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Synopsis
Cellular mechanisms of asbestos toxicity rely, at least in part, on the chemical composition of these
minerals, with iron ions being directly involved. The soil fungus Fusarium oxysporum was found to
be very effective in iron extraction and in the reduction of asbestos reactivity. We have used a
combined proteomic approach to investigate changes in the fungal metabolic activities in the
presence of crocidolite asbestos.

Abstract

Cellular mechanisms of asbestos toxicity rely, at least in part, on the chemical composition of these
minerals. Iron ions are directly involved in the accepted mechanism of fiber toxicity because they
constitute active centers where release of free radicals and reactive oxygen species takes place.
Although no current technology is available for the remediation of asbestos polluted sites, the soil
fungus Fusarium oxysporum was found to be very effective in iron extraction from crocidolite
asbestos in vitro, and to cause a significant reduction in asbestos surface reactivity and oxidative
damage to naked DNA. As little information is available on the molecular mechanisms of the
fungus−asbestos interactions, a combined proteomic approach that used 2-DE, shotgun and
quantitative iTRAQ proteomics was used to investigate the fungal metabolic activities in the
presence of crocidolite, an iron-rich type of asbestos. Although global proteomic analyses did not
show significant changes in the protein expression pattern of F. oxysporum when exposed to
asbestos fibers, some proteins specifically regulated by asbestos suggest up-regulation of
metabolic pathways involved in protection from oxidative stress. When compared with the
response to crocidolite observed by other authors in human lung epithelial cells, that unlike fungi
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can internalize the asbestos fibres, a significant difference was the regulation of the pentose
phosphate pathway.
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Fusarium oxysporum; shotgun proteomics; iTRAQ; oxidative stress;asbestos
Introduction Asbestos is a generic commercial term given collectively to a group of fibrous hydrated
silicate minerals that have been extensively mined and processed for industrial and commercial
applications in the past centuries.(1) However, exposure to airborne asbestos fibrils can cause
severe pneumoconiosis (asbestosis) and malignancies such as bronchogenic carcinoma and
pleural mesothelioma,(2, 3) and both extraction and use of asbestos have been banned in many
countries. Dismissed asbestos industries and mines have left substantial amounts of fibres on the
previously occupied sites, and no current technology is available for the remediation of asbestos
fibres dispersed over wide soil areas.
The mechanisms of asbestos toxicity in mammalian cells are not fully established but are thought
to be multiple, including generation of reactive oxygen (ROS) and nitrogen (RNS) species,
alteration in mitochondrial function, physical disturbance of cell cycle progression, and activation of
several signal transduction pathways.(4) Some results also show that asbestos fibres, after
phagocytosis by macrophages, might directly bind to proteins that regulate the cell cycle, the
cytoskeleton, and the mitotic processes, contributing to significant spindle damage and
chromosomal instability.(5)
Previous experiments have shown that a variety of soil fungi are able, at least in vitro, to grow in
contact with asbestos and to extract iron from the fibers with variable effectiveness. Fusarium
oxysporum was found to be very effective in iron extraction, likely through the release of chelating
molecules.(6, 7) Crocidolite fibers pretreated with F. oxysporum showed a significant reduction in
their surface reactivity (i.e., the ability of producing reactive hydroxyl radicals) and caused
significantly less oxidative damage to naked DNA than control fibres.(8) Aim of the present work
was to use a combined proteomic approach (2-DE, shotgun and quantitative iTRAQ) to investigate
the alterations of the fungal biochemical activities caused by crocidolite asbestos. As fungal cells
are surrounded by a rigid cell wall that prevents phagocytosis, this study may help to identify, in a
eukaryotic system, those cellular effects of asbestos that are mediated by soluble factors.

Materials and Methods

Growth Conditions
F. oxysporum was grown in shaking conditions at 120 rpm in conical flasks at 25 °C in Czapekglucose liquid medium [glucose 20 mg/mL, NaNO3 3 mg/mL, K2HPO4 1.31 mg/mL, MgSO4 0.5
mg/mL, FeSO4 0.01 mg/mL, KCl 0.5 mg/mL, MES (4-Morpholine ethane sulfonic acid) 3.9 mg/mL].
All reagents were purchased from Sigma. The dose of crocidolite fibres was expressed as
weight/volume. The suspension of fibres added into the cultures after 14 days of growth (in the
middle of the exponential phase) was thus prepared with 2.3 g of fibres in 100 mL of distilled water.
