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Abstract

Cork, the outer bark of Quercus suber, shows a unique compositional structure, a set of
remarkable properties, including high recalcitrance. Cork colonisation by Ascomycota remains
largely overlooked. Herein, Aspergillus nidulans secretome on cork was analysed (2DE).
Proteomic data were further complemented by microscopic (SEM) and spectroscopic (ATR-
FTIR) evaluation of the colonised substrate and by targeted analysis of lignin degradation
compounds (UPLC-HRMS). Data showed that the fungus formed an intricate network of hyphae
around the cork cell walls, which enabled polysaccharides and lignin superficial degradation, but
probably not of suberin. The degradation of polysaccharides was suggested by the identification
of few polysaccharide degrading enzymes (B-glucosidases and endo-1,5-a-L-arabinosidase).
Lignin degradation, which likely evolved throughout a Fenton-like mechanism relying on the
activity of alcohol oxidases, was supported by the identification of small aromatic compounds
(e.g. cinnamic acid and veratrylaldehyde) and of several putative high molecular weight lignin
degradation products. In addition, cork recalcitrance was corroborated by the identification of
several protein species which are associated with autolysis. Finally, stringent comparative
proteomics revealed that A. nidulans colonisation of cork and wood share a common set of
enzymatic mechanisms. However the higher polysaccharide accessibility in cork might explain

the increase of B-glucosidase in cork secretome.
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Introduction

Cork, the outer bark of Quercus suber L., is a lightweight plant composite displaying remarkable
properties, such as elasticity, compressibility, low density and permeability, and significant
chemical and microbial resistance [1]. Wine stoppers are still the major industrial application of
cork, notwithstanding the significance of other applications, e.g. boards for thermal and sound
insulation [1]. One striking example of its historic use can be seen in the Convent of the Friars
Minor Capuchin (founded in 1560, Sintra, Portugal) where extensive indoor surfaces are coated
with cork. Globally, > 300000 tonnes of cork are processed per annum, half of which forms the

basis of the Portuguese cork manufacturing industries [2].



Despite meaningful differences, cork and wood share a set of similarities, including,
among others, comparable composition (Table 1), microbial recalcitrance and potential add-
value [3]. Both composites, as well as the wastes produced by the corresponding manufacturing
industries, are important from ecological, environmental and economical perspectives [1, 4].
Remarkable progress has been done in the understanding of wood degradation by fungi, recently
reaching the omics era with several studies reporting the associated transcriptome (e.g. [5, 6]) or
proteome (e.g. [7, 8]).

Cork microbial degradation has been up to now only seldom investigated. Ascomycota
have been often recognised as cork main colonisers [9-11] and also associated with its
degradation [12-14]. Their ability to perforate the full thickness of the cork cell wall has been
previously reported, suggesting that fungi can degrade even the most recalcitrant cork
components, namely suberin and lignin [13]. These polymers constitute 40% and 20% of the
cork cell wall dry weight, respectively [15, 16]. Suberin is generally accepted to be composed
by two domains, one polyaliphatic and one polyphenolic [3, 17]. Accordingly, their degradation
by fungi involves esterases [3, 18, 19] and also likely lignin degrading enzymes.

Studies on cork colonising fungi have essentially focus on the appearance of cork taint in
bottled wines, in general associated with fungal metabolites which might contaminate cork
during manufacturing, transport or storage [20]. Consequently, while significant information has
been reported on the species diversity found in these environments, those occurring in field
conditions have been often neglected [21]. For long, the Ascomycota Chrysonilia sitophila has
been considered the dominant colonising fungus during the cork stoppers manufacturing process
[20]. However, it is now well established that a more complex colonising community is usually
present, which includes, among others, Penicillium spp., Cladosporium spp., Aspergillus spp.
and Mucor spp. [9-11, 14]. Early studies suggested Aspergillus spp. as pioneer species in cork
[22] and, more recently, several other Ascomycota (e.g. Trichoderma spp., Penicillium spp. and
Cladosporium spp.) were isolated from cork oak tissues [21].

Aspergillus nidulans was herein selected for investigating the fungal secretome after cork
colonisation. After twenty one days of incubation, the fungal secretome showed a major
accumulation of proteins species associated with the remodelling of the fungal cell wall.
However, few polysaccharide degrading enzymes, namely B-glucosidases and endo-1,5-a-L-

arabinosidase C, were herein identified. In addition, the identification of alcohol oxidase



(AN9348, annotated as a putative aryl alcohol oxidase) and of several putative lignin degradation
products (UPLC-HRMS analyses) suggest that degradation of lignin was mediated by Fenton-
type reactions. Overall the data, which included spectroscopic and microscopic analysis of the
colonised cork cell walls, suggest the capacity of this fungus to degrade partially polysaccharides
and lignin, leaving suberin intact. Better understanding of the enzymatic toolbox used by fungi

during cork degradation is essential to promote the use of this renewable resource in bio-refinery.

Materials and Methods

Chemicals: Ammonium persulfate, N,N,N’,N’-tetramethylethylene-diamine (TEMED), Remazol
Brilliant R (RBBR), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic) acid (ABTYS),
Rhodamine B (RhodB), trichloroacetic acid (TCA), a-Cyano-4-hydroxycinnamic acid (CHCA)
and all the compounds used in the preparation of minimal media (see below) with the exception
of NaCl (Panreac, Spain), were purchased from Sigma Aldrich (USA); Coomassie brilliant blue
G 250 dye from Fluka (Switzerland); Dithiothreitol (DTT), Triton X-100, Sodium dodecyl
sulfate (SDS), 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris), lodoacetamide, Bromophenol
blue, Glycine, 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), IPG
buffer (pH 3.5-5.0), Thiourea and Urea from GE Healthcare (Sweden); Trypsin Gold (MS grade)
from Promega; Ammonium sulphate from Riedel-de Haén (Germany), Polyvinylpolypyrrolidone
(PVPP) from Merck (Germany) and finally, Bradford reagent, Flamingo stain and 30%
Acrylamide:Bisacrylamide solution (3.3 %C) from BioRad (USA). All HPLC and MS solvents
used were of the highest analytical grade and water was obtained from a Milli-Q system
(Millipore).

