDs and confirms that iron was removed from the 293 
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structure. Interestingly, the silica content tended also to decrease after PVD contact. These 294 

results confirm active dissolution driven by the siderophores. 295 

 296 

3.4 Effect of pyoverdine concentrations on iron and magnesium dissolution from 297 

chrysotile-gypsum 298 

Various concentrations of PVDmandelii were added to FAW over 48 h to evaluate iron and 299 

magnesium release. We observed iron removal from chrysotile fibers in a dose-dependent 300 

manner (Fig. 5A). The control (succinate medium alone) showed only weak dissolution (0.034 301 

mg.L-1), whereas iron release was significantly higher in the presence of PVD from 0.30 mg.L-1 302 

at 25 µM to 0.96 mg.L-1 at 150 µM. The amount of iron released by 200 µM PVD was similar to 303 

that released by 150 µM, showing that the PVD concentration was not a limiting factor. Indeed, 304 

10% of the siderophore was in a PVD-Fe complex form at 200 µM. Thus, the reaction involved a 305 

proportion of apo-PVD which could be high enough to extract iron, indicating that the limiting 306 

factor could be the availability of iron. Mohanty et al. (2018) showed that iron removal from 307 

chrysotile fibers increased if the concentration of desferrioxamine was raised from 1 to 10 µM. 308 

Our results confirm this study and suggest that iron release is limited by iron availability. 309 

Siderophores are well known for their high affinity for iron and recently Schalk et al. (2011) 310 

demonstrated that other metals can also be chelated by the PVD of P. aeruginosa. However, no 311 

data are available on the capacity of PVD to complex magnesium. Given that the studied FAW 312 

contains chrysotile with an external brucite layer composed of magnesium, fiber alteration may 313 

result in magnesium solubilization. We thus evaluated the effect of PVDmandelii on magnesium 314 

dissolution as well as that of iron (Fig. 5B). We observed no effect on magnesium dissolution at 315 

any tested concentrations. A relatively high magnesium concentration was measured in the 316 

control (5.5 mg.L-1), with no significative difference from the amount of magnesium dissolved 317 

by PVDmandelii (3.85 mg.L-1 to 6.89 mg.L-1), regardless of the concentration tested. pH is a 318 

well-known parameter that has been described to influence the dissolution of the chrysotile 319 

brucite layer (Choi and Smith, 1972; Gronow, 1987). An acidic environment could strongly 320 

favor magnesium ion leaching, whereas slower dissolution kinetics may occur at neutral pH. All 321 



 12 

solutions in our study were adjusted to pH 7 and thus measured magnesium release may have 322 

been due to the pH. 323 

 324 

 325 

4. Conclusions 326 

We investigated the efficiency of various PVDs to scavenge iron from FAW and the ability 327 

of the best identified PVDs to degrade asbestos waste. Our results showed a significant iron 328 

extraction from FAW by all tested PVDs but with differences in efficiency according to the 329 

pyoverdines and the type of waste. PVD from P. mandelii extracted the higher amount of iron 330 

from chrysotile-gypsum, while PVD from P. fluorescens was the most efficient for amosite-331 

gypsum. The kinetic profiles of iron extraction from chrysotile-gypsum by these pyoverdines 332 

highlighted a time-dependent dissolution. A long-term alteration of chrysotile-gypsum by 333 

PVDaeruginosa and PVDmandelii revealed an extraction limit after renewal cycles for a total of 42 334 

days leading to a large decrease of iron content from chrysotile fibers structure. Moreover, 335 

PVDmandelii extracted iron from chrysotile-gypsum in concentration-dependent manner. Our 336 

research identified efficient pyoverdines in biodegradation of asbestos waste. The resulting PVD-337 

Fe complex could be exploited as a valuable iron source. Further investigations might allow to 338 

consider the development of an eco-friendly asbestos treatment, using pyoverdines, in order to 339 

reduce asbestos-related environmental and health problems. 340 
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FIGURE LEGENDS: 465 
 466 
Fig. 1. Concentration of iron dissolved from flocking asbestos waste, chrysotile-gypsum (A) and 467 

amosite-gypsum (B), in the presence of various pyoverdine-containing supernatants (SN) after 468 

24 h of contact. Error bars indicate the standard errors of the means of three or five replicates. 469 

Bars with the same letter are not significantly different  (p > 0.05, Kruskal-Wallis test, three or 470 

five replicates). 471 

 472 
Fig. 2. Evolution of iron concentration extracted from chrysotile-gypsum waste over 24 h in the 473 

presence of Pseudomonas aeruginosa or Pseudomonas mandelii pyoverdine-containing 474 

supernatants (SN). Error bars indicate the standard errors of the means of five replicates. 475 

 476 
Fig. 3. Iron removal from chrysotile-gypsum waste after renewal cycles of 24 or 96 h in the 477 

presence of 100 µM (T24-1 to T24-9 and T96-1 to T96-7) or 200 µM (T24-C and T96-C) 478 

Pseudomonas aeruginosa or Pseudomonas mandelii pyoverdine-containing supernatants (SN). 479 

Error bars indicate the standard errors of the means of five replicates. 480 

 481 
Fig. 4. STEM images and STEM mapping of chrysotile-gypsum fibers after renewal cycles of 24 482 

or 96 h in the presence of succinate medium (a and b) or Pseudomonas mandelii pyoverdine-483 

containing supernatants (SN) (c and d). Large images obtained from the combination of the three 484 

distributions of Mg, Si, and Fe with analysis areas (a and c). Atomic ratios of Mg/Si and Fe/Si (b 485 

and d). (e) Comparison histogram after renewal cycles with succinate medium or Pseudomonas 486 

mandelii pyoverdine-containing supernatants. 487 

 488 
Fig. 5. Effect of various concentrations of pyoverdine produced by Pseudomonas mandelii on 489 

iron (A) and magnesium (B) dissolution from chrysotile-gypsum waste after 48 h of contact. 490 