Crocidolite was from UICC (Union Internationale Contre le Cancer) from the same batch employed
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in previous research.(12) The control samples were mock inoculated with an equal volume of
sterile distilled water. Fungal mycelia were collected by filtration after 1 h, 5 h, 1 day, 2 days, and 8
days, immediately frozen in liquid nitrogen, and stored at −80 °C before protein extraction.
Iron Release from Asbestos Fibers
Fe concentration in the culture medium after incubation with or without asbestos fibres was
determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) performed
with a Liberty 100 Varian apparatus equipped with a V-Groove nebulizer and a Czerny-Turner
monocromator (Department of Mineralogical and Petrological Science, University of Torino).
Protein Extraction
The mycelia of F. oxysporum were ground in liquid nitrogen and homogenized in cold extraction
buffer [20 mM Na2PO4, pH 7.5, 2 mM PMSF (phenyl methyl sulphonyl fluoride), 1 mM EDTA
(ethylenediaminetetracetic acid), and 8% PVPP (polyvinilpolypirrolidone)]. All reagents were
purchased from Sigma. Crude homogenates were centrifuged at 4 °C (10 000g for 30 min). The
supernatants were carefully removed, centrifuged again under the same conditions, and dialyzed
overnight against Na2PO4 20 mM, EDTA 0.1 mM. Phenol saturated with 100 mM TrisHCl, pH 8
was added to the sample (1:1 v/v). After the sample was mixed for 30 min at 4 °C, the phenolic
phase was separated by centrifugation. Proteins were precipitated overnight at −20 °C after adding
5 vol of 100% methanol containing 0.1 M ammonium acetate. The pellet recovered by
centrifugation was rinsed with cold 100% methanol and 100% acetone and dried.
Two-Dimensional Gel Electrophoresis
Samples were resuspended in 650 μL of solubilization buffer containing 9 M urea and 2% Triton X100. Protein content was determined by the method of Bradford, using bovine serum albumin
(BSA) as a standard. Isoelectric focusing (IEF) was performed on immobilized pH gradient (IPG)
strips in a Protean IEF Cell (Bio-Rad). Samples of 400 μg of proteins mixed with 2% (v/v) IPG
buffer and 0.1 M dithiothreitol (DTT) were loaded on each IPG (Immobilized pH Gradient) strip and
focused for 70 000 Vh at 15 °C after rehydration for 16 h. IPG strips were then either stored at −20
°C or immediately equilibrated for 10 min with each equilibration buffer (buffer 1, urea 6M; Tris-HCl
0.375 M, pH 8.8; glycerol 20%; SDS 2%; DTT 130 mM; buffer 2, urea 6M; Tris-HCl 0.375 M, pH
8.8; glycerol 20%; SDS 2%; iodoacetamide 35 mM). The 10% SDS-polyacrylamide homogeneous
gels (0.1 cm ×19 cm ×23 cm) were polymerized overnight. Electrophoresis was run for 5 h at 10 °C
under constant current (24 mA for each gel). Proteins separated on the polyacrylamide gel covered
a molecular weight range of 9−200 kDa and pI of 4−7. Gels were fixed in 10% methanol and 7%
acetic acid solution for 30 min and then stained with the SYPRO Ruby fluorescent dye (Molecular
Probes) according to the manufacturer’s instructions.
Shotgun Proteomics
The mycelial samples were extracted as described above. Two biological replicates were analyzed
for each sample taken at 2 and 8 days, with 3 technical replicates each. Each sample was
precipitated with ice-cold acetone overnight at −80 °C before being resuspended in 1 mL of 500
mM TEAB (triethylammonium bicarbonate) at pH 8.0. Samples were aliquoted in 0.1 mL fractions
and proteins were reduced [50 mM TCEP (tris-(2-carboxyethyl) phosphine), incubated at 60 °C for
1 h], alkylated [200 mM MMTS (methylmethanethiosulfate), 10-min reaction time at room
temperature], and digested with trypsin. Each sample was then vacuum-dried before being
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resuspended in 10 mL of 0.1% TFA (Trifluoroacetic acid) for analysis with the Applied Biosystems
QSTAR [ElectroSpray High performance quadrupole time-of-flight (ES-Qq-TOF)]. Aliquots of
trypsin digests (typically 1−3 μL) were loaded onto an Ultimate nano-HPLC system (Dionex)
equipped with a PepMap C18 trap (300 μm × 0.5 cm, Dionex) and an Onyx monolithic capillary
column (100 μm × 15 cm, Phenomenex). The HPLC was interfaced with a QSTAR API Pulsar i
Hybrid LC/MS/MS System (Applied Biosystems) with a MicroIonSpray source (fitted with 20 μm i.d.
capillary). Positive ESI MS and MS/MS spectra were acquired over the range 350−1800 m/z using
information dependent acquisition (IDA). Mass spectra were analyzed with the MASCOT software
(http://www.matrixscience.com), using a local copy of the NCBInr released 20080608 database.
