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Claude Lamarre,1† Rémi Beau,1 Viviane Balloy,2 Thierry Fontaine,1 Joanne Wong Sak Hoi,1 Stéphanie Guadagnini,3 Nadia Berkova,4 Michel Chignard,2 Anne Beauvais1 and Jean-Paul Latgé1* 1 Unité des Aspergillus, Institut Pasteur, 25 rue du Docteur Roux, 75724 Paris Cedex 15, France. 2 Unité Défense innée et Inflammation, INSERM U874, Institut Pasteur, 25 rue du Docteur Roux, 75724 Paris Cedex 15, France. 3 Plate-Forme de Microscopie Ultrastructurale, Institut Pasteur, 25 rue du Docteur Roux, 75724 Paris Cedex 15, France. 4 INRA, AFFSA, ENVA, UMR 956, 22 rue Curie, 94700 Maisons-Alfort Cedex, France. Summary Galactofuranose (Galf) is a major molecule found in cell wall polysaccharides, secreted glycoproteins, membrane lipophosphoglycans and sphingolipids of Aspergillus fumigatus. The initial step in the Galf synthetic pathway is the re-arrangement of UDP-galactopyranose to UDP-Galf through the action of UDP-galactopyranose mutase. A mutant lacking the AfUGM1 gene encoding the UDPgalactopyranose mutase has been constructed. In the mutant, though there is a moderate reduction in the mycelial growth associated with an increased branching, it remains as pathogenic and as resistant to cell wall inhibitors and phagocytes as the wild-type parental strain. The major phenotype seen is a modification of the cell wall surface that results in an increase in adhesion of the mutants to different inert surfaces (glass and plastic) and epithelial respiratory cells. The adhesive phenotype is due to the unmasking of the mannan consecutive to the removal of galactofuran by the ugm1 mutation. Removal of the mannan layer from the mutant surface by a
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mannosidase treatment abolishes mycelial adhesion to surfaces.



Introduction Galactofuranose (Galf) is an uncommon 5-membered ring form of galactose found in the surface glycoconjugates of pathogenic bacteria (Nassau et al., 1996; Koplin et al., 1997; Pan et al., 2001), protozoans (McConville et al., 1990; de Lederkremer and Colli, 1995) as well as in ascomycetous and basidiomycetous fungi (Beverley et al., 2005). It accounts for more then 5% of the total dry weight of Aspergillus fumigatus, and a variety of Galf-containing molecules have been exquisitely analysed in this species (Latgé, 2009): (i) the polysaccharide galactomannan, which is a major component of the cell wall and of the extracellular matrix (Latgé et al., 1994; Fontaine et al., 2000; Beauvais et al., 2007), (ii) glycoproteins with Galf being O- or N-linked to proteins (Leitao et al., 2003; Morelle et al., 2005), (iii) a lipophosphogalactomannan anchored to membranes through a glycosylphosphatidylinositol anchor (Costachel et al., 2005) and (iv) sphingolipids (Simenel et al., 2008). As a consequence of its prevalence in A. fumigatus and its absence in human host, the presence of Galf in the biological fluids of immunocompromised patients with aspergillosis is an indicator of a high fungal burden in the lung, and has become an essential serological criterion for invasive aspergillosis diagnosis in the clinical setting (Stynen et al., 1995). The Galf synthetic pathway has been well studied in prokaryotes. Galf arises through the action of UDPgalactopyranose (Galp) mutase that catalyses the re-arrangement of UDP-Galp to UDP-Galf (Nassau et al., 1996; Koplin et al., 1997). UDP-Galf is the substrate of cellular UDP-Galf transferases, which insert Galf in lipopolysaccharides (LPS) or cell wall. UGM genes encoding the UDP-Galp mutase have recently been identified in several fungal species such as Cryptococcus neoformans, A. fumigatus, A. nidulans and A. niger (Bakker et al., 2005; Beverley et al., 2005; Damveld et al., 2008; El-Ganiny et al., 2008). In A. fumigatus, the UGM gene (Afu3g12690) was identified through its identity to the Leishmania orthologue (Bakker et al., 2005). In A. niger, the gene was isolated through a screen for mutants disturbed in cell wall synthesis (Damveld et al.,
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Galactofuranose attenuates cellular adhesion 1613 Fig. 1. Expression of UGM1 evaluated by real-time RT-PCR in resting conidia (0) and during conidial germination and mycelial growth after incubation of the conidia for 2, 4, 8 and 16 h in liquid YPD medium at 37°C, 150 r.p.m. The expression ratios were normalized using EF1a genes, according to the DDCt method. An arbitrary value of 1.0 was attributed to the expression level corresponding to time 0. A similar trend was observed when actin was used to normalize expression levels as a house keeping gene. Data are mean ⫾ standard error from three independent experiments. Developmental stages corresponding to the time points are shown.
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2008). Since Galf is a major component of the A. fumigatus cell and a unique UGM gene is present in A. fumigatus (in contrast with two paralogs in A. niger and A. terreus), the disruption of the UGM gene of A. fumigatus (AfUGM1) was undertaken. The Afugm1 mutant lacks Galf, has a hyper adhesive phenotype and, in spite of reduced growth, is as pathogenic as wild-type (WT) parental strain in an experimental model of invasive aspergillosis.