Materials: Cork and wood powders were sequentially extracted in a soxhlet apparatus,
sequentially using dichloromethane (8 hours); ethanol (8 hours) and water (24 hours); then
lyophilized and finally sterilised in an excess of water (121 °C, 30 min.). The soxhlet treatment
eliminates any possible contribution of plant proteins in the secretome analysis.

Culture conditions: Aspergillus nidulans (FGSC A4) was obtained from the Fungal Genetics
Stock Centre and conserved as a suspension of conidia in saline solution (NaCl, 0.85 % w/v)
containing glycerol (10 % v/v) at -80 °C. The minimal media (MM), which contains (w/v) 0.1 %
Ko,HPO,; 0.03% NaNOs; 0.0001% ZnSO4+7H,0O; 0.0005% CuSO4+5H,0; 0.005 %
MgSQO,+7H,0; 0.0001 % FeSO,4+7H,0; 0.005 % KCI, was prepared as previously described [23].



Fungal cultures (200 mL) in MM supplemented with cork or wood powder (0.1 % wi/v)
were inoculated with two-day old mycelia previously grown from conidia (10° per mL) in MM
containing 1 % wi/v of glucose, and incubated under controlled conditions (27 °C, dark, 90 rpm).
At the end of the incubation (21 days), the solids (viz. mycelia and the insoluble substrate) and
the extracellular fraction of the fungal cultures were separated by vacuum assisted filtration [23]
and conserved at -80 °C (triplicate cultures).

The ability of A. nidulans to modify standard substrates, namely RBBR (1 % wi/v), ABTS
(0.1 % wi/v) and RhodB (0.1 % w/v), during growth on solid media was tested (triplicates) as
previously described [24]. The cultures were inoculated from conidia suspension with a loop,
and the plates incubated at 27 °C, in the dark, for 7 days. The formation around the colony of a
clearing halo in the RBBR media or a green halo in the ABTS media, and of orange halo upon
UV illumination (256 nm) in the RhodB media, were taken as an indication of oxidoreductase
and esterase activity, respectively.
Morphological analysis: At the end of the incubation the recovered solid fractions of the fungal
cultures, composed of mycelia and either cork or wood, were processed for Scanning Electron
Microscopy (SEM) [25] and for Attenuated Total Reflectance - Fourier Transform Infrared
Spectroscopy (ATR-FTIR) [26] analyses as previously described. An analytical field emission
gun scanning electron microscope (FEG-SEM: JEOL 7001F with Oxford light elements EDS
detector) operated at 5-10 kV was used. The FTIR spectrometer (Bruker IFS66/S FTIR),
equipped with single reflection ATR cell (DuraDisk) and a Parker Balston 75-52 FTIR Purge
Gas Generator, was operated at room temperature, in the range of 4000-600 cm™, by
accumulating 128 scans with a resolution of 4 cm™. The selected micrographs and spectra
should be regarded as representatives (ten replicates).
Extracellular protein extraction: The extracellular proteins were extracted from the culture
filtrates (i.e. extracellular fraction of the fungal cultures) as previously described [23]. Briefly,
the filtrates were first concentrated c.a. 100 times using centrifugal concentration devices
(Startorius, cut-off 10 kDa), the protein recovered by precipitation (6 volumes of ice cold
acetone with 60 mM of DTT, for 1 h at -20 °C), the pellet washed 3 times with 60 mM of DTT
in acetone, then dried under soft nitrogen flow and finally resuspended in 1 % (v/v) IPG buffer,
containing 4 % (w/v) CHAPS, 2 M thiourea, 7 M urea, 1% (w/v) Triton X-100 and 60 mM



DTT. Protein quantification was done using the Bradford protocol modified by Ramagli [27],
using bovine serum albumin (BioRad) as a standard.

Electrophoresis and image acquisition: Extracellular protein samples (65 pg BSA equivalents)
were loaded in precast 13 cm nonlinear IPG strips pH 3-5.6 (GE Healthcare). Protein isoelectric
focusing and electrophoresis were performed as previously described [23]. The gels were
stained with flamingo dye accordingly to the manufacturer’s instructions. Three biological
replicates were analysed for each sample. For spot excision, gels were loaded with 100 pg
(BSA equivalents) of proteins and stained with colloidal coomassie blue [28].

Image and statistical analyses: The stained gels were digitalized in a Fuji TLA-5100 to generate
64bit images. These were analysed using Progenesis SameSpots v2.0 (Nonlinear Dynamics) and
included gel alignment to a reference image. Geometric alignment of the pixel levels, spot
measurement, background subtraction and subsequent normalisation were automatically
generated; however, when necessary spot detection was refined by manual edition. Protein spots
with areas lower than 1500 were excluded from the analysis. Aiming at a stringent statistical
analysis as previously described the normalised spot volumes were used for calculating mean
values, SD and CV across the two gels sets (cork and wood secretome) (Supplementary File S3)
[29]. Only those spots showing high consistency between replicate gels (CV below 25%) were
used to generate the list of p-values for the individual spots (ANOVA, X-Stat). Those showing
p-values < 0.05 were considered to constitute significant alterations between the two secretomes
and were further analysed using a PCA (X-Stat) (Supplementary File S3).

Protein identification: The protein spots were excised from gels manually, and processed using
the Ettan Digester robot of the Ettan Spot Handling Workstation (GE Healthcare) as previously
reported [23]. Samples (0.7 uL) were then spotted on MALDI-TOF target plates (Applied
Biosystems), before the deposit of 0.7 uL. CHCA (7 mg mL™ in ACN 50%, TFA 0.1%). Peptide
mass determinations were carried out using the Applied Biosystems 5800 Proteomics Analyzer
(Applied Biosystems). Both peptide mass fingerprinting and tandem MS in reflectron mode
analyses were performed. The ten most intense peaks were selected automatically and used for
MS/MS. Calibration was carried out with the peptide mass calibration kit for 4700 (Applied
Biosystems). Proteins were identified, with ProteinPilot, by searching against the NCBInr
database (restricted to fungi taxonomy, 1291260 sequences) with Mascot v2.3 (Matrix Science).