The following modifications were permitted (mass change shown in daltons):
carboxyamidomethylated cysteine (+57), oxidized methionine (+16), with MS/MS tolerance ±0.1
Da. Only proteins with p-value < 0.05 and identified by at least two peptides were considered.
iTRAQ Analysis
Control samples at times 2 and 8 days were labeled with iTRAQ reagents having molecular
weights 114 and 115, respectively, whereas protein samples from mycelia exposed to crocidolite
were labeled with iTRAQ reagents having molecular weights 116 and 117 Da, respectively.
Samples were prepared according to the manufacturer’s instructions using the iTRAQ Reagent
(Applied Biosystems), which involves protein reduction and denaturation, blocking of the cysteines,
protein digestion with trypsin, labeling of the digested proteins, and pooling of the labeled digests.
The labeled peptide mixture was separated by sample fractionation using offline strong cation
exchange (SCX) chromatography to lower the complexity of the mixture.(9)
This step prior to LC-MS/MS has been employed in several studies of whole-cell lysates.(10,
11)The column (PolyCationLC 200 mm 2 mL loop) was equilibrated with buffer A (10 mM KH 2PO4,
25% ACN, H3PO4 to adjust the pH < 3) and eluted with a linear gradient of buffer B (10 mM
KH2PO4, 25% ACN, 1 M KCl, H3PO4 to adjust the pH < 3). Four gradient steps were used: from 0%
to 15% solvent B, followed by 15−50%, 50−80% solvent B. On the basis of the UV (214 nm) trace,
62 fractions were selected for further separation by reverse phase HPLC (RP-HPLC),(22)and were
completely dried and stored at −20 °C.
Each protein fraction was separated by RP-HPLC (Dionex UltiMate NanoHPLC) in two steps: 18
min gradient from 1% to 50% solvent B [100% acetonitrile (ACN), 0.1% Heptafluorobutyric Acid
(HFBA)] and 1 min gradient from 50% to 85% solvent B. Solvent A was 2% ACN and 0.1% HFBA
in water. The eluent from RP-HPLC separation was mixed with a solution of 5 mg/mL matrix (αcyano-4-hydrocinnamic acid) in 75% ACN, 0.1% TFA (trifluoroacetic acid) and 15 mg/mL
ammonium citrate. The sample combined with the matrix was continuously delivered from the
syringe pump of the Probot system and spotted on a stainless steel MALDI plate every 6 s during
the peptides’ eluting phase. Six mass calibration standards were manually spotted on the plate.
MS and MS/MS analyses were performed on a 4700 Proteomics Analyzer matrix-assisted laser
desorption ionization (MALDI) time-of-flight (TOF) mass spectrometer. After plate alignment and
calibration, an MS spectrum was acquired from all spots on each plate.
MS Data Analysis
Positive-ion MALDI mass spectra were obtained using an Applied Biosystems 4700 Proteomics
Analyzer (Applied Biosystems, Foster City, CA) in reflectron mode. MS spectra were acquired over
a mass range of m/z 800−4000. Monoisotopic masses were obtained from centroids of raw,
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unsmoothed data. The 10 strongest peaks, with a signal-to-noise greater than 50, from each
fraction were selected for CID-MS/MS analysis. A fraction-to-fraction precursor exclusion of 200
ppm was used. For CID-MS/MS, a Source 1 collision energy of 1 kV was used, with air as the
collision gas. The precursor mass window was set to a relative resolution of 50, and the metastable
suppressor was enabled. The default calibration was used for MS/MS spectra, which were
baseline-subtracted (peak width 50) and smoothed (Savitsky-Golay with three points across a peak
and polynomial order 4); peak detection used a minimum S/N of 5, local noise window of 50 m/z,
and minimum peak width of 2.9 bins. Mass spectral data obtained in batch mode were submitted to
database searching using TS2Mascot (Matrix Science, version 1.0.0). A locally running copy of the
Mascot program (Matrix Science Ltd., version 2.1) was used to perform the searches using the
NCBInr protein database. We used as fixed modifications: iTRAQ4plex (K), Methylthio (C),
iTRAQ4plex (N-term), iTRAQ4plex (K); as variable modifications, Oxidation (M). A minimum
confidence of 95% (P < 0.05) was used for peptide identification as defined by the GPS software.