Error bars indicate the standard errors of the means of five replicates. Bars with the same letter 491 

are not significantly different (p > 0.05, Kruskal-Wallis test of five replicates). 492 

 493 
 494 



x Weathering efficiency varies according to the pyoverdines and the type of waste. 
x Pyoverdines solubilize iron in a time-dependent manner. 
x Chrysotile-gypsum weathering by pyoverdines decreases iron concentration in fibers. 
x Iron removal from chrysotile-gypsum is concentration-dependent of pyoverdines. 
x Pyoverdines could be used in bioremediation process of asbestos waste. 
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Table 1. List of pyoverdines used, with their molecular mass, isoelectrofocusing 1 
characteristics, and peptide composition. 2 

Siderovars Species MM Number of 
isoforms and 
pHi values 

Pyoverdine peptide chain References 

Lille 1 P. monteilii  1 291 2 7.3/4.6  Asp–Lys–AcOHOrn–Ala–Ser–Ser–Gly–Ser–cOHOrn Meyer et al. 
(2008) 

Syr P. syringae  1 123 2 5.0/4.0  εLys–OHAsp–Thr–(Thr–Ser–OHAsp–Ser) Jülich et al. 
(2014) 

B10/PL9/ 
7SR1/A225 

 

P. lini 989 3 7.5/5.2/4.6 εLys–OHAsp–Ala–aThr–Ala–cOHOrn Teintze et al. 
(1981) 

12633 P. putida  1 336  3 4.6/4.2/4.0  Asp–εLys–OHAsp–Ser–Thr–Ala–Glu–Ser cOHOrn  Persmark et al. 
(1990) 

Lille 17 P. mosselii - 3 9.0/7.4/5.2 ND Dabboussi et 
al. (2002) 

13525 P. fluorescens  1 160  3 8.7/7.3/7.1  Ser–Lys–Gly–FOHOrn–(Lys–FOHOrn–Ser)  Hohlneicher et 
al. (2014) 

CHA0 P. fluorescens  1 287  3 8.5/7.5/5.1  Asp–FOHOrn–Lys–(Thr–Ala–Ala–FOHOrn–Lys) Wong-Lun-
Sang et al. 
(1996) 

PAO1 P. aeruginosa  1 333 2 8.8/7.0  Ser–Arg–Ser–FOHOrn–(Lys–FOHOrn–Thr–Thr)  Briskot et al. 
(1989) 

SB8.3 P. mandelii 1 046  3 9.0/8.8/7.6  Ala–Lys–Thr–Ser–AOHOrn–cOHOrn  Budzikiewicz 
et al. (2014) 

εLys: lys linked by its ε-NH2; OHAsp: threo-β-hydroxy-aspartic acid; aThr: allo-Thr; 3 
cOHOrn: cyclo-hydroxy-ornithine; FOHOrn: δN -formyl- δN -hydroxy-ornithine; AOHOrn 4 
δN -acetyl- δN -hydroxy-ornithine. 5 
Parentheses indicate cyclic structures. D-amino acids are underlined. A broken line means 6 
that the two enantiomers were detected among the underlined residues. ND: not determined. 7 
 8 
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 1	
 2	
Fig. 1. Concentration of iron dissolved from flocking asbestos waste, chrysotile-gypsum (A) 3	
and amosite-gypsum (B), in the presence of various pyoverdine-containing supernatants (SN) 4	
after 24 h of contact. Error bars indicate the standard errors of the means of three or five 5	
replicates. Bars with the same letter are not significantly different  (p > 0.05, Kruskal-Wallis 6	
test, three or five replicates). 7	
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 1	
 2	
Fig. 2. Evolution of iron concentration extracted from chrysotile-gypsum waste over 24 h in 3	
the presence of Pseudomonas aeruginosa or Pseudomonas mandelii pyoverdine-containing 4	
supernatants (SN). Error bars indicate the standard errors of the means of five replicates. 5	
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 2	

Fig. 3. Iron removal from chrysotile-gypsum waste after renewal cycles of 24 or 96 h in the 3	
presence of 100 µM (T24-1 to T24-9 and T96-1 to T96-7) or 200 µM (T24-C and T96-C) 4	
Pseudomonas aeruginosa or Pseudomonas mandelii pyoverdine-containing supernatants 5	
(SN). Error bars indicate the standard errors of the means of five replicates. 6	
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 1	
 2	
Fig. 4. STEM images and STEM mapping of chrysotile-gypsum fibers after renewal cycles of 3	
24 or 96 h in the presence of succinate medium (a and b) or Pseudomonas mandelii 4	
pyoverdine-containing supernatants (SN) (c and d). Large images obtained from the 5	
combination of the three distributions of Mg, Si, and Fe with analysis areas (a and c). Atomic 6	
ratios of Mg/Si and Fe/Si (b and d). (e) Comparison histogram after renewal cycles with 7	
succinate medium or Pseudomonas mandelii pyoverdine-containing supernatants. 8	
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Fig. 5. Effect of various concentrations of pyoverdine produced by Pseudomonas mandelii on 3	
iron (A) and magnesium (B) dissolution from chrysotile-gypsum waste after 48 h of contact. 4	
Error bars indicate the standard errors of the means of five replicates. Bars with the same 5	
letter are not significantly different (p > 0.05, Kruskal-Wallis test of five replicates). 6	
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