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Abstract

The use of asbestos-containing products has been banned in many countries since the beginning
of the 80’s due to its carcinogenic properties. However, asbestos is widely present in private and
public buildings, resulting in the need to process a vast amount of asbestos-containing waste.
Among the current technologies for the destruction of asbestos fibers, biodegradation by fungi,
lichens, and, more recently, bacteria has been described. We previously reported the involvement
of the bacterial siderophore pyoverdine in the release of iron from the two asbestos groups,
serpentines and amphiboles. Among the large diversity encountered in the pyoverdine family, we
examined whether these siderophores can alter flocking asbestos waste as well. All the tested
pyoverdines were efficient in chrysotile-gypsum and amosite-gypsum weathering, although some
exhibited higher iron dissolution. Iron was solubilized by pyoverdines from Pseudomonas
aeruginosa and mandelii in a time-dependent manner from chrysotile-gypsum within 24 hours.
Renewal of pyoverdine-containing supernatant every 24 or 96 hours allowed iron removal from
chrysotile-gypsum at each cycle, until a limit was reached after 42 days of total incubation.

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

reduce anthropogenic waste.

Keywords

Pyoverdine- Pseudomonas-Asbestos-Iron-Alteration

1. Introduction

Asbestos has been extensively used because of its excellent properties, such as thermal
conductivity, high mechanical strength, resistance to chemical attacks, and low cost. Asbestos is
composed a group of fibrous silicate minerals that belong to the serpentine and amphibole
families. Amphiboles can contain up to 36% iron by weight, whereas the serpentine form of
asbestos contains only 2 to 3% iron by weight (Chao and Aust, 1994). Iron can be present as part
of the mineral structure in the amphibole or as an exchangeable element in the chrysotile
(Douguet et al., 1997; Virta, 2002). The iron encountered in asbestos is able to catalyze many
reactions, such as lipid peroxidation, oxygen consumption, ROS formation, and DNA damage,
precursors for tumor development (Toyokuni, 2009; Valko et al., 2015). The various types of
toxic effects in humans include fibrogenesis and stomach, ovarian, and lung cancer (Scherpereel,
2016). Due to the associated health problems, asbestos was banned after more than 30 years of
intense use. As a consequence, we are confronted with the generation of a vast amount of
asbestos-containing waste (ACW).

Today, most waste is packed and deposited in controlled landfills, an inexpensive
technique that does not remove the toxicity or potential health risk of waste related to fiber
inhalation (Spasiano and Pirozzi, 2017). ACW treated by stabilization aims to reduce the fibers
released, without modifying the crystalline structure, and ends up in landfills. The second type of
treatment, called inertization, consisting of thermal treatment (vitrification or microwave), or
hydrothermal, chemical, or mechanochemical treatment, involves the total transformation of the
fibers, providing an inert and harmless material, considered to be a resource. However, such
thermal treatment is expensive due to energy consumption and may release emissions into the
atmosphere. Chemical treatment requires chemical products and their disposal, but has allowed
confirmation of the potential Mg released (Paolini et al., 2019). At the laboratory scale,