Trypsin was specified as the proteolytic enzyme and one miss cleavage was allowed. Mass
tolerance was set at 200 ppm for peptide precursors and at 0.1 Da for fragment ions. We used
MudPIT scoring and as peptide threshold “at least homology”. Only proteins with p-value < 0.05
and identified by at least two peptides were considered. All quantitative results were calculated
based on default bias-corrections applied.

Results and Discussion
F. oxysporum is a fungus ubiquitously distributed in many soil types, and previous experiments
showed that growth of this fungus was not significantly affected by crocidolite
asbestos.(12)Consistent with these previous observations, growth of F. oxysporum was not
affected by asbestos in the current experiment (data not shown).
Crocidolite fibres were added as aqueous suspension in the middle of the exponential fungal
growth, and mycelia exposed to asbestos fibers, as well as mock inoculated mycelia, were
harvested after 1 h, 5 h, 1 day, 2 days, and 8 days to investigate short-term responses of F.
oxysporum to asbestos exposure. Mycelial samples were frozen immediately in liquid nitrogen and
stored at −80 °C. Proteins were extracted from the fungal mycelia and processed either for 2-DE
separation or gel-free analyses.
2-DE Analysis Indicates an Early Response of F. oxysporum to Crocidolite
Figure 1 summarizes the results of 2-DE separation. Figure 1A shows the protein profiles of F.
oxysporum at the different time-points. For each experimental condition, 3 biological replicates
were analyzed, with 3 technical replicates each. Molecular weight of proteins separated on the 2DE polyacrylamide gels ranged from 9 to 200 KDa and pI from 4 to 7.
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Figure 1. 2-DE separation of F. oxysporum proteins expressed during a time-course experiment in
the presence and absence of crocidolite asbestos (for each time-point, we performed 3 biological
replicates). One representative gel for each time-point is shown (A). Correlation coefficients of the
biological replicates of both control and asbestos treated samples, as calculated by the PDQuest
program (B). Correlation coefficients of the biological replicates of control samples and asbestos
treated samples at each individual time-point, as calculated by the PDQuest program (C).

For each time-point, the correlation coefficient (CC) among protein profiles obtained after 2-DE
separation was calculated with the PDQuest software (version 7.1) (Bio-Rad) for both technical
and biological replicates. CC values above 0.8 were found for all technical replicates, indicating
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good reproducibility of protein separation. For the biological replicates (Figure 1B), a CC above 0.8
was obtained for all asbestos treated samples, whereas it varied for the control samples. CC was
very low for mock inoculated control samples after 1 and 5 h, but it raised above 0.8 for the last
three time-points (1, 2, and 8 days). Finally, we compared the 2-DE profiles obtained for control
and asbestos treated samples at each time-point (Figure 1C). For the last three time points,
showing good reproducibility, the CC reached the lowest value 2 days after crocidolite addition, but
it raised after 8 days to reach the highest value (Figure 1C). The time-course experiment thus
indicates that protein expression by F. oxysporum was significantly affected after a short-term
exposure to crocidolite asbestos (2 days), but it also suggests that metabolic activities returned
similar to the control mycelium relatively quickly (8 days). These two experimental time-points were
chosen for further analyses by shotgun and iTRAQ proteomic methods because they showed
differential protein expression as well as good reproducibility.
Global Analysis of Shotgun and iTRAQ Proteomic Data
After mass spectrometry, we identified a total of 328 proteins with shotgun (p-value < 0.05 and at
least two peptides) and 554 proteins with iTRAQ (p-value < 0.05 and at least two peptides). On
average, we found a protein match of 3.2 peptides per protein with the shotgun analysis, and 5
peptides per protein with the iTRAQ labels (Figure 2). In general, there was good agreement
between the statistical results (peptide match, peptide length, and protein cover) obtained in this
study and data from the literature.(13-15)
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Figure 2. Graphic summaries of iTRAQ and shotgun proteomic data. Boxplots represent peptide
match, length of peptides, and protein cover. The middle line in each box is the median data value,
and the left and right box extremes are the 25th and 75th percentiles, respectively. The boxplot
‘whiskers’ extend to extreme data values not considered outliers, and open circles indicate
potential outlying values.

The complete list of proteins identified by shotgun proteomics and their occurrence in the different
samples is provided in Table 1S (Supporting Information), and the corresponding Venn diagram is
shown in Figure 3. After 2 days, we could identify in total 126 proteins in the control samples
(referred to as “C2d”) and 148 proteins in the asbestos treated samples (referred to as “A2d”). After
8 days, 214 proteins were identified in the control samples (referred to as “C8d”) and 192 in the
asbestos treated samples (referred to as “A8d”). The largest group in the Venn diagram (67
identified proteins) comprised proteins in common between all samples, including cytoskeletal
components, molecular chaperones, and many enzymes involved in carbohydrate metabolism
(Table 1S, Supporting Information). Analysis of the data using functional annotations with the
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KAAS (KEGG Automatic Annotation Server)(16, 17) and the BLAST2GO(18) tools at the two timepoints did not reveal significant alterations in F. oxysporum caused by crocidolite (data not shown).