Results Analysis of AfUGM1 sequence, expression in the WT strain and construction of an Afugm1 mutant strain In A. fumigatus, one gene encodes the UDPgalactopyranose mutase (Afu3g12690). The analysis of the complete cDNA sequence reported by Bakker et al. (2005) showed that the annotation reported in the genome project is not correct (see Fig. S1 for the correct sequence of UGM1). Neither signal peptide was identified nor a transmembrane domain in the NCBI database, suggesting that this protein was cytosolic. AfUGM1 transcript was expressed at all time points checked. Q-RTPCR showed that maximal expression of AfUGM1 was observed during early germ tube formation, after incubation of the conidia in YPD medium for 8 h at 37°C. (Fig. 1). These expression data were in agreement with the fluorescence studies using an anti-galactofuran antibody that labelled the apical and subapical zones of growing hyphae but did not label resting conidia or the aged zones of the mycelium (Stynen et al., 1992). © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623



The strategy used to obtain the Afugm1 mutant is shown in Fig. S2. Southern blots showed that the two transformants further used in this study (Afugm1D-1 and Afugm1D-6) had a single insertion into the genome as confirmed by the displacement of the native bands to the expected positions in mutant strains. Successful complementation of the Afugm1 mutant with an AfUGM1A. nidulans terminator-BLE construct was confirmed by Southern blot (Fig. S2). Phenotypic analysis of the Afugm1 mutant strain The lack of fluorescent signal of the Afugm1 mutants with the antigalactofuran antibody confirmed the disruption of the AfUGM1 gene (Fig. 2A). The revertant reacted positively with the anti-Galf antibody, confirming the re-introduction of the AfUGM1 gene in the mutant genome (data not shown). Chemical analysis showed that the mutant mycelial cell wall did not contain any Galf. In addition, the lipophosphogalactomannan and the Galf-containing glycosylphosphatidylinositol ceramide sphingolipids also lacked their Galf moiety (Table S1). In contrast, the cell wall fractions contained galactopyranose originating from a galactosaminogalactan recently discovered and characterized in our laboratory (A. Delangle, T. Fontaine, and J.P. Latgé, in preparation). This result confirmed that the entire Galf metabolism is shut down in the ugm1 mutant and showed that AfUGM1 deletion did not interfere with the galactopyranose metabolism. The morphology of the resting conidia originating from the WT and mutant strains was identical. Germination
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Fig. 2. A. Labelling of germinating conidia of WT (a,b) and mutant (c,d) with an anti-Galf monoclonal antibody and revealed with FITC conjugated goat anti-rat antibody. (a,c: phase contrast microscopy; b,d: fluorescence microscopy). B. Colonies of two ugm1 mutants (D1–D6), parental wild-type (WT) and revertant (REV) strains after 48 h growth at 30°C, 45°C and 50°C. Phase microscopy showing the branching pattern of the germ tubes of parental (a) and mutant (b) strains after 10 h growth in Sabouraud agar medium at 37°C.



kinetic of both strains was similar, where 100% of the conidia had germinated after 8 h incubation at 37°C on SAB plates. Nevertheless, a reduced growth phenotype was observed for the mutant strain when grown for 48–72 h in agar media (Fig. 2B). These growth phenotypes were temperature- and medium-independent since this differential growth phenotype was identical after incubation at 30°C, 45°C or 50°C (Fig. 2B) and on MM and MAL media (data not shown). Addition of sorbitol (1.2 M) or NaCl (1.5 M) did not correct the growth phenotype. The reduction of the colony diameter was associated to an important increase in the branching pattern. The hyphal growth unit was significantly reduced (P < 0.01) for the mutant when compared with the WT strain, 14.7 ⫾ 3.1 and 49.1 ⫾ 3.5 mm per apex, respectively, after 11 h growth at 37°C on SAB plates. The diameter of swollen conidia (data not shown) and mycelium of the mutant were significantly larger (P < 0.01) than those measured for the parental strain. The hyphal diameter was 5.3 ⫾ 0.4