All searches were executed allowing for a mass window of 150 ppm for the precursor mass and



0.75 Da for fragment ion masses (Supplementary File S4). Search parameters allowed for
carboxyamidomethylation of cysteine as fixed modification. Oxidation of methionine and
tryptophan (single oxidation, double oxidation and kynurenin) were set as variable
modifications, as previously described [30, 31]. Homology identification was retained with
probability set at 95 %. All identifications were confirmed manually. Presence of a signal
peptide was predicted using signalP (http:// cbs.dtu.dk/services/SignalP/).

Chromatographic and spectrometry analyses of extracellular metabolites: Ethyl acetate / water
partition was used to recover extracellular compounds from the filtrates (i.e. extracellular
fraction of the fungal cultures) (5 mL) [32]. Negative controls, i.e. non-inoculated cork media
incubated under the same conditions as the fungal cultures, were tested as well. These extracts
were dried under soft nitrogen flow, resuspended in methanol and analysed by ultra-high-
performance liquid chromatography-electrospray-high resolution mass spectrometry (UHPLC-
ESI-HRMS) using a Q-Exactive Orbitrap MS system (ThermoFisher Scientific, Bremen,
Germany) equipped with a heated electrospray ionization source (HESI-11). Chromatographic
separation was carried out in an UHPLC system (Accela; ThermoFisher Scientific) using an
Ascentix Express C18 (150x2.1 mm, 2.7 um particle size) column from Supelco (USA). The
mobile phase, at a flow rate of 300 pL/min, consisted of a solution of 0.1% formic acid (solvent
A) and a solution of acetonitrile containing 0.1% formic acid (solvent B), set as follows: 10% B
in 1 min, followed by a liner gradient of 10-95% B in 4.7 min, 1.3 min to reach 100% B, 3 min
of 100% B, 0.5 min to return to the initial conditions, and 5.5 min to re-equilibrate the column.
HESI-1I was operated in negative ionization mode. Nitrogen was used as a sheath gas, sweep
gas and auxiliary gas at flow rates of 60, 0 and 10 a.u. (arbitrary units), respectively. Heater
temperature was set at 350 °C. Capillary temperature was set at 320 °C and electrospray voltage
at -2.5 kV. A S-Lens RF level of 50 V was used. Q-Exactive Orbitrap MS system was tuned and
calibrated using ThermoFisher calibration solution once a week. The HRMS instrument was
operated in full MS scan with a m/z range from 50 to 600, and the mass resolution tuned into
70,000 full width half maximum (FWHM) at m/z 200, with an automatic gain control (AGC)
target (the number of ions to fill C-Trap) of 5.0E5 with a maximum injection time (IT) of 200
ms. The full MS scan was followed by a data-dependent scan operated in All lon Fragmentation
(AIF) mode with a fragmentation energy applied of 30 eV into the high-energy collision
dissociation (HCD) cell. At this stage, mass resolution was set at 17,500 FWHM at m/z 200,



AGC target at 5.0E5, maximum IT at 200 ms, and the scan range also from m/z 50 to 600. MS
data was processed by ExactFinder™ 2.0 software (ThermoFisher) by applying a user target
database list. Several parameters such as retention time, accurate mass errors and isotopic
pattern matches were used to confirm the identity of compounds. When available, standards

compounds were also analysed by UHPLC-ESI-MS to better confirm the identity.

Results and Discussion

The mechanisms used by Aspergillus spp. during cork colonisation remain largely overlooked,
despite early evidence of the species significance in cork colonisation [22]. In the present study,
A. nidulans showed oxidoreductase and esterase activity when grown in RBBR or ABTS media
and RhodB media, respectively (Supplementary Fig. S1).

Analysis of cork after colonisation with Aspergillus nidulans

A suspension of cork powder (0.1 % wi/v) in minimal media was inoculated with two-day old
A. nidulans mycelia and recovered after twenty-one days of incubation for SEM analysis. The
mycelia formed an intricate network of hyphae that colonised the surface of the cork cell walls
(Fig. 1A and 1B), where numerous conidia (Fig. 1C and 1D) and ascospores (Fig. 1E and 1F)
were deposited. Similar observations were attained in the wood control (data not shown). A
comparable hyphal colonisation profile on cork has been reported before in Ascomycota [14],
even though in some cases hyphae perforating the cork cell walls have been detected [13]. The
heterothallic Penicillium spp. has also formed conidia during the colonisation of cork [14]. In
the present study, it remains unclear if A.nidulans sexual spores were produced by the
submerged mycelia (rarely observed [33]) or in the floating mycelial mat.

ATR-FTIR has been used for assessing the degradation provoked by microbial attack of
numerous plant composites [34]. The spectral profiles of the untreated cork and of A. nidulans
mycelia showed that several peaks cannot be exclusively assigned to either constituents of cork
or mycelia (Fig. 2, Supplementary Table S2). Aiming to normalise the interference provoked by
the mycelia, the ATR-FTIR spectral profiles of cork recovered after two- or twenty-one days of
fungal colonisation were compared (Fig. 2). In general, the peaks mostly attributed to the long
aliphatic chains (2923 and 2851 cm™) and ester moieties (1738 cm™) of suberin (which can be
almost exclusively associated with cork) showed a minor increase along the colonisation period.

The likely enrichment of suberin suggests that the remaining cork constituents were



preferentially degraded by the fungus. The stretching of alkene bonds (1509 cm™) typical of
aromatic compounds in lignin showed no major alterations. In addition, the polysaccharides
spectral region was dominated by peaks assigned to the mycelia masking those assigned to cork
(Supplementary Table S2).
Overview analysis of Aspergillus nidulans cork and wood secretomes
Aspergillus nidulans extracellular proteins (secretome) after cork colonisation were analysed
using a 2DE approach. In addition, as a control, A. nidulans secretome after growth in wood
media was also analysed. IPG strips with a 3-5.6 pH range were used for the first dimension,
since preliminary tests showed that, in general, the bulk of the polypeptides were detected at pH
values lower than 6 (data not shown). The protein yield of the method employed for protein
extraction was reasonably similar in both secretomes. These data, as well as the maximal and
minimal number of spots detected after the 2DE separation of the protein extracts is depicted in
Table 2.