Figure 3. Venn diagram reporting the number of proteins identified in the shotgun experiment by
mass spectrometry that were either unique to specific treatments or shared among the different
conditions tested: control samples after 2 days (C2d) and after 8 days (C8d), asbestos treated
samples after 2 days (A2d) and 8 days (A8d). Total protein numbers for each sample are also
shown.
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Most proteins sharing the same function were identified by shotgun proteomics in all F.
oxysporum samples, although a regulation in their expression/accumulation, caused by asbestos,
could not be excluded. Shotgun proteomics is not a quantitative method, even though the number
of protein isoforms (as identified by the number of different peptides) may mirror protein
abundance.(19, 20) We have, therefore, used multiplex isobaric labeling with iTRAQ reagents to
quantify protein expression/accumulation in F. oxysporum exposed to crocidolite fibers relative to
the control samples. The iTRAQ data were analyzed by Smoothing Spine Clustering (SSC) in
order to visualize quantitative protein variations in F. oxysporum during the time course experiment
and in the different experimental conditions.
Smoothing Spline Clustering (SSC) is a statistical method for clustering time-series gene
expression data and was used here for the first time with iTRAQ data to group proteins with similar
expression patterns in the different treatments. A distinguishing feature of SSC is that it accurately
estimates individual gene expression profiles and the mean gene expression profile within clusters
simultaneously, making it extremely powerful for clustering time course data.(21)
Starting with an initial cluster of k = 4 based on k-means clustering, the 554 proteins were grouped
by SSC into a final set of 18 clusters (shown in Figures 4 and 1S, Supporting Information),
according to their profiles. The list of proteins identified in each cluster, together with their relative
abundance, is provided in Table 2S in Supporting Information. On the basis of previous proteomic
studies,(22, 23) proteins were considered as not being regulated by the presence of asbestos
when the iTRAQ labeled ratio ranged from 0.8 to 1.2.
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Figure 4. Clustering of iTRAQ expression data by Smoothing Spine Clustering. Estimated mean
expression curves (solid lines) and 95% confidence bands (gray bands) for six representative
clusters out of the 18 discovered by SSC in the F. oxysporum iTRAQ data. Protein quantity is
expressed as a ratio between two experimental conditions. Points 1 and 2 indicate changes in
expression over time in the same treatment (control or asbestos treated mycelia), points 3 and 4
indicate regulation of protein expression depending on the treatment, whereas points 5 and 6
represent disassorted pairings. The remaining clusters are shown in Figure 1S, Supporting
Information.
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Some of the clusters in Figures 4 and 1S in Supporting Information (1, 7, 8 and 9) showed, at both
time points, a significant up-regulation of proteins in the F. oxysporum mycelium exposed to
asbestos as compared to the corresponding control samples. Proteins in clusters 11 and 13
(Figures 4 and 1S in Supporting Information) were up-regulated in the asbestos-treated samples,
but the values were significant only after 8 days of exposure. By contrast, cluster 12 (Figure 4)
grouped proteins that were down-regulated by asbestos at both time points. The other clusters
showed mixed expression patterns of down- and up-regulation over the time course. Apart from
some exceptions, like proteins in clusters 8 and 10, variations in protein expression levels were
usually modest.
Accumulation of Specific F. oxysporum Proteins Is Regulated by Crocidolite
Two strongly up-regulated proteins in clusters 1 and 8 (up to 2.8- and 4.9-fold 8 days after
exposure to crocidolite, respectively) were homologous to the rapamycin binding FKBP proteins
(Table 2S, Supporting Information). Together with cyclophilins, FKBP proteins belong to
immunophilins and show peptidyl prolyl cis/trans isomerase (PPIase) activity. Studies in both
animal and plant systems have revealed a diverse array of functions for individual immunophilin
members.(24, 25) Such functions can be a result of their protein foldase activity, chaperone
activity, scaffolding activity, and other unknown activities. A very clear distinction between
immunophilins and other types of protein foldases and molecular chaperones is that each member
of the immunophilin family appears to have specific targets and function in the cell. FKBP12 in
particular can be a physiological regulator of the cell cycle, as it modulates signal transduction
events required for G1 to S phase cell cycle progression in yeast and mammalian cells.(26,
27) Although the functions of the FKBP12 proteins in F. oxysporum is not known, it was interesting
to note that different histone isoforms were down-regulated by asbestos (cluster 12, Table 2S).
These data may suggest that, although there was not a significant change in fungal growth in the
presence of crocidolite, DNA synthesis and cell division were nevertheless reduced.
Two cyclophilins were identified as being up-regulated by crocidolite (up to 2.6-fold after 8 days) in
clusters 10 and 11 (Table 2S). By contrast, other molecular chaperones were generally expressed
constitutively in all samples, with the exception of the 90 kDa heat shock protein in cluster 11
(Table 2S). This suggests a specific induction of immunophilins by crocidolite, rather than a
generalized stress response.
The plasma membrane proton pump-ATPase in cluster 10 (Table 2S and Figure 1S, Supporting
Information) was one of the proteins more strongly up-regulated by crocidolite (4.7-fold after 8 days
of exposure). As a primary transporter, proton pump-ATPase (H+-ATPase) mediates ATPdependent proton extrusion to the extracellular space, thus, creating pH and potential differences
across the plasma membrane that activate a large set of secondary transporters. The H+-ATPase
therefore plays a central role in transport across the plasma membrane. The role of H+-ATPase in
the F. oxysporum response to crocidolite is unclear. In some plants, acidification of the rhizosphere
by the plasma membrane H+-ATPase helps to mobilize sparingly soluble Fe that is otherwise not
available to the plant, and Fe deficiency induces responses that involve modulation of an H+ATPase gene at the transcriptional level.(28) However, in our experiment, F. oxysporum very
unlikely experienced iron deficiency. Iron was supplemented to the medium and, together with the
iron released by fungal activity from the crocidolite fibers, reached a concentration of 16.90 (±1.34)
ppm after 2 days and 23.58 (±1.74) ppm after 8 days, according to the analysis performed by ICPAES. Both values were significantly higher if compared with the mock inoculated samples,
respectively, 0.95 (±0.17) ppm and 1.09 (± 0.17) ppm for the two sampling times. Other roles must
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be therefore envisaged for this strongly up-regulated membrane protein. In soybean, up-regulation
of plasma membrane H+-ATPase activity was induced by metal cations such as aluminum at both
transcriptional and translational level.(29) In this plant, up-regulation of H+-ATPase was associated
with an increased secretion of citrate from roots, a natural metal chelator that binds to metal
cations and protects plant cells from metal toxicity. Although increased secretion of organic acids
has been observed in filamentous fungi in response to heavy metals,(7, 30) a correlation with H+ATPase has not been described.
Specific Protein Markers Suggest That Crocidolite Induces Oxidative Stress in F. oxysporum
One way crocidolite fibres affect animal cells is through the release of iron ions. Asbestos in fact
catalyzes many of the same reactions that iron does, including lipid peroxidation and DNA
damage.(31) Iron in the fiber matrix or complexed at the surface has been demonstrated to
participate in the catalysis of reactive oxygen species.(32, 33) Reactive oxygen species (ROS)
such as superoxide and hydrogen peroxide are byproducts of normal aerobic metabolism,
produced mainly by partial reduction of oxygen during respiration. The highly reactive hydroxyl
radicals are then generated by the presence of hydrogen peroxide and iron (Fenton reaction).
Hydroxyl radicals can oxidize virtually any cell molecule, causing DNA damage, protein
inactivation, protein cross-linking and fragmentation, and lipid peroxidation.(34) F. oxysporum is
capable of actively releasing significant amounts of iron from crocidolite asbestos fibres (this
study,(7, 12)), thus, increasing the metal concentration in the medium and in the mycelium. As a
consequence, lipid peroxidation can occur in the F. oxysporum mycelium exposed to crocidolite,
with an increase in malondialdehyde (MDA; Daghino, S., unpublished results).
Identification of some specific proteins by both shotgun and iTRAQ proteomics suggests that the
mycelium is experiencing an oxidative stress, likely due to the increased concentration of iron in
the culture medium and in the mycelium following solubilization from the crocidolite fibers.
A protein specifically associated with the two asbestos treated samples (A2 + A8d in Table 1S,
Supporting Information) in the shotgun experiment was a thiol-specific antioxidant (TSA) protein
homologous to TSA1 of Ajellomyces capsulatus. This protein groups with the peroxiredoxins, also
called thioredoxin peroxidases, and belongs, together with glutathione peroxidases, to the larger
class of thiol-dependent peroxidases. Their distribution in the genome of yeast and filamentous
fungi has been recently investigated.(35) As shown by Netto et al.,(36) the antioxidant property of
TSA is due at least in part to its ability to remove H2O2, thereby preventing the formation of reactive
species during the iron-catalyzed oxidation of thiol compounds. High concentrations of either
mercaptoethanol, iron, or O2 induced the synthesis of TSA.(36) In addition to this specific protein,
other peroxiredoxins, identified by different peptides in the shotgun experiment, were found to be
expressed by F. oxysporum both in asbestos treated and control samples (Table 1S, Supporting
Information). TSA was not identified in the iTRAQ experiment, but a periredoxin was found to be
up-regulated by asbestos in Clusters 18 (Table 2S, Supporting Information).
Other protein markers that suggest a response to oxidative stress in F. oxysporum exposed to
crocidolite are the bifunctional catalase-peroxidases. Catalase-peroxidases in pro- and eukaryotic
cells are important enzymes to cope with reactive oxygen species, as they are good scavengers
for hydrogen peroxide.(37) They were identified by shotgun proteomics in the A8d sample (Table
1S) and found by iTRAQ to be up-regulated in the asbestos treated samples after 8 days of
exposure (clusters 9, 11, 17 in Table 2S).
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Some peptides specifically found by shotgun proteomics in the asbestos treated F.
oxysporumsamples matched two proteins (Table 1S, Supporting Information) that correspond to
enzymes involved in thiamine biosynthesis. Thiamine (vitamin B1) is an essential vitamin that acts
as a key cofactor of enzymes involved in basic processes of carbohydrate metabolism such as
glycolysis, the citric acid cycle, and the pentose-phosphate cycle. Recently, thiamine has been also
found to confer enhanced tolerance to oxidative stress in Arabidopsis.(38) Thiamine biosynthesis
occurs through a multistep pathway, involving two independent branches that synthesize the
thiazole and pyrimidine moieties of thiamine, respectively.(39) A thiamine biosynthetic enzyme
homologous to the NMT1 (N-myristoyltransferase 1) protein of Aspergillus clavatus was found in
the asbestos treated samples at both time points, whereas a protein corresponding to the stressinducible thiazole biosynthetic enzyme sti35 of F. oxysporum was found only 2 days after exposure
to crocidolite. Proteins involved in thiamine biosynthesis were identified in F. oxysporum also by
iTRAQ. A protein homologue of NMT1 protein of Fusarium graminearum and a protein homologue
of the thiamine biosynthesis protein of Coccidioides immitis (cluster 2 in Table 2S) were both upregulated (2-fold) by asbestos after 8 days of exposure. The protein homologue of the thiazole
biosynthetic enzyme sti35 of F. oxysporumwas also identified by iTRAQ, but showed constitutive
expression.
Antioxidant Response of F. oxysporum through Metabolic Rerouting
In addition to specific compounds, eukaryotic cells can counteract the deleterious consequences of
oxidative stress by metabolic alterations involving the glycolytic pathway. Glyceraldehyde 3phosphate dehydrogenase (GAPDH) catalyzes a crucial step of glycolysis, but recent evidence
implicates GAPDH in other cellular processes. For example, GAPDH acts as a reversible
metabolic switch under oxidative stress.(40) When cells are exposed to oxidants, they need
excessive amounts of the antioxidant cofactor NADPH, which is synthesized in the cytosol through
the pentose phosphate pathway. Oxidant-treatments cause inactivation of GAPDH, as well as of
other enzymes in the glycolytic pathway. This inactivation reroutes temporally the metabolic flux
from glycolysis to the pentose phosphate pathway, allowing the cell to generate more NADPH.(40)
In the iTRAQ experiment, GAPDH was highly represented in cluster 12 (Figure 4, Table 2S),
grouping proteins down-regulated by asbestos at both experimental time points and in cluster 2
(Figure 1S, Table 2S), grouping proteins that were not detected in the A2d samples. In particular,
most GAPDH proteins in Cluster 12 were more strongly down-regulated 2 days after addition of the
crocidolite fibres, with a slight increase in protein amounts after 8 days.
Other enzymes involved in the glycolytic pathway were also found to be down-regulated after 2
days of exposure to asbestos fibers, like glucose-6-phosphate isomerase (cluster 13), some of the
triose phosphate isomerase isoforms (clusters 4 and 13), enolase (clusters 13 and 17), and
pyruvate kinase (clusters 12 and 5). All these enzymes increased significantly above the controls
after 8 days of exposure to crocidolite.
Consistently with the down-regulation of GAPDH in F. oxysporum, there was a significant upregulation of key enzymes involved in the pentose phosphate pathway. In particular, up-regulated
proteins (up to 2.3-fold) in cluster 7 and 10 (Table 2S) corresponded to 6-phosphogluconate
dehydrogenase, which catalizes the first NADPH-producing reaction in the pentose phosphate
pathway. Proteins corresponding to 6-phosphogluconate dehydrogenase were also specifically
identified by shotgun proteomics in the two asbestos treated samples (Table 1S). Hexokinase, an
enzyme found in cluster 7 (Figure 1S and Table 2S), phosphorylates glucose to glucose-6-
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phosphate and prepares it for later steps either in the glycolytic or in the pentose phosphate
pathway. Its up-regulation (1.5-fold) 2 days after exposure to crocidolite, together with upregulation of other enzymes in the pentose phosphate pathway, suggests that the synthesis of
glucose-6-phosphate is sustained to feed it into this pathway. Although protein abundance does
not necessarily reflect catalytic activity, down-regulation of enzymes involved in the glycolytic
pathway and up-regulation of enzymes involved in the pentose phosphate pathway in the A2d
sample suggest that metabolic rerouting may be an important early mechanism of oxidant
resistance in F. oxysporum.
The mitochondrion is a vulnerable intracellular target to reactive oxygen species (ROS), and the
expression of ATP synthase, the enzyme responsible for the mitochondrial production of ATP from
ADP, has been used to monitor mitochondrial damage.(41) These authors found that oxidative
injury of pancreatic cells resulted in the induction of mitochondrial ATP synthase. Subunits of the
mitochondrial ATP synthase complex in F. oxysporum were consistently grouped in clusters 7 and
11 (Figure 1S and Table 2S) and sporadically found in other clusters. These proteins were upregulated in response to exposure to crocidolite (up to 2.6-fold), and may represent another marker
indicating oxidative stress in F. oxysporum exposed to crocidolite.
Concluding Remarks
In conclusion, a combined proteomic approach allowed us to investigate the cellular responses of
the filamentous fungus F. oxysporum to crocidolite asbestos. The results of shotgun and iTRAQ
proteomics were generally consistent and complementary, apart from a few cases. For example,
the shotgun experiment revealed a striking difference between asbestos treated and control
mycelia in the number of peptides matching translation elongation factors, suggesting that
crocidolite strongly down-regulates the accumulation of both elongation factor 1 alpha and factor 2,
especially after short exposure to the fibres (2 days). Unfortunately, most peptides matching
translation elongation factors (cluster 15) could not be quantitated after iTRAQ labeling due to the
low confidence in protein identification probability. For those proteins that could be quantified
(cluster 14), no changes in protein accumulation were observed in the different samples.
Taken together, our results suggest that F. oxysporum’s ability to release iron from asbestos
fibers(7, 12) results in increased oxidative stress. Mechanisms of defense against this increased
oxidative stress seem to involve enzymes such as periredoxins and bifunctional catalaseperoxidases, two hydrogen peroxide-detoxifying enzymes, as well as antioxidant metabolites such
as thiamine. By contrast, we could not detect enzymes involved in glutathione biosynthesis,
although glutathione peroxidase, another scavenger of hydrogen peroxide that oxidizes monomeric
glutathione, was slightly up-regulated in the A2d sample.
As an early response to asbestos, F. oxysporum also seems to reroute the carbohydrate flux from
glycolysis to the pentose phosphate pathway to counteract perturbations in the cytoplasmic redox
state. The NADPH generated in the pentose phosphate pathway plays a central role in cellular
ROS metabolism, as it is the reducing equivalent for many detoxifying pathways. Catalase, an
enzyme induced by asbestos in F. oxysporum, depends on NADPH, as this molecule protects the
protein from being inactivated by the substrate.(42)
The metabolic rerouting observed in F. oxysporum in response to crocidolite is in striking contrast
with the behavior of mammalian cells exposed to the same asbestos fibers.(43) In human lung
epithelial cells, crocidolite fibers caused a dose- and time-dependent inhibition of the pentose
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phosphate pathway through the inhibition of the glucose-6-phosphate dehydrogenase, a key
enzyme of this pathway. Experiments in a cell-free system suggest that crocidolite inhibits the
enzyme by directly interacting with the protein,(43) a situation that may occur in vivo when the
fibers are internalized by the cell and can enter into close contact with this cytosolic enzyme. As
fungi are surrounded by a rigid cell wall, internalization of the asbestos fiber is prevented in F.
oxysporum, and the absence of direct contact with the cell components may explain the different
metabolic responses. Thus, the results obtained in F. oxysporum may also help to understand,
when compared with other biological systems, the cellular mechanisms of asbestos toxicity that are
independent from fiber phagocytosis.
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