and 3.8 ⫾ 0.3 mm for the mutant and the WT strain, respectively, after 8 h of germination at 37°C on SAB plates. In liquid shake flasks, neither total growth estimated as dry weight nor branching was affected in the ugm1 mutant. However, the size of the intercalary and apical cells along the hypha was reduced in the mutant at high temperature: 62 ⫾ 5 versus 94 ⫾ 5 mm for the apical cell and 20 ⫾ 1 versus 41 ⫾ 2 mm for the intercalary cell for the mutant and WT cell respectively (Fig. 3). A major phenotype seen was the difference in adhesion properties of the mutant and the WT strains. Swollen conidia and germ tubes of the mutant strain were highly adherent to glass or plastic surfaces. Swollen conidia or germ tubes adhering to glass or polystyrene coverslips were not washed away when hand-shaken under tap water (Fig. 4). Conidia with a germ tube (8–10 h germination) adhered better than swollen conidia (4 h incubation in medium at 37°C). In contrast, resting conidia from either the WT or the mutant strains did not adhere to both © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623
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Fig. 4. Adherence of resting, swollen and germinated conidia to glass after 4, 6 and 10 h of germination in Sabouraud liquid medium. Mean ⫾ SEM are shown; the asterisk indicates that the differences in adhesion of the ugm1 mutant and wild-type (WT) parental strains are statistically significant at all time points tested.



Fig. 3. Morphology of hyphae of the wild-type (A,B) and the ugm1 mutant (C,D) grown in shake-flasks in Sabouraud medium at 45°C for 3 days and labelled with Calcofluor White. See the intercalary cells that are shorter in the mutant and the presence of positive extracellular material deposited at the surface of the apical cell of the mutant (arrow).



surface tested. The changes in adhesion were associated to significant modifications of the outside layer of the cell wall (Fig. 5). In the WT strain, the cell wall was covered by an amorphous layer whereas in the mutant strain, an organized material was covering the cell wall. This material was responsible for holding germ tubes together and



glueing the cell wall to the surface. This extracellular matrix had a different structure when the fungus was grown on plastic or on glass (Fig. 5); the mutant adhered better to plastic than to glass. Changes in adhesion properties of the mutant to inert surfaces were also associated to an increased adhesion to human epithelial cells (Fig. 6). The difference in adhesion was seen for swollen and germinated conidia in presence or absence of FCS (data not shown), but not for resting conidia that poorly adhered to the cells. These data were in agreement with Q-RTPCR results that showed that AfUGM1 was mostly expressed during germ tube formation. Fig. 5. Scanning electron-micrographs, showing the difference in outer layers of the Afugm1 mutant (A,B) and wild-type strains (C,F). Note that the extracellular material of the ugm1 mutant (i) glues the germ tube to plastic (D; arrow) or glues two germ tubes (H1 and H2) together (E; arrow head) and (ii) has a different structure when the mutant is grown on plastic (A,D,E) or glass (B). Magnification: A, B and C bar = 1 mm; D, E and F bar = 0.5 mm.
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Fig. 6. Adhesion germinated conidia of ugm1 mutant (M) and wild-type strain (WT) to the bronchial epithelial cell line BEAS-2B after 90 min incubation in F-12K medium without fetal calf serum. Conidia were pre-incubated for 7 h in SAB medium before adding them to the cell culture flasks. Mean with SEM from seven biological replicates (three replicates per experiment) are significantly different (*).



The removal of galactofuran from the cell wall was associated to a more intense conA positivity of the mutant cell wall as well as an increased hydrophobicity (Figs 7 and 8). Adherence and hydrophobicity were lost when the germinating conidia were incubated with mannosidase whereas incubation with proteases, a-1,3-glucanase or b-1,3-glucanase did not alter the binding. In addition, the surface ornamentation of the mycelium was lost after incubation with the mannosidase (Fig. 9). The removal of the extracellular material by the mannosidase treatment was also correlated to the loss of the preferential binding of the ugm1 mutant to the epithelial cells (Fig. 10). These results showed that: (i) the deletion of AfUGM1 gene



resulted in a complete modification of the surface structure of the germ tubes of A. fumigatus that changed totally the cellular adhesion capacities of the mycelium; (ii) this change in adhesion properties was due to the unmasking of the cell wall mannan and (iii) removal of the mannan layer by a mannosidase treatment inhibit the binding of the hyphae of the ugm1 mutant in vitro to plastic and in vivo to epithelial cells. In our experimental conditions, MICs for cell wall drugs were identical for the WT and the mutant strains. They were 62 mg ml-1 for SDS, 32 mg ml-1 for calcofluor white, 500 mg ml-1 for Congo red, 1 mg ml-1 for micafungin and 10 mg ml-1 for caspofungin. The only significant difference between both strains was the exquisite sensitivity of the mutant to Zymolyase 100T. WT strain of A. fumigatus was killed by 125 U ml-1 of Zymolyase 100T whereas the mutant was killed by 0.2 U ml-1 of Zymolyase. However, the mutant was not more sensitive to Glucanex, a complex enzymatic mixture rich in b-glucanases currently used in our laboratory to produce protoplasts in A. fumigatus. The sensitivity of the mutant strain towards oxidative stresses was equivalent to that of WT strain and MIC values for both the strains were 2 mM for hydrogen peroxide and 0.05 mM for menadione. This lack of differential sensitivity to oxidative stresses suggested that the mutant would be as resistant as the WT to phagocytes. Indeed, no significant differences were seen for the conidial killing of the WT and Afugm1 mutant strains 24 h after their infection into immunocompetent mice. The percentage of survival (expressed as the number of colony-forming units (cfu) of viable conidia recovered from the lung 24 h after inoculation/number of cfu recovered from the lung immediately following inoculation ¥100) was 11 ⫾ 2% and 15 ⫾ 2% for mutant and WT strains respectively. In a murine model of pulmonary aspergillosis, Kaplan–Meier analysis showed that no difference was observed in the