Even though fungi are known to fine tune their secretome in function of the substrate
[35], A. nidulans secretome in cork and in wood displayed very similar 2DE maps (Fig 3. and
Supplementary File S3); consequently few differentially accumulated protein species (see
below). A global analysis of the cork secretome will be first presented, followed by a
comparative analysis of this secretome with that of wood. Amongst the proteins herein
identified in the cork and wood secretome, no plant proteins existed. Probably due to the fact
that both plant substrates were submitted to solvent extraction prior to their use as substrates for
fungal growth.
Analysis of Aspergillus nidulans cork secretome
Aspergillus nidulans secretome in the cork media showed 171 spots, from which 156 showed to
be statistically representative, i.e. highly consistent and reporting CV values below 15% (Fig. 3,
Supplementary File S3). From these spots, 155 were manually excised from the gel. Protein
identification retrieved 28 unique protein species which are listed in Table 3 (Supplementary
File S4) (in a small set of spots, two protein species were identified). As frequently reported in
fungal secretomes, multiple isoforms of the same protein species were herein detected. This is
generally related to posttranslational modifications, of which glycosylation is the most frequently
reported [36] and in some cases also to proteolysis [37]. The identified proteins were grouped

according to their biological functions, namely fungal cell wall remodelling enzymes, plant cell



wall degrading enzymes, defence/stress response, proteases/nitrogen and miscellaneous
(Table 3). More than 60% of the protein spots in the secretome were identified as cell wall
remodelling enzymes (49%) or plant cell wall degrading enzymes (12%). In a sub-set of the
excised spots (24%) no protein identification could be obtained, probably, as previously
suggested due to the presence of posttranslational modifications that hampered protein
identification [38]. In addition, some protein spots retrieved low Mascot scores and were not
considered for the analysis (4%).

Fungal cell wall remodelling enzymes

The fungal cell wall accounts for a great percentage of the cell dry weight and plays an essential
role in maintaining its shape, counteracting the turgor pressure and protecting the plasma
membrane against mechanical damage [39]. The cell wall of A. nidulans is composed of an
inner layer of cross-linked polysaccharides, mainly chitin (polymer of [-1,4-N-
acetylglucosamide) and B-1,3- and a-1,3- glucans, with minor amounts of B-1,6- and p-1,4-
glucans and an outer layer composed of highly glycosylated proteins and mannans [40]. The
mannans (polymers of mannose linked by a-1,6, a-1,2, a-1,3 or B-1,2 linkages) and the highly
glycosylated proteins can be either cross-linked or covalently bounded to glucans [39].

Chitinase B (ChiB, AN4871), which catalyses hydrolysis of -1,4-glycosidic linkages in
chitin, was identified in 65 protein spots(Table 3), accounting for 40% of the total volume of
protein spots in gel. Eighteen genes putatively encoding chitinases have been annotated in the
genome of A. nidulans [41, 42], some of which have been shown to be differentially regulated
along the fungal growth cycle. In particular, ChiB mRNA levels have been shown to increase
when the fungus reaches the stationary phase of growth [43]. More than 90% of extracellular
chitinase activity measured in A. nidulans autolysing cultures was attributed to ChiB [43-45].
This protein, apparently induced by carbon-starvation conditions and conidiation, constitutes a
strong evidence that A. nidulans was undergoing autolysis at the twenty-first day of growth on
cork. High spectral counts of ChiB peptides have been reported in A. nidulans secretomes after
prolonged growth on different lignocellulosic substrates (sorghum stover [46], leaf litter [47] and
maize bran [48]). Similar to our finding, ChiB high abundance in the sorghum stover secretome
was related to autolysis [46]. The B-1,3-endoglucanase EngA (AN0472) plays also a major role
during autolysis and its expression is tightly correlated with that of ChiB [49]. EngA was herein

10



detected in one spot in the cork secretome, in agreement with the aforementioned studies [46-
48].

Amongst the protein species identified in the cork secretome, some hydrolases, namely
N-acetylglucosaminidase (NagA, AN1502) and alkaline protease (prtA, AN5558), further
corroborate that A. nidulans was probably undergoing autolysis. The coordinated expression of
these hydrolases and of ChiB has been reported before in A. nidulans [43, 50]. They are thought
to be associated with the degradation of empty hyphae supporting fungal growth under carbon
starvation conditions [51, 52]. In particular, NagA have been suggested to mediate the
breakdown of chito-oligomers [45, 53]. PrtA role was inferred since deletion of the encoding
gene has significantly decreased proteolysis during autolysis [51]. Additional proteases were
found in the cork secretome (AN2366, AN2903 and AN3918), similar to that reported in the
secretome of A. nidulans grown on sorghum stover or on leaf litter [46, 47]. Their involvement
in the hydrolysis of secreted proteins has been suggested in the secretome of fungi other than
A. nidulans [37]. Some proteins species-in the cork secretome were probably induced by carbon
starvation conditions, such as glutaminase A (AN4809) [52] and acid phosphatase (AN4055)
[54]. The last is also known to be induced by an inorganic source of nitrogen [55].

Several -1,3-glucanases, namely two exo-f-1,3-glucanases (AN4825 and AN7950), one
a-1,3-glucanase (AN9042) and one glucanase hydrolysing B-1,3- and p-1,4- glucans (AN0245)
were identified in the cork secretome. Their involvement in the degradation of cell wall glucans
during autolysis has been suggested as levels increased in a autolysing engA deleted A. nidulans
mutant [49]. The identification of the B-1,3-glucosidase EgIC (AN7950) might be related to
sexual development (Fig. 1E and 1F), since the corresponding mRNA levels have been shown to
increase during early sexual developmental [56].

The presence of mutanase (AN7349) might imply that the a-1,3-glucans accumulated
during vegetative growth were used as glucose reserves during sexual development [57]. It is
well-known that ascospores, which are more resistant than conidia, are usually formed in adverse
growth conditions [58]. Thus, most likely, sexual development was triggered in A. nidulans due
to the increasing recalcitrance of cork along the twenty-one days of colonisation. This protein
species has been also detected in the A. nidulans leaf litter secretome after seventeen days of
growth [47] and, although at lower abundance, also in that of sorghum stover after fourteen days

of growth [46]. The colonisation profiles of the substrates at these time points were not
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evaluated; consequently in these studies mutanase accumulation was not associated to sexual
development.

An extensive hyphal network was still detected on cork at the twenty-first day of
incubation (Fig. 1A and 1B). Catalase B (AN9339) identification in fungal secretomes (e.g.
[46]) has been implicated in the detoxification of hydrogen peroxide, thus strongly associated
with growing and developing hyphae [59]. Its identification in the cork secretome (8 protein
spots) supports the idea that A. nidulans was actively growing on cork until the end of the
incubation.

Fungal enzymes involved in the degradation of the plant cell wall

To better understand cork degradation, its composition (Table 1) needs to be revised in greater
detail. The polysaccharides constitute approximately 20% of the cork cell wall dry weight,
which in turn are essentially composed of glucose (50-70%) and xylose (20-35%), with minor
amounts of arabinose, mannose and galactose [16]. Cork contains cellulose (ca. 9-10%),
hemicellulose (ca. 15%) and pectin (ca. 1.5%) [16].

The degradation of polysaccharides by fungi involves the synergistic action of several
glycosyl hydrolases that first release oligomers from the polymer backbones, which are in turn
cleaved to their corresponding reducing sugars [35]. In the cork secretome three B-glucosidases
(AN4102, AN7396 and ANZ2828) were identified (10 protein spots). This class of enzymes
specifically breaks the B-1,4-linkage between two glucose residues. Their presence in the cork
secretome clearly emphasises that A. nidulans degraded cellulose during cork colonisation.

The hemicellulose fraction of cork is mainly composed by xylans, namely 4-O-methyl-
glucuronoxylan, arabino-4-O-methylglucuronoxylan and 4-0O-methylglucurono-
arabinogalactoglucoxylan [16]. Typically, these are polymers of B-1,4-xylose, ramified to
B-1,4-, B-1,3-, B-1,6- or a-1,2- sugar chains containing xylose, arabinose, glucose, galactose,
4-0O-methylglucuronic acid or rhamnose. The protein encoded by AN9380 has been putatively
identified as bifunctional, displaying both chitin deacetylase and xylanase activity [46]. Its role
in the cork secretome remains unclear. Though likely associated with autolysis [60], it can be
involved in the degradation of xylans as suggested before in an A. nidulans autolysing culture
growing on sorghum stover [46]. The identification of ferulic acid in the extracellular media
after cork colonisation (Table 4) can be also related with the degradation of xylans. Diferulic

bridges can mediate the linkage between xylans and lignin or between xylan chains [35].
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Despite that cork only contains minor amounts of pectin, its degradation by A. nidulans
was highlighted by endo-1,5-a-L-arabinosidase C (AN8007) (5 protein spots). The degradation
of pectins in the cork cell walls by the fungus Armillaria mellea lead to the separation of the cell
wall at the middle lamella level [61]. In the present study, pectin degradation was not sufficient
to thin the middle lamella of the cork cell walls (Fig. 1).

Taken together, the polysaccharide degrading enzymes herein identified emphasise the
capacity of A. nidulans to degrade cork polysaccharides, even pectins which are only present in
minor amounts. All these enzymes have been previously identified in A. nidulans secretomes
during colonisation of sorghum stover [46], leaf litter [47] and maize bran [48]. Even if not all
the polysaccharide degrading enzymes identified in the previous studies (gel free proteomics)
were herein detected in the cork secretome. Most likely the high abundant proteins masked the
low abundant ones in the gel. Protein low abundance in the gels was taken as the main reason
for the lack of cellulases and hemicellulases in the secretome of Gloeophyllum trabeum after
prolonged growth on wood [8].

The accumulation of a set of A.nidulans substrate-specific proteins becomes apparent
when different secretomes are compared (172, 1 and 19 in sorghum stover [46], leaf litter [47]
and maize bran [48], respectively). Most of the dissimilarities in the corresponding secretomes
have been associated with differences in substrate composition and incubation conditions.
Despite the higher polysaccharide content in leaf litter [62], when compared to that of cork, the
incubation conditions were similar to those of the present study. In general, the polysaccharide
degrading enzymes identified in the cork secretome, increased along the incubation in the leaf
litter secretome, reaching very high spectral counts at the seventeenth day [47]. The lack of
some, namely B-1-4-endoglucanase (AN1285) and pectin lyase (AN2569), might be due to their
pl, which was out of the range analysed here. Unobserved in the cork secretome were any (3-1-
4-endoglucanases and [-1-4-xylosidases, which have been identified in the secretome (gel-
dependent) of the Ascomycota Fusarium graminearum grown on barley and wheat flour when a
shorter incubation period was used [63]. In addition, the few lipases identified in the
A. nidulans secretome grown on leaf litter reported very low spectral counts at the seventeenth
day [47]. This agrees with the high recalcitrance of cutin, which shares high similarity with the
polyaliphatic suberin [3]. It seems reasonable to hypothesise that A. nidulans failed to degrade

the polyaliphatic suberin in cork, as suggested above by the spectroscopic analysis (Fig. 2).
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However, one cannot disregard that the release of ferulic acid (Table 4), which is also present in
suberin [16], was related to its degradation.

Lignin accounts for approximately 20% of the weight of the cork cell walls. Lignin is a
branched polyaromatic polymer constituted of variable proportions of phenylpropanoid units
[15] predominantly linked by B-O-4-linked ether bonds that are not easily hydrolysable. This
polymer is known to impact on the cellulose digestibility mainly due to their cross-linking in the
cell wall [64]. In cork cell walls, lignin is especially abundant in the primary wall, while the
tertiary wall (outer cell wall layer) is essentially composed by polysaccharides [16]. Overall, the
main phenylpropanoid units identified in cork are guaiacyl (95 %), followed by syringyl (3 %)
and p-hydroxyphenyl (2 %) [15, 16]. Lignin composition in softwoods is very similar, with the
exception of syringy!l units which are lacking [15].

Lignin degradation by A. nidulans has been suggested since during growth on sorghum
stover, at least one tyrosinase (AN5311) and two feruloyl esterases (AN1772 and AN5267) were
identified. Even though these enzymes were undetected in the cork secretome several
oxidoreductases were identified, agreeing with the ability of this fungus to oxidise RBBR and
ABTS (Supplementary Fig. S1). These were three FAD-linked oxidoreductases (AN72609,
AN3351 and AN9348) (8 protein spots), including AN9348, an alcohol oxidase which has been
annotated as a putative aryl-alcohol oxidase in A. nidulans genome database
(http://www.aspergillusgenome.org/). Alcohol oxidases, as well as aryl-alcohol oxidases, have
be associated with the generation of hydrogen peroxide required either in the catalytic cycle of
lignolytic peroxidases (white rot fungi, e.g. Phanerochaete chrysosporium) or in Fenton-type
reactions (brown rot fungi, e.g. Pleurotus eryngii and Postia placenta) [65, 66]. The genome of
A. nidulans contains genes putatively encoding for peroxidases [42, 67]. However, none of
these protein species were identified in the cork secretome, in agreement with that observed on
comparable secretomes [46-48].

It is well-known that Fenton-type reactions (Fe** + H,0, — Fe** + ‘OH + "OH) require a
mechanism for extracellular hydrogen peroxide generation and for reduction of Fe** to Fe?* [68].
The generation of extracellular hydrogen peroxide during cork colonisation by A. nidulans was
probably ensured by the activity of the alcohol oxidase. The reduction of Fe** might be
accomplished by extracellular enzymes such as cellobiose dehydrogenase or by extracellular

low molecular weight compounds (e.g. ferulic acid or hydroquinones [69, 70]). Cellobiose
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dehydrogenase (AN7230) accumulated in the secretome during A. nidulans growth of sorghum
stover [46]. This enzyme was however undetected when A. nidulans was grown on cork.
Oxygen is an inhibitor of cellobiose dehydrogenase activity [71] and its availability was
probably significantly higher in the cork media, when compared to that of sorghum stover
(submerged culture with agitation and solid state culture, respectively).

Aiming to corroborate that lignin degradation occurred during cork colonisation by
A. nidulans the diversity of aromatic compounds in the culture filtrates (viz. extracellular media
of the fungal cultures) were analysed by UHPLC-ESI-HRMS (Table 4). Non-inoculated
controls of the cork media were also analysed. The identification of ferulic acid, veratraldehyde
and cinnamic acid (as well as of ellagic acid, which is extremely abundant in cork), by
ExactFinder™ software was confirmed using pure standard compounds. Veratraldehyde
formation, as well as that of cinnamic acid, might be related to lignin degradation [69]. Ellagic
acid and ferulic acid were also found in the control. However, ferulic acid concentration in the
culture filtrates was ca. ten fold higher (Table 4). Veratraldehyde can, as previously suggested in
studies focussing lignin degradation by white rot fungi, be also formed due to the oxidation of
the fungal metabolite veratryl alcohol [69]. Finally, several lignin degradation products were
also putatively identified (Compound 1-5, Table 4) [72], despite the lack of standard compounds
for confirming their identification.
Comparison of the secretomes of A. nidulans grown in cork or in wood
The composition of softwood is comparable to that of cork, with the exception of suberin
content, lacking in wood and abundant in cork (Table 1). A comparative analysis of cork and
wood secretome could lead to the identification of suberin putative degrading enzymes, if any.
As aforementioned, the produced 2DE maps displayed very similar patterns. Nevertheless, 40
protein spots were differentially accumulated; of which 38 could be identified retrieving 13
unique protein species (Table 5, Supplementary File S3 and S4). Amongst the 19 protein spots
here identified as ChiB (AN4871), 13 decreased in the cork secretome. This suggests reduced
autolysis during growth on cork, yet their total normalised volume was nearly the same in both
secretomes. A more in deep statistical analysis of spot variation within the differentially
accumulated spots was performed using principal component analysis (Supplementary File S3).
Total variance explained by the first three principal components (PCs) was of 97.85%. ChiB, as

well as some uncharacterised proteins species, were still amongst some of the protein species
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which contributed more significantly to the total variation in PC1 and PC2 (30% and 5%,
respectively). Other protein spots (retrieving single protein identifications) that had significantly
contributed for the total variation in PC1 and PC2 were B-glucosidase (AN2828, 6% and 8%,
respectively) and catalase B (AN9339, 10% and 6%, respectively), while in PC3 was only
catalase B (AN9339, 8%). Taken together, these proteins species which increased in the cork
secretome, suggest that cork degradation, when compared to that of wood, was more pronounced
at the twenty one day of colonisation. Cork tertiary wall (outer layer) is essentially enriched in
polysaccharides [16]. On the contrary, in wood this layer contains also lignin [15], which
hampers the degradation of the polysaccharides [64]. Higher polysaccharide accessibility might
thus partially explain the observed increase of B-glucosidase (AN2828) in the cork secretome. In
addition, catalase B (AN9339) major contribution to the first three PCs reinforced the idea that
mycelial development was more active in cork. Amongst those proteins spots retrieving multiple
protein identifications, spots 22 and 21 identified as oxidoreductase (AN3351), contributed to
6% and 17% of the total variation in PC2 and PC3. Though, their multiple identities raise
ambiguity, one possible interpretation is that oxidoreductase activity was higher in cork than in
wood. Such interpretation is coherent with catalase B major contribution to the observed

variability.

Conclusions

Ascomycota play a prominent role as cork colonisers, however the enzymatic toolbox used
during its degradation remains largely unanswered. Aspergillus nidulans was able to form an
intricate network of hyphae on the surface of the cork cell walls, while also undergoing both
sexual and asexual development. The ability of the fungus to partially degrade some cork
constituents, with the exception of polyaliphatic suberin, was suggested after spectroscopic
analysis of the substrate and further validated by the proteins species identified in the cork
secretome. The polysaccharide degrading enzymes herein identified constitute sufficient
evidence of polysaccharide degradation. They included enzymes involved in the last steps of the
degradation of cellulose and of pectin. Direct comparison with other A. nidulans secretomes
grown in lignocellulosic substrates [46-48], suggests that autolysis related proteins might have
hampered the identification of less abundant proteins in the gels. Nevertheless, major findings

are consistent with the previous reported data. One valid hypothesis is that A. nidulans used
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Fenton-type chemistry during the degradation of the cork cell walls. Most probably this also led
to cleavage of lignin as suggested by the accumulation of veratraldehyde and cinnamic acid, and
of other putative lignin degradation products during fungal growth. The identification of small
aromatic compounds which might act as iron reducers and the identification of alcohol oxidases,
which might release extracellular hydrogen peroxide, further substantiate this hypothesis [69,
73]. Lignin degradation by Fenton-type reactions has been previously associated with the
activity of extracellular cellobiose dehydrogenase [46]. Herein, the obtained data showed that
the fungus likely uses a different Fenton-chemistry in high oxygen availability conditions.
Comparison of cork and wood secretomes supported the idea that substrate accessibility plays a
major role during fungal colonisation of lignocellulosic substrates. During the superficial
colonisation of the wood pieces by fungi, accessibility to polysaccharides in the outer cell wall is
hampered by lignin.  Accordingly, A. nidulans produced higher levels of polysaccharide
degrading enzymes during growth in cork, than in wood. Overall this study emphasises the high
recalcitrance of cork to fungal degradation, particularly of the suberin barrier in the cork cell
walls which remained virtually unaltered. In general, the obtained data revealed that A. nidulans

superficial colonisation of cork and wood share a common set of enzymatic mechanisms.
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Captions Tables and Figures

Table 1. Average composition of the cell walls of cork and wood

Table 2. Protein extraction yield and number of detected spots in the 2DE gels.

Table 3. Extracellular proteins identified in the spots of the 2DE gels of Aspergillus nidulans

cork secretome. Protein species are grouped by their functional classification.

Table 4. Extracellular metabolites identified by UHPLC-ESI-HRMS in the organic extracts of

Aspergillus nidulans cultures after cork colonization.

Table 5. Identification of the differentially accumulated extracellular proteins in the 2DE gels of

Aspergillus nidulans grown on cork when compared to that of wood.

Figure 1. SEM images of cork after Aspergillus nidulans colonization. Formation of a hyphal
network growing on the surface of the cork pieces (A, B) and the deposition of conidia (C, D)
and ascospores (E, F). Magnifications of 200x (Scale bar:100 um; A), 1100x (Scale bar:10 pum;
B, C and E) and 3000x (Scale bar: 1 um; D and F).

Figure 2. ATR-FTIR spectra of a) cork, b) cork colonised with Aspergillus nidulans after two
(—) or twenty-one days (--), and ¢) Aspergillus nidulans mycelia. S, L and P stands for suberin,

lignin and polysaccharides, respectively
Figure 3. Two dimensional gels obtained for the secretome of Aspergillus nidulans grown on

cork (A) and wood (B). All of the analysed spots are labelled accordingly to Table 3.

Unnumbered spots were analysed but their identification was not attained.
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TABLES

Table 1.
Wood [15] Cork [16]
Composite (% of weight) (% of weight)
Lignin 25-35 20-30
Suberin 0 40-50
Cellulose 35-40 9
Hemicellulose 35-40 16
Pectin 3-9 1.5
Extractives 10 8-24
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Table 2.

Number of spots

Protein yield . .
(mg/mL) Total number Differentially
accumulated spots
Cork secretome 0.98 £0.19 149+ 9 18
Wood secretome 1.23+0.35 144 + 7 22
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Table 3.

GenBank accession

Aspergillus

Protein name (EC number)

Spot number *

# nidulans gene #
Plant cell wall degrading enzymes
gi|67524741 AN2828 B-glucosidase (3.2.1.21) 5; 30; 76; 77, 107
0i|67900818 AN7396 B-glucosidase (3.2.1.21) 6; 7
0i|259481308 AN4102 B-glucosidase (3.2.1.21) 1;2;3
0i|67902040 ANB8007 Endo a-1,5-arabinosidase C (3.2.1.99) 73; 74; 75; 119; 121
gi|67904722 AN9348 Alcohol oxidase 14
i|259483385 AN7269 Oxidoreductase (activity FAD) 30
i|67525787 AN3351 Oxidoreductase (activity FAD) 21; 22; 23; 24; 25; 26
Fungal cell wall remodeling
37-48; 51-57;59-64, 66; 68-70; 77, 78; 80; 82-84, 86; 88; 89;91;
0i|67537402 AN4871 Chitinase (3.2.1.14) 94; 103; 108-110; 113; 115-118; 120; 124; 125; 132; 133; 142;
160-162; 164-168; 253; 256; 258; 259; 263-266
gi|67515927 ANO0245 B-1,3- glucanase, engA (3.2.1.59) 257
gi|67522090 AN1502 N-acetylglucosaminidase (3.2.1.52/3.2.1.96) 21
gi|67537310 AN4825 1,3-B-glucosidase 36; 52
gi|67900724 AN7349 a-1,3-glucanase (mutanase; 3.2.1.59) 167
0i|67901926 AN7950 B-1,3-glucosidase eglIC (3.2.1.39) 76; 81; 257
i|259486505 AN9042 a-1,3-glucanase (3.2.1.59) 50
gi|67517318 ANO0933 Transglycosidase (2.4.2.29) 19; 20
Defense/stress response
gi|1737449 AN9339 Catalase B (1.11.1.6) 10; 11; 85; 90; 92; 97; 216; 250

Protease/nitrogen
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gi[255941434
gi|67524891
gi|67526921
gi67538776
gi|6456480
gi|67527351

gi[67904786
gi|67524993
gi|67900640
gi67904134
gi[6754203
gi[259481436

AN2366
AN2903
AN3918
ANb558
AN4809
AN4055

AN9380
AN2954
AN7307
AN9054
AN7181
AN3983

Serine protease

Vacuolar aspartyl protease (Proteinase A)

Aminopeptidase
Alkaline protease 1 (3.4.21.63)
Glutaminase A (3.5.1.2)
Acid phosphatase (PHO)
Miscellaneous
Xylanase/chitin deacetylase (3.5.1.41)
Extracellular serine rich protein
DUF1237 domain protein
Uncharacterized
Uncharacterized

Uncharacterized

81; 260
254; 255
163
77,78;79; 80; 129
12-15; 22-25; 33
18

260
18; 257
31; 32
49; 50; 139
31; 252; 257
105

' Numbered accordingly to the 2DE map of Aspergillus nidulans grown on cork (Fig. 4).
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Table 4.

Compound Delta RT® Isotopic pattern Area°
Name Structure ? Formula MM (ppm) Nr %
LMW aromatic compounds °
oCHa
Ferulic acid ”Oﬁ\/\fo CiHiOs 19405790 204 455  30f4 100 69¢"
- OH
/O |O
Veratraldehyde :Q) CoHiO,  182.057907  2.34 474  4of4 100  6.6€"
?
’ O
Cinnanic acid o CgHg0O, 148.052429 0.85 5.72 20f2 100 5.6e"
Cork extractive (plant metabolite)
OH © 7
Ellagic acid oHoH CuHeOs 3009990 122 404  30f3 100 26¢'
O OH
Compounds retaining an B-aryl ether linkage °
el .
Compound 1 Jl/ﬁ’g S C,1H1504 381.0980 0.44 7.53 30f3 100 1.3e
G‘\/:’_ \“ /O\CH‘ .
Compound 2 . ‘%/[ CyoH240, 373.1657 0.05 5.72 20f3 100 2.3e"
I L
;%\‘
Compound 3 "F“i R [‘L’] C19H20s5 373.1293 1.30 5.13 3of4 100 15¢e"
g
Compound 4 t@ Q( CigH10s  373.0929 1.32 5.15 30f4 100  6.1¢"
Piﬁnoresinol derivative
Compound 5 #:ﬁ{f CiHyOs 3331707 045 656  30f3 100 2.3¢®

CHy

a. Structure drawn using ChemSketch software based on [74]; b. The identification was validated using commercially available standards. Other standards
tested were veratric acid; vanillin, phenyl acetic acid; 4-hydroxyphenylacetic acid 2,5-dimethoxy-1,4-benzoquinone and coumaric acids. c. putative
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identification based on the molecular formulas obtained using ExactFinder ™ 2.0 software (ThermoFisher) and based on the structures proposed in [74]. d.
Areas obtained for the analyses of the cork media after fungal colonization, only ellagic and ferulic acids were found in the control with areas of 1.2 e*° and
8.9 ™, respectively.
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Table 5.

Aspergillus
Anova FC? Spolt Gel® Protein name (EC number) nidulans GenB_ank
(p-value) no. gene accession #
Spots showing increased levels in cork secretome

0.0310 7.2 5 Cc B-glucosidase (3.2.1.21) AN2828 0i|67524741
Uncharacterized AN7181 0i|6754203

0.0030 79 31 c DUF1237 domain protein AN7307 0i|6700640
Acid phosphatase (PHO) AN4055 gi|67527351

0.0006 136 18 c Extracellular serine rich protein AN2954 0i|67524993
0.0113 7.2 250 C Catalase B (1.11.1.6) AN9339 gi|1737449
Oxidoreductase (activity FAD) AN3351 i|67525787

0001l 50 22 C Glutaminase A (3.5.1.2) AN4809 0il6456480
0.0070 2.8 10 C Catalase B (1.11.1.6) AN9339 gi|1737449

Oxidoreductase (activity FAD) .
0.0358 3.9 21 C N-acetylglucosaminidase ﬁmigg% g:lg;gg%gg
(3.2.1.52/3.2.1.96)

0.0087 4.7 39 C/W Chitinase (3.2.1.14) AN4871 gi|67537402
0.0019 5.2 40 C/W Chitinase (3.2.1.14) AN4871 gi|67537402
0.0166 3.2 139 C Uncharacterized AN9054 gi|67904134
Alkaline protease 1 (3.4.21.63) AN5558 gi|67538776

0.0382 3.0 80 ¢ Chitinase (3.2.1.14) AN4871 gi|67537402
0.0166 2.7 79 C Alkaline protease 1 (3.4.21.63) AN5558 gi|67538776
0.0034 2.5 109 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0032 2.6 108 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0104 2.9 78 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0307 2.8 41 C/W Chitinase (3.2.1.14) AN4871 gi|67537402
B-glucosidase (3.2.1.21) AN2828 0i|67524741

0.0052 2.5 77 C Alkaline protease 1 (3.4.21.63) AN5558 i|67538776
Chitinase (3.2.1.14) AN4871 gi|67537402

0.0178 2.1 76 C B-1,3-glucosidase egIC (3.2.1.39) AN7950 0i|67901926

Spots showing decreased levels in cork secretome
0.0182 0.7 25 C Oxidoreductase (activity FAD) AN3351 gi|67525787
0.0382 0.5 94 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0228 0.4 85 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0082 04 116 C Chitinase (3.2.1.14) AN4871 0i|67537402
0.0263 0.4 51 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0204 0.4 84 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0392 0.3 216 C Catalase B (1.11.1.6) AN9339 gi|1737449
0.0440 0.3 133 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0180 0.2 92 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0077 0.2 53 C/W Chitinase (3.2.1.14) AN4871 gi|67537402
0.0008 0.2 54 C Chitinase (3.2.1.14) AN4871 gi|67537402
0.0020 0.4 57 C/W Chitinase (3.2.1.14) AN4871 gi|67537402
C Unidentified - -

0000311 02 71y Chitinase (3.2.1.14) AN4S7L  gi[67537402
0.0005 0.2 55 C Chitinase (3.2.1.14) AN4871 gi|67537402
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Aspergillus

Anova FC? Spolt Gel® Protein name (EC number) nidulans GenB_ank
(p-value) no. gene accession #

0.0340 0.3 105 C Uncharacterized AN3983 0i[259481436

0.0011 0.1 69 C Chitinase (3.2.1.14) AN4871 gi|67537402

" Numbered accordingly to the 2DE map of A. nidulans grown on cork (Fig. 3); *Ratio between the normalized volumes of
spots in gels obtained for A. nidulans growth on cork or on wood; ® Indicates the gel from which the corresponding spot was
manually excised: W and C stand for wood and cork, respectively.
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Highlights

Aspergillus nidulans degraded cork superficially not reaching suberin barrier
Degradation of cork constituents involved enzymatic and Fenton-like reactions
Several B-glucosidases accumulated in the cork secretome

Lignin degradation products were released during cork degradation

Differences in cork and wood secretomes reflect polysaccharide accessibility
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