bioremediation experiments have been carried out on raw asbestos using various organisms
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(fungi, lichens, or bacteria) or metabolites (organic acids or siderophores), whereas few studies
have focused on ACW. A few studies have focused on asbestos-cement waste, whereas none
have investigated biological treatment of flocking asbestos waste (FAW), of which the matrix
composition differs, containing gypsum to allow flocking to walls instead of cement. For
example, lichens are able to cover asbestos-cement roofs and modify the surface reactivity,
leading to bioavailable iron and magnesium liberation (Favero-Longo et al., 2009). Moreover,
modification of the fibers has been described, by which they became amorphous, due to oxalic
acid production (Favero-Longo et al., 2005) and nitrous and nitric acid produced by nitrifying
bacteria, such as Nitrosomonas and Nitrobacter, inducing corrosion of a cement-roof, thus
increasing porosity and reducing the strength of the material (Wasserbauer et al., 1988).
Moreover, Wang et al. (2010, 2011) also highlighted the porous structure of cement pipes after
microorganism colonization. They showed that acid-producing bacteria together with slime-
forming and heterotrophic bacteria contribute to corrosion of the inside surface of asbestos-
cement pipes of water distribution systems. Innovative bio-chemical processes have been
recently proposed, in which the cement phase is dissolved by lactic acid produced by
Lactobacilli or by dark fermentation, before hydrothermal end treatment (Balducci et al., 2012;
Spasiano et al., 2017). Siderophore production is a common mechanism shown in fungal and
bacterial weathering of native asbestos, leading to iron dissolution from fibers (Daghino et al.,
2010; Rajkumar et al., 2009). Siderophores are a well-known strategy that many living
organisms use to access iron, an essential element for growth. In mineral-bacterial weathering,
various siderophores have been implicated in iron dissolution, resulting in leaching of the
material, and pyoverdine (PVD) has been described to interact with iron-bearing silicates, such
as smectite (Ferret et al., 2014) and municipal waste-bottom ashe (Aouad et al., 2008). However,
this mechanism has not yet been investigated on ACW. We thus investigated the impact of the
bacterial siderophore PVD, produced by fluorescent Pseudomonas, on FAW. In building

construction, two types of FAW have been described, varying in texture, thickness, and density.
The first type used in this study contained 50 to 90% chrysotile fibers ((Mg3SipO5(OH)4) and 10
to 50% gypsum (CaSOy, 2H,0), whereas the second contained 5 to 30% chrysotile fibers and 95
to 70% gypsum. Amphibole fibers, such as amosite ((Fe, Mg)7SigO272(OH);), have also

sometimes been combined with FAW. The ability of pyoverdine to extract iron from fiber has
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already shown on chrysotile and amphibole raw asbestos. However, two main difficulties such as
the iron pollution present in the matrix and the fiber accessibility may interfere with the iron
extraction by pyoverdine.

Among the 100 PVDs so far described by siderotyping fluorescent Pseudomonas, their
affinity for iron is not yet known. We therefore tested several representatives from the PVD
laboratory collection to determine their ability to scavenge iron from ACW and selected the most
efficient. Iron removal was tested as a function of PVD concentration and the optimum time for
FAW alteration determined. Long-term alteration experiments by the best identified PVDs

determined the iron extraction limit.

2. Experimental
2.1 Asbestos wastes preparation

Two types of flocking asbestos wastes were used, chrysotile-gypsum and amosite-gypsum.
These wastes come from the asbestos removal site of Jussieu University of Paris and kindly
provided by the Mediterranean Company of Zeolites (SOMEZ). To obtain amosite-gypsum,
FAW samples were incubated in an acidic bath with sulfuric acid (8 mol/L), until total
dissolution of the chrysotile brucite layer. All asbestos samples (0.2 g) were sterilized by
autoclave (121°C for 20 min) and incubated at 70°C for 14 days before experiments. Before each
experiment, asbestos samples were washed with 20 mL of sterile succinate medium to remove

free Fe and Mg.

2.2 Bacterial strains

Bacteria used in this study were listed in table 1. Strains were stored in LB-20 % glycerol
stock at -80°C. Pseudomonas cells were grown routinely overnight at 30°C in Luria Bertani

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

2.3 Production of pyoverdines

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

For iron starved cells, the iron-deficient succinate medium (composition in g.L. : K,;HPOy, 6.0;
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KH;,POy4, 3.0; (NH4)2SO4, 1.0; MgS0O4.7H,0, 0.2; sodium succinate, 4.0; pH adjusted to 7.0 by
addition of NaOH), sterilized by 0.2 um filtration, was used (Meyer and Abdallah, 1978). The
pellet, washed twice with 1 ml of sterile succinate medium, was suspended in 1 ml of sterile
succinate medium and inoculated in 15 mL of sterile succinate medium, incubated at 30°C under
shaking condition (220 rpm). After 24 h of growth, 7.5 mL of this culture was transferred in an
Erlenmeyer flask containing 1 L of sterile succinate medium. After 24 h of incubation at 30°C
under shaking condition (220 rpm), the culture was centrifuged (2664 g for 40 min). The

supernatant was filtered twice with glass microfibre filters (Whatman, GF/C) and once on
nitrocellulose filter (0.45 um porosity). To determine pyoverdine concentration, ODg4go was

measured with a Specord 205 spectrophotometer (Analytik Jena). When needed, the PVD
concentration was adjusted with purified PVD according to the method described so far.
Siderophore containing supernatant was loaded, after acidification (pH 6.0), on XAD-4 column,
washed with two volume of purified water and eluted with one volume of 50% ethanol. The

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

2.4 Asbestos dissolution by pyoverdines

To evaluate the effect of various PVDs on the dissolution of iron from chrysotile-gypsum
and amosite-gypsum, 20 mL of PVD-containing supernatants adjusted to 100 uM were incubated
with materials in 50 mL Falcon tubes. After 24 h of incubation at 30°C under shaking condition
(220 rpm), the assays were centrifuged 30 min at 9871 g to recover supernatants. Assays were
done in 3 to 5 replicates.

Kinetics of iron dissolution from chrysotile-gypsum in 20 mL of PVD-containing
supernatant of P. aeruginosa and P. mandelii respectively adjusted to 100 uM were followed on
24 hours with regular sampling of the solution at 1, 2, 4, 6, 8 and 24 h. Assays were done in 5
replicates.

Long-term alteration of chrysotile-gypsum by PVD-containing supernatant of P.
aeruginosa and P. mandelii was performed by renewal cycles at 30°C under shaking condition
(220 rpm). Nine cycles of 24 hours and seven cycles of 96 h were realized in the presence of 100
uM of PVD-containing supernatant, followed by a 24 and a 96 h cycles with 200 uM of PVD-

containing supernatant. Assays were done in 5 replicates.
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To determine the effect of pyoverdine concentrations produced by P. mandelii on iron and
magnesium dissolution from chrysotile-gypsum, material was incubated during 48 h at 30°C
under shaking condition (220 rpm) with 20 mL of supernatant adjusted to 25, 50, 100, 150 and
200 uM. Assays were done in 5 replicates.

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

magnesium content were measured depending on the experiment.

2.5 Determination of Fe and Mg contents

In order to determine iron content, we used the bathophenanthroline method, which is a
sensitive colorimetric method for determining ferrous iron content. To determine the total iron,
ferric iron was converted to ferrous iron by thioglycolic acid. Each sample was analyzed in
triplicate. 20 pL of sample were dispensed into each well of a 96-well plate (Greiner, PS flat-
bottomed microplate). 40 puL of saturated sodium acetate (5.5 M) (Sigma-Aldrich), 80 uL of cold
distilled water, 10 pL of a thioglycolic acid solution diluted 10 times in water (Sigma-Aldrich)
and 10 pL of bathophenanthroline (5 mg.mL_l) (Sigma-Aldrich) were additionned per well.
After shaking, microplates were stored overnight at 4°C. Absorbance was measured at 535 nm in
a Tecan microplate reader (Infinite M200, Tecan) and iron concentration (mg.L_l) was
determined by reference to a standard curve.

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

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

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

one volume of reagent 1 (1 mol.L_1 of 2-Methyl-2-Amino-1-Propanol and 215 pmol.L_1 of

. -1 . .
EGTA) with one volume of reagent 2 (300 pmol.L. ~ of calmagite) were mixed. 3 pL of sample

were dispensed into each well of a 96-well plate (Greiner, PS flat-bottomed microplate) and 300
pL of reactive solution mixed were added. After shaking and 30 seconds of incubation,

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

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

2.6 STEM-EDX of asbestos fibers
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TEM (Transmission Electron Microscopy) images were recorded with a JEOL 2100
microscope, with a 200 kV potential applied on a LaB6 filament as an electron source.
Resolution of the TEM is 0.21 nm. TEM mapping was performed in STEM (Scanning
transmission electron microscopy) mode (resolution 2 nm) and using an SSD-EDX (Silicon Drift

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

2.7 Statistical analysis

Results presented in all figures correspond to mean values of three to five replicates.
Significant statistical differences among values were determined using Kruskal-Wallis test
(RStudio v1.0.153) followed by a Conover post-hoc analysis. Values with the same letter are not
significantly different at p = 0.05.

3. Results and discussion
3.1 Efficiency of pyoverdines on iron removal from flocking asbestos wastes

PVDs, yellow-green fluorescent pigments, are composed of three moieties: (i) a peptide
chain varying in the nature, number, and order of amino acids, (ii) a dihydroxyquinoline
chromophore, conferring the yellow-green color of the molecule, and (iii) an acyl chain radical
made of dicarboxylic acid residue which can be either succinate, malate, or their amide forms, or
alpha-ketogluratate or glutamate, depending on the producing strain and growth conditions.
Based on these structural differences, PVDs have been purified from various Pseudomonas

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

. . . . . 3+. .
their peptide chain and radical R (Meyer et al., 1998). PVD binds to Fe~ in a 1:1 stoichiometry

with a stability constant for Fe(IIl) of approximately 1032 M_1 for PVD produced by P.

aeruginosa PAO1 (Albrecht-Gary et al., 1994). From this bank, we selected nine PVDs produced
by various Pseudomonas species based on their different isoelectrofocusing profile related to the
length, nature, and presence of cycle rings in the peptide chain (Table 1). These selected PVDs
were tested to investigate potential differences in their ability to chelate iron. We previously
showed that purified PVDs can extract iron from the three native asbestos types, chrysotile,

amosite, and crocidolite, and with the same efficiency as PVD-containing supernatant (David et
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al., 2019). Therefore, we used PVD-containing supernatants to determine the effect of these
siderophores on FAW, chrysotile-gypsum, and amosite-gypsum (Fig. 1). The nine selected PVDs
(at a concentration of 100 uM) were incubated with each FAW for 24 h. The control medium
(sterile succinate medium) had no visible effect on iron dissolution from waste, whereas all

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

gypsum. For chrysotile-gypsum, 25% of the siderophores were in the PVD-Fe complex form,
whereas PVD was almost saturated at 100% for amosite-gypsum, a factor that may have limited
material weathering. A higher amount of extracted iron was obtained for amosite-gypsum, which
is consistent with the chemical composition of this material, which contains more iron than
chrysotile-gypsum. Iron removal was not the same for all PVDs. Moreover, the PVD which

extracted the most iron was different, depending on the type of waste: PVD from P. mandelii for
chrysotile-gypsum, with 1.22 mg.L_l, and P. fluorescens for amosite-gypsum, with 5.39 mg.L-l.

In addition, the amount of iron extracted from samples incubated in fresh supernatants for 48 h
was the same as that measured after 24 h (data not shown). Studies examining siderophore-
mediated iron dissolution from chrysotile waste are lacking. A few studies have focused on the
effect of the commercial bacterial siderophore desferrioxamine, produced by Streptomyces
pilosus, on asbestos fibers. Iron removal from crocidolite and amosite by this siderophore is also
effective (Chao and Aust, 1994). Moreover, Mohanty et al. (2018) showed that desferrioxamine
releases exchangeable and structural iron from chrysotile fibers in a concentration-dependent
manner. Other studies have shown that fungal strains can extract iron from asbestos, likely
promoted by siderophores (Daghino et al., 2008). Mohanty et al. (2018) showed that
desferrioxamine was as effective as the fungi siderophore, ferrichrome, in removing iron from

chrysotile fibers.

3.2 Kinetics of iron extraction from chrysotile-gypsum by pyoverdines

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

on the results show in Fig. 1, we carried out waste alteration using the two PVD-containing
supernatants from P. aeruginosa (PVDgeruginosa) and P. mandelii (PVDmandelii), adjusted to a

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

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

extraction (0.9 mg.L_l) at the end of the experiment, consistent with the results presented in Fig.
1. We detected dissolved iron for PVDpandelii and PVDaeryginosa after only 1 h of contact (0.12
and 0.17 mg.L_l, respectively), which progressively increased during the next 8 h of dissolution

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

(2018) to reach an iron dissolution equilibrium for chrysotile fiber weathering by
desferrioxamine. However, we cannot compare the iron concentrations because our experiment
focused on chrysotile waste embedded in gypsum for flocking purposes in housing, whereas that

of Mohanty et al. used raw asbestos fibers.

3.3 Long-term alteration of chrysotile-gypsum by pyoverdines

Our experiments clearly show that the optimum time for chrysotile-gypsum alteration is 24
h without renewal of the medium. We conducted a second set of experiments, with periodic
medium renewal, for 42 days on FAW to determine the limit of iron extraction by PVDs

produced by P. aeruginosa and P. mandelii. The supernatant was replaced by fresh apo-PVD
supernatant at each cycle. PVDgeryginosa and PVDpmandelii showed equivalent iron release over
time, which is consistent with the previous results. Succinate medium alone had no effect on iron
dissolution, as only low iron concentrations were detected in the control (0.01 to 0.08 mg.L_l)
(Fig. 3). During the 24 h cycles (T24-1 to T24-8), using siderophore concentrations of 100 uM,

. . -1 1
iron extraction decreased from 0.92 to 0.28 mg.L ~ for PVDgeryginosa and 0.88 to 0.22 mg.L
for PVDpmandelii- We observed an unexpected increase to 0.42 for PVDgeryginosa and 0.37 for

PVDpandelii for T24-9, due to a longer stand-by period (a week) between T24-8 and T24-9 than
for the other cycles, for which the duration was < 72 h. Thus, the cycles were extended to 96 h

for seven cycles. At T96-1, iron dissolution was 0.55 mg.L_1 for PVDgeruginosa and 0.45 mg.L_1
for PVDandelii- After T96-2, released iron decreased to 0.24 mg.L_1 for PVDgeruginosa and 0.25

-1 . .
mg.L ~ for PVDandelii @and remained constant between T96-5 and T96-7. Then, we incubated
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the chrysotile-gypsum in a 200 uM PVD-containing supernatant for 24 and 96 h to determine

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

very low (0.17 for PVDgeryginosa and 0.09 rng.L_1 for PVDpandelii after 96 h). The waste

contains chrysotile, with a theoretical composition of Mg3SipOs5(OH)4, which is a sheet silicate

composed of inner tetrahedral silicate layers and outer magnesium oxide octahedral layers
(brucite). Since asbestos originated from soils where iron is highly abundant, magnesium in the
outer layer may be replaced by ferrous and ferric iron. The same phenomenon may occur in the
inner silicate layer, where silicon may be exchanged by ferric iron only (Pollastri et al., 2015). In
our study, some iron appeared to be more easily solubilized during short-term assay (24 h),
whereas we needed to increase the exposure time to 96 h to continue iron dissolution. It is well
known that siderophore-mediated iron removal leads to siderophore adsorption on the iron-
bearing mineral surface. For example, PVD has already been shown to dissolve structural iron
from smectite upon contact (Ferret et al., 2014). A few studies have focused on siderophore
dissolution mechanism for mineral asbestos. Mohanty et al. (2018) studied iron release from
chrysotile fibers, depending on the concentration of desferrioxamine in long-term experiments
with no solution renewal. The low concentration of desferrioxamine (1 uM) released some iron
from the surface of the brucite layer, whereas increasing the concentration of desferrioxamine to
10 uM led to better surface coverage. Exhaustion of surface sites could provide easier access to
the iron present in the silica tetrahedron. In our experiment, the concentration of both
siderophores remained predominantly constant (100 uM) and the solutions were renewed at
regular intervals of 24 h or 96 h. Our results tend to point to the same conclusion as those of
Mohanty et al. (2018), in which short renewal cycles appear to release iron from the brucite
layer, leaching the fiber surface and potentially providing access to iron from the silica layer.
The increase in iron removal by the 96 h renewal cycles could be explained by two mechanisms:
1) better siderophore surface coverage and the ii) release of iron from the silica layer. As iron
dissolution from the silica tetrahedron could be slow, our long renewal cycles may have
facilitated such weathering.

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

content after long-term alteration with both PVDs and confirms that iron was removed from the

10
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structure. Interestingly, the silica content tended also to decrease after PVD contact. These

results confirm active dissolution driven by the siderophores.

3.4 Effect of pyoverdine concentrations on iron and magnesium dissolution from

chrysotile-gypsum

Various concentrations of PVDyandelii Were added to FAW over 48 h to evaluate iron and

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

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

mg.L_l), whereas iron release was significantly higher in the presence of PVD from 0.30 mg.L_1

-1 . .
at 25 uM to 0.96 mg.LL ~ at 150 uM. The amount of iron released by 200 uM PVD was similar to

that released by 150 uM, showing that the PVD concentration was not a limiting factor. Indeed,
10% of the siderophore was in a PVD-Fe complex form at 200 pM. Thus, the reaction involved a
proportion of apo-PVD which could be high enough to extract iron, indicating that the limiting
factor could be the availability of iron. Mohanty et al. (2018) showed that iron removal from
chrysotile fibers increased if the concentration of desferrioxamine was raised from 1 to 10 pM.
Our results confirm this study and suggest that iron release is limited by iron availability.
Siderophores are well known for their high affinity for iron and recently Schalk et al. (2011)
demonstrated that other metals can also be chelated by the PVD of P. aeruginosa. However, no
data are available on the capacity of PVD to complex magnesium. Given that the studied FAW

contains chrysotile with an external brucite layer composed of magnesium, fiber alteration may
result in magnesium solubilization. We thus evaluated the effect of PVDyandelii On magnesium

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

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

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

-1 -1 . .
by PVDmandelii (3-85 mg.L ~ to 6.89 mg.L '), regardless of the concentration tested. pH is a

well-known parameter that has been described to influence the dissolution of the chrysotile
brucite layer (Choi and Smith, 1972; Gronow, 1987). An acidic environment could strongly

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

11
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solutions in our study were adjusted to pH 7 and thus measured magnesium release may have

been due to the pH.

4. Conclusions

We investigated the efficiency of various PVDs to scavenge iron from FAW and the ability
of the best identified PVDs to degrade asbestos waste. Our results showed a significant iron
extraction from FAW by all tested PVDs but with differences in efficiency according to the
pyoverdines and the type of waste. PVD from P. mandelii extracted the higher amount of iron
from chrysotile-gypsum, while PVD from P. fluorescens was the most efficient for amosite-
gypsum. The kinetic profiles of iron extraction from chrysotile-gypsum by these pyoverdines

highlighted a time-dependent dissolution. A long-term alteration of chrysotile-gypsum by
PVDaeruginosa and PVDpandelii revealed an extraction limit after renewal cycles for a total of 42
days leading to a large decrease of iron content from chrysotile fibers structure. Moreover,
PVDpandelii €xtracted iron from chrysotile-gypsum in concentration-dependent manner. Our

research identified efficient pyoverdines in biodegradation of asbestos waste. The resulting PVD-
Fe complex could be exploited as a valuable iron source. Further investigations might allow to
consider the development of an eco-friendly asbestos treatment, using pyoverdines, in order to

reduce asbestos-related environmental and health problems.
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FIGURE LEGENDS:

Fig. 1. Concentration of iron dissolved from flocking asbestos waste, chrysotile-gypsum (A) and
amosite-gypsum (B), in the presence of various pyoverdine-containing supernatants (SN) after
24 h of contact. Error bars indicate the standard errors of the means of three or five replicates.
Bars with the same letter are not significantly different (p > 0.05, Kruskal-Wallis test, three or

five replicates).

Fig. 2. Evolution of iron concentration extracted from chrysotile-gypsum waste over 24 h in the
presence of Pseudomonas aeruginosa or Pseudomonas mandelii pyoverdine-containing

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

Fig. 3. Iron removal from chrysotile-gypsum waste after renewal cycles of 24 or 96 h in the
presence of 100 uM (T24-1 to T24-9 and T96-1 to T96-7) or 200 uM (T24-C and T96-C)
Pseudomonas aeruginosa or Pseudomonas mandelii pyoverdine-containing supernatants (SN).

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

Fig. 4. STEM images and STEM mapping of chrysotile-gypsum fibers after renewal cycles of 24
or 96 h in the presence of succinate medium (a and b) or Pseudomonas mandelii pyoverdine-
containing supernatants (SN) (¢ and d). Large images obtained from the combination of the three
distributions of Mg, Si, and Fe with analysis areas (a and c). Atomic ratios of Mg/Si and Fe/Si (b
and d). (e) Comparison histogram after renewal cycles with succinate medium or Pseudomonas

mandelii pyoverdine-containing supernatants.

Fig. 5. Effect of various concentrations of pyoverdine produced by Pseudomonas mandelii on
iron (A) and magnesium (B) dissolution from chrysotile-gypsum waste after 48 h of contact.
Error bars indicate the standard errors of the means of five replicates. Bars with the same letter

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

Weathering efficiency varies according to the pyoverdines and the type of waste.
Pyoverdines solubilize iron in a time-dependent manner.

Chrysotile-gypsum weathering by pyoverdines decreases iron concentration in fibers.
Iron removal from chrysotile-gypsum is concentration-dependent of pyoverdines.
Pyoverdines could be used in bioremediation process of asbestos waste.
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Table 1. List of pyoverdines used,

characteristics, and peptide composition.

with their molecular mass, isoelectrofocusing

Siderovars Species MM Number of Pyoverdine peptide chain References
isoforms and
pHi values

Lille 1 P. monteilii 1291 2 173/46 Asp-Lys—AcOHOrn—Ala—Ser—Ser—Gly—Ser-cOHOm Meyer et al.
(2008)

Syr P. syringae 1123 2 5.0/4.0 eLys—OHAsp—Thr—(Thr—Ser—OHAsp—Ser) Jiilich et al.
(2014)

B10/PL9/ P. lini 989 3 17.5/52/4.6 eLys—OHAsp—Ala—aThr-Ala—cOHOm Teintze et al.

7SR1/A225 (1981)

12633 P. putida 1336 3 4.6/42/4.0 Asp—eLys—OHAsp—Ser—Thr—Ala—Glu—Ser cOHOm Persmark et al.
(1990)

Lille 17 P. mosselii - 3 9.0/74/52 ND Dabboussi et
al. (2002)

13525 P. fluorescens 1160 3 8.7/7.3/7.1 Ser-Lys—Gly-FOHOrn—(Lys—FOHOrn—Ser) Hohlneicher et
al. (2014)

CHAO P. fluorescens 1287 3 8.5/7.5/5.1 Asp—FOHOrm-Lys—(Thr-Ala—Ala—FOHOrm—Lys) Wong-Lun-
Sang et al.
(1996)

PAO1 P. aeruginosa 1333 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—cOHOm Budzikiewicz

etal. (2014)

eLys: lys linked by its &-NH2; OHAsp:

threo-B-hydroxy-aspartic acid; aThr: allo-Thr;

cOHOm: cyclo-hydroxy-ornithine; FOHOrn: 8N -formyl- 0N -hydroxy-ornithine; AOHOrn
ON -acetyl- 0N -hydroxy-ornithine.

Parentheses indicate cyclic structures. D-amino acids are underlined. A broken line means
that the two enantiomers were detected among the underlined residues. ND: not determined.
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Fig. 1. Concentration of iron dissolved from flocking asbestos waste, chrysotile-gypsum (A)
and amosite-gypsum (B), in the presence of various pyoverdine-containing supernatants (SN)
after 24 h of contact. Error bars indicate the standard errors of the means of three or five
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Fig. 3. Iron removal from chrysotile-gypsum waste after renewal cycles of 24 or 96 h in the
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(SN). Error bars indicate the standard errors of the means of five replicates.
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