Fig. 7. Labelling of the ugm1 mutant (A,B) and wild-type (C,D) A. fumigatus germ tube surfaces with ConA-FITC (fluorescence microscopy: A,C; light microscopy: B,D). Conidia were germinated for 7 h in Sabouraud medium. © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623



Galactofuranose attenuates cellular adhesion 1617 the only conserved domain at the N-terminal part of the UGM proteins. Residues involved in UDP-Galf binding were also conserved among pro- and eukaryotic UGM enzymes in spite of very low overall similarities between all UGM sequences (Beverley et al., 2005). Although UGM has been identified and studied in A. fumigatus, galactosyl transferases that are responsible for the
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In bacteria, parasites and fungi UDP-Galf arises through the action of a mutase that catalyses the re-arrangement of UDP-galactopyranose to UDP-Galf. Even though the crystal structure of several UGMp has been solved, the mechanism of the ring contraction promoted by the mutase has not been fully elucidated. The reaction would involve a direct nucleophilic addition of the reduced flavin to C1 of the sugar substrate. This coenzyme-substrate adduct will facilitate the opening and recyclization of the galactose ring (Soltero-Higgin et al., 2004; Carlson et al., 2006; Chad et al., 2007; Yuan et al., 2008). Eukaryotic UGMs have been less characterized but the mode of action seems similar since they are able to rescue bacterial Galf-dependent pathway. Moreover, the FAD binding site is very much conserved among all UGMs. It is indeed
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survival rate of immunosuppressed mice, based on two independent experiments (Fig. S3).
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Fig. 8. Hydrophobicity of the mycelium of wild-type strain (A), the ugm1 mutant native (B) or treated with mannosidase (C) for 8 h. Hydrophobicity is shown by the adherence of latex beads to the mycelium.
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Fig. 9. Changes in the surface ornamentation of the ugm1 mutant treated for 4 h (A) and 8 h (B) with Jack bean mannosidase, showing the gradual lyses of the extracellular material.



Fig. 10. Germination of ugm1 mutant conidia (ugm1) in the presence of mannosidase inhibits adhesion of conidial germ tubes to the bronchial epithelial cell line BEAS-2B. Binding of control and mannosidase treated germ tubes from wild-type strain (WT) was similar to the binding of the ugm1 conidia germinated in presence of mannosidase and significantly different from the untreated ugm1 mutant (shown by an asterisk ‘*’). Mean ⫾ SEM from two biological replicates (3 replicates per experiment) is presented.



1618 C. Lamarre et al. transfer of Galf to N- and O-glycans and to the polymerization of the galactofuran have yet to be identified in fungi. The role of Galf conjugates in the survival and virulence of pro- and eukaryotic microbes varies greatly with the species. In Mycobacterium tuberculosis, Galf is a vital component of the arabinogalactan connecting the cell wall peptidoglycan to the external mycolic acid layer (Raetz and Whitfield, 2002; Pedersen and Turco, 2003). UGM was shown to be essential for the causative agent of tuberculosis (Pan et al., 2001), a result that has stimulated the search for new drugs able to inhibit the biosynthetic pathways leading to Galf-containing glycans. In contrast, Galf in other bacteria such as Escherichia coli or Klebsiella pneumoniae is not essential and is only a part of the LPS O-antigens. Similarly, an ugm mutant of Leishmania major that is deficient in lipophosphoglycan and expresses truncated glycosylinositolphospholipids has an in vitro growth identical to the WT strain but an attenuated virulence (Kleczka et al., 2007). In T. cruzi, where Galf residues are key components of surface mucins, GPIanchored proteins and lipids, there is evidence that Galf may be essential for growth (Previato et al., 2004; MacRae et al., 2006; Turnock and Ferguson, 2007). In Aspergillus, a slight growth reduction was seen in A. fumigatus ugm1 mutant but in contrast to L. major, in our study the Afugm1 mutant was still pathogenic. During the course of our study, another group published a Galf less mutant in A. fumigatus (Schmalhorst et al., 2008) and the growth phenotype described by these authors was a lot more severe than the one seen in our study, with a growth of the mutant only reaching 25% of the WT and an almost complete loss of conidiation. These differences could come from the genetical background of the strains used for mutation that were different in the two studies. The higher reduction in the growth of the Schmalhorst’s mutant as well as a different experimental murine aspergillosis protocol (BALB/c mice treated with 100 mg kg-1 cyclophosphamide in the Schmalhorst studies while we used outbred OF1 immunosuppressed with 200 mg kg-1 cyclophosphamide) could be the reason for the limited reduction in virulence seen with the Schmalhorst’s mutant. In addition, significant differences were seen in the phenotypes of the A. fumigatus, A. nidulans and A. niger ugm mutants. In A. nidulans, the ugm mutant had a reduced and abnormal conidiation whereas there is no conidiation defects in the ugm1 mutant of A. fumigatus described here. The enlargement and branching of the mycelium was similar in the A. fumigatus and A. nidulans ugm mutants, but in contrast to A. fumigatus, the phenotype of the ugm mutant was partially remediable by growth on sucrose in A. nidulans (El-Ganiny et al., 2008). The A. niger ugma mutant was sensitive to cell wall stress (Calcofluor White, SDS). In A. fumigatus, the only pheno-



type associated to the cell wall stress seen was an increased sensitivity to Zymolyase, which could not be explained yet but that does not seem due to b-glucanases since Glucanex that contains similar b-glucanase activities as Zymolyase 100T did not affect growth of the WT and mutant strains. Moreover and in contrast to A. fumigatus, the growth defects in A. niger were temperature sensitive and were osmotic-remediable (Damveld et al., 2008). These differences may result from a different UGM organization in these two Aspergillus species since two paralogs have been found in the A. niger genome. There is, however, no indication for the role of UGMB in the A. niger Galf metabolism since this gene was not expressed under normal growth conditions and no additional phenotype was observed in a double ugmA/ugmB mutant. Perturbation of Galf metabolism in other moulds also affects growth. For example, cultures of Penicillum fellutanum in the presence of synthetic Galf derivatives and d-galactono-1,4-lactone lead to a reduction in the Galf content of cell walls, and hyphal cell structure was also strongly affected (Mariño et al., 2002). We have described in this report a new biological function for Galf-containing molecules in A. fumigatus. The shielding of the mannan chains by Galf residues reduces the adhesive capacities of A. fumigatus to many inert or biological surfaces, including host cells. Similarly, perturbation of the galactose metabolism in S. pombe leads also to an enhanced adhesion phenotype (Peng et al., 2001). In spite of its predominant presence in the A. fumigatus cell, the Galf-less mutant has only a slightly reduced growth phenotype and remains as pathogenic as the WT strain. This result showed that the A. fumigatus galactofuran biosynthetic pathway is not a drug target for this fungus, as it is for M. tuberculosis. This mutant will be however, of the best use to understand the immune defence reaction towards infection of the host since Galfcontaining molecules are major players in the humoral and adaptive immunity against A. fumigatus. Experimental procedures Cell line, fungal strains and media The A. fumigatus WT strain used in this study was akuBKu80 pyrG+ (da Silva Ferreira et al., 2006). It was maintained at room temperature on 2% malt agar slants, whereas the disrupted and reconstituted strains were maintained on the same medium supplemented with 100 mg ml-1 of hygromycin B (Sigma-Aldrich, Saint-Quentin Fallavier, France) or 30 mg l-1 of phleomycin (Cayla, Toulouse, France) respectively. Conidia were produced on 2% malt (MAL) agar slants for 3–5 days at 37°C, and recovered by vortexing with 0.05% (v/v) Tween 20 aqueous solution. Putative transformants were first streaked on malt plates supplemented with the appropriate selective drug, and grown 2 days at 37°C. Conidia were recovered for the extraction of DNA used in PCR screening of the transformants (see below). Monospores of © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623



Galactofuranose attenuates cellular adhesion 1619 PCR positives transformants were isolated and grown on 2% malt plates with the appropriate selective drug. The fungus was grown in the following liquid culture medium: YE (1% yeast extract), MM (Cove, 1966), SAB (2% glucose, 1% peptone; Biokar Diagnostics, Pantin, France), YPD (1% yeast extract, 2% peptone, 2% dextrose), and RPMI (Invitrogen). Plates were obtained by the addition of 1.5–2% agar to the medium. Human bronchial epithelial cell line BEAS-2B (American Type Cell Collection, Manassas, VA, USA) was used for the fungus-human cell adhesion assay. This cell line was maintained by serial passages in F-12K culture medium (Invitrogen Paisley, UK) supplemented with 10% fetal calf serum (FCS), 1% penicillin and streptomycin, 1% glutamine and 10 mM Hepes in 75 cm2 culture flasks. Cells were cultured in a humidified atmosphere at 37°C in 5% CO2.



DNA manipulation Genomic DNA samples used for transformants screening and verification were extracted and purified as previously described (Lamarre et al., 2007). For Southern blot analysis, 50 mg of genomic DNA was separated on a 0.7% agarose gel, blotted onto a positively charged nylon membrane (Hybond-N+, Amersham) and hybridized with PCR-amplified probe labelled with [a-32P]dCTP (GE Healthcare, Aulnay sous Bois, France) using a Readyprime II kit (GE Healthcare, Aulnay sous Bois, France) according to the manufacturer’s instruction. PCR products were gel extracted or purified using the Nucleospin kit (MachereyNagel, Hoerdt, Germany) according to the manufacturer’s instruction.



Construction of the deletion and complementation cassettes The deletion cassette used in this work was constructed by joining both AfUGM1 5′- and 3′-flanking sequences (FS) with the positively selectable marker Escherichia coli HPH gene from the pAN7.1 plasmid (Fig. S2A; Punt et al., 1987) using the PCR overlap method as described previously (Lamarre et al., 2007). All primers were designed using the Primer 3 software (http://frodo.wi.mit.edu/; Rozen and Skaletsky, 2000). Upstream and downstream AfUGM1 gene fragments were amplified from WT genomic DNA using primers 5mut5/5mut3 and 3mut5/3mut3 respectively (Table S2). Hygromycin B resistance cassette was amplified from pAN7.1 plasmid DNA using primers hp5mut/ hp3mut (Table S2). The three resulting PCR products were gelpurified and used as templates for a second round of PCR to produce the deletion cassette using primers 5mut5 and 3mut3. PCR conditions for both PCR round are described in Lamarre et al. (2007). The complementation strategy chosen was the re-introduction of the AfUGM1 gene at its locus. As for the deletion cassette, the complementation cassette resulted on the fusion of three DNA fragments obtained through PCR amplification using the PCR overlap methodology mentioned above. These three fragments are a 4-kb-long fragment containing the same 5′-flanking fragment as for the deletion cassette and the AfUGM1 gene using primers 5mut5 and 3hismut, a 1.1-kb-long DNA fragment amplified from the terminator region of the A. nidulans UGM gene (strain An3112.2) using primers 5mutterman and 3mutterman, and the phleomycin resistant gene encoded by the BLE gene, © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623



amplified from the pAN8.1 plasmid (Punt et al., 1987) using primers hp5hismut and hp3mut. A. nidulans UGMA terminator was used because A. nidulans promoter/terminator sequences are functional in A. fumigatus. As the A. fumigatus terminator sequence is included in the AfUGM1 3′-FS used for gene deletion, the introduction of the A. nidulans terminator that has a different sequence than the A. fumigatus terminator would avoid any putative homologous recombination between the AfUGM1 terminator sequence of the complementation cassette and the AfUGM1 3′-FS in the mutant strain genome, without the introduction of the phleomycin resistant marker (Fig. S2A). The same protocol and PCR conditions as mentioned above for the deletion cassette construction were used. This construction was targeted to the AfUGM1 locus through homologous recombination achieved by the AfUGM1 5′-FS and the resistance gene terminator sequence shared in pAN7.1 and pAN8.1 (Fig. S2A). Transformation of the WT and Afugm1 strain was achieved by an electroporation protocol that was slightly modified from the one published previously (Diaz-Guerra et al., 2003). After electroporation and incubation at 30°C for 90 min on a rotary shaker, transformation mixtures were cultured on YPD plates and incubated overnight at room temperature. The day after, drug was added to the plates to reach a final concentration of 350 mg ml-1 of hygromycin or phleomycin. The plates were incubated at 37°C for a week until transformants arose.



Real-time PCR Resting conidia (0) and germinated conidia of the WT strain (incubated for 2, 4, 8 and 16 h at 37°C in YPD broth at 150 r.p.m.) were disrupted with 0.5 mm glass beads using a Fastprep apparatus (3 ¥ 30 s, power 4.0, 4°C; BIO 101, La Jolla, USA) in 500 ml water-saturated phenol (pH 5, Prolabo) diluted 1:1 in water. Following two additional rounds of phenol and one round of chloroform extractions, RNA was ethanol precipitated and cleaned up by Dnase treatments: a first DNase treatment was carried out on the RNeasy column (Qiagen, Courtaboeuf, France) using DnaseI (Roche, France) and a second one was performed after elution of the RNA from the column with Turbo DNA-free DNAse (Ambion, Courtaboeuf, France). Five micrograms of total RNAs was reverse-transcribed using Superscript II Reverse Transcriptase (Invitrogen, Cergy Pontoise, France). Quantitative PCR assays were performed according to BioRad manufacturer’s instructions using 96-well optical plates (Thermo Scientific) and an iCycler iQ (170-8740, Bio-Rad). Each run was assayed in triplicates in a total volume of 20 ml containing the DNA template at an appropriate dilution, 1¥ Absolute SYBR green Fluorescein (Thermo Scientific), and 100 mM of each primers. The primers UGM15, UGM13, Actin5, Actin3, EF1a5 and EF1a3 (Table S2) were designed using the Beacon Designer 4.0 software. Amplicons of 108, 117 and 84 bp for AfUGM1, actin (Afu4g13390) and EF1a (Afu1g06390) genes, respectively, were generated using the following PCR conditions: 95°C/15 min for 1 cycle; 95°C/30 s and 55°C/30 s for 40 cycles. Amplification of one single specific target DNA was checked with a melting curve analysis (+0.5°C ramping for 10 s, from 55°C to 95°C). The generated data was then analysed using the Optical Systems v3.1 Software. The expression ratios were normalized to actin and EF1a expression, and calculated according to the DDCt method (Livak and Schmittgen, 2001). To verify the absence of genomic DNA contamination,



1620 C. Lamarre et al. negative controls in which reverse transcriptase was omitted were used for each gene set. Three independent biological replicates were performed.



In vitro growth of the mutant phenotype The effect of the AfUGM1 deletion on conidial germination and mycelial growth was evaluated on MM, YPD, SAB and RPMI plates at 30°C, 37°C, 45°C and 50°C. The diameter of the conidium and hypha, and the hyphal growth unit (= hyphal length/ number of apex) were assessed under light microscopy for up to 16 h. We tested at 37°C the sensitivity of the Afugm1 mutant to various stress conditions indicative of a cell wall defect such as Congo red (0.001–1 mg ml-1); Zymolyase 100T (0.1–125 U ml-1), Glucanex (5–25 mg ml-1), Calcofluor White (0.01–1 mg ml-1), SDS (0.002–2 mg ml-1) in YE liquid medium. The echinocandins caspofungin (0.1–10 mg ml-1) and micafungin (0.01–1 mg ml-1) on YE plates. Heat shock (survival to 70°C over time), osmotic stress induced by NaCl (1.5 M) and sorbitol (2 M) and oxidants such as hydrogen peroxide (up to 6 mM) and menadione (up to 0.16 mM) were tested on YPD plates. Plates were spotted with 104 conidia suspended in 5 ml of 0.05% (v/v) Tween 20 aqueous solution and incubated at 37°C for 48–72 h. Minimal Inhibitory concentrations (MICs) corresponded to the drug concentration that inhibited completely the fungal growth. In the case of echinocandin, the MIC was estimated as the concentration of drug allowing the lowest growth in the microtiter well. Reduction or absence of growth was monitored by eye. Growth in liquid culture was investigated using flasks shaken at 150 r.p.m. at 45°C. Dry weights were taken after 24, 48 and 72 h of growth.



Adhesion capacities of the Afugm1 mutant The cell-inert surface adhesion assays. This assay was performed on plastic (Thermanox TM, Miles Laboratories, Naperville, IL) and glass coverslips. Conidia (5 ¥ 103 cells) were germinated for 10 h in 50 ml of SAB liquid medium deposited on the slides. The non-adherent conidia were then removed from the surfaces by hand shaking the coverslips 10 times in water. Preliminary data showed that washing the coverslip under a stream of tap water gave similar but more heterogeneous results. The number of conidia per surface unit was counted. To inhibit adhesion to plastic, conidia (107 ml-1) were germinated in 24 well-plates (TPP, Trasadingen, Switzerland) in Sabouraud in presence of various enzymes: Jack bean mannosidase (Sigma; 125 mg ml-1), a-1,3-glucanase (Beauvais et al., 2005), b-1,3-glucanase (Aimanianda et al., 2009), proteinase K (Roche Diagnostics, Mannheim), Aspergillus alkaline protease, Aspergillus acid protease, Papain, Protease Type VIII, Protease Type XXVII, Protease Type XIV (all from Sigma). Proteases were tested either alone or in a mixture at 100 mg ml-1 per protease. After 7–8 h incubation at 37°C, germinated conidia adhering to the well were extensively washed with water and scrapped from the well after 1 h incubation in NaOH 1 N at 70°C and counted. The fungus–human cell adhesion assay. For this assay, conidia germinated for 7–8 h in SAB liquid medium in absence or in presence of mannosidase as described above, were first exten-



sively washed in a 0.05% (v/v) Tween 20 aqueous solution and then FITC-labelled as described previously (Sturtevant and Latgé, 1992). After extensive washings, the conidia were homogenized for 20–30 s with pulses using a Microtip probe in a B30 cell disrupter Sonifer (Branson) until a homogenous suspension of conidia was obtained. Three days before the adhesion assay, BEAS-2B cells were seeded on 24-well plates at 5 ¥ 104 cells/well in 300 ml of F-12K medium. For adhesion assays, germinated conidia (5 ¥ 105 cells) were added to the confluent epithelial cells and incubated for 90 min (37°C; 5% CO2) in absence of FCS. After washing with F-12K medium, the plates were observed under a fluorescence microscope. The seven h-germinated conidia adhering to the epithelial cells were recovered after lyses of the epithelial cells by the addition of 200 ml per well of an 0.05% (v/v) Tween 20 aqueous solution containing sodium azide (0.2 mg ml-1), and the number of conidia per culture well estimated in an hemacytometer.



Fluorescence microscopy Conidia obtained from A. fumigatus WT, mutant and complemented strains were grown in 1 ml of YPD or SAB media for 10 h on glass coverslips. Cells were fixed (2.5% paraformaldehyde in PBS) for 1 h at RT, washed (0.1 M ammonium acetate in PBS) three times for 15 min and once with 1% BSA in PBS. Cells were then incubated with rat MAbs or ConA. Pre-incubation, antibody incubation and washes were conducted for 1 h at RT in PBS containing 1% BSA. The rat anti-Galf monoclonal antibody (BioRad, a kind gift of M. Tabouret of Steenvorde) or a control Rat mAb of the same isotype (Stynen et al., 1992) and the secondary antibody goat antirat FITC (Sigma-Aldrich) were used at a dilution of 1:1000 and 1:500 respectively. For ConA-labelling, fixed germ tubes were incubated with ConA-FITC (100 mg ml-1; SigmaAldrich) as such or pre-incubated with yeast mannan (1 mg ml-1) to serve as a control, and washed with PBS before observation. Cells were mounted in Mowiol and inspected by fluorescence microscopy. Septum position was investigated in presence of CalcoFluor White (1 mg ml-1) as described (Beauvais et al., 2007).



Scanning electron microscopy Conidia germinated for 7 h at 37°C in 50 ml of SAB liquid medium on the surface of a plastic or a glass coverslip were fixed directly in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). They were then washed three times for 5 min in 0.2 M cacodylate buffer (pH 7.2), post-fixed for 1 h in 1% (w/v) osmium tetroxide in 0.2 M cacodylate buffer (pH 7.2), and then rinsed with distilled water. Samples were dehydrated through a graded series of ethanol solution (25%, 50%, 75%, 95% and 100%) followed by critical point drying with CO2. Dried specimens were sputtered with 10 nm gold palladium using a GATAN Ion Beam Coater (Gatan, Pleasanton, CA). Samples were examined with a JEOL JSM 6700F field emission scanning electron microscope operating at 5 Kv and photographed with the upper SE detector (JEOL, Tokyo, Japan). Conidia adhering to the plastic were incubated in presence of Jack bean mannosidase (125 mg ml-1 in a 50 mM acetate buffer pH 5.2) for 4 and 8 h before being processed for SEM as described above. © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623



Galactofuranose attenuates cellular adhesion 1621 In vivo experiments To investigate the killing of conidia of WT and mutant strains by immunocompetent mice, 35–40 g male Swiss mice (Janvier, Le Genest St Isle, France) were infected with 107 conidia. Mouse broncho-alveolar lavages (BALs) were collected 24 h after infection and the percentage of surviving conidia was assessed by cfu counts. The ratio number of cfu of viable conidia recovered from the lung 24 h after inoculation/number of cfu recovered from the lung immediately following inoculation estimated the survival rate. Two experiments were performed with four mice per experiment. The virulence of the WT and mutant strains was also tested in a murine model of experimental aspergillosis as previously described (Smith et al., 1994). Briefly, mice were immunosuppressed by intraperitonal injections of cyclophosphamide (200 mg kg-1; Sigma-Aldrich) at day -3, -1, +3, +6 and +10, and cortisone acetate (112 mg kg-1; Sigma-Aldrich) at day -3 and -1 (day of infection with conidia is referred as day 1). Mice were infected intranasally with 105 conidia. Drinking water was supplemented with tetracycline (0.5 mg ml-1; Sigma). Survival of mice was followed twice daily over a period of 14 days. Two independent experiments with cohorts of 10 mice were performed.



Statistical analysis Variance analysis and Kaplan–Meier survival analysis were performed using the JMP software. Average ⫾ standard deviation values were computed. Significance for any analysis with a P-value of < 0.05 is indicated.
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Supporting information Additional Supporting Information may be found in the online version of this article: Fig. S1. Correct sequence of Af UGM1 (annotated as Afu3g12690). Based on Bakker’s data, the UGM1 open reading frame contained 1879 bp, interrupted by 5 introns (identified as I1 to I5 and corresponding to the thin line on the ORF representation) of 84, 60, 69, 64 and 72 bp (starting at position 18, 173, 313, 733 and 1223 respectively. Nucleotide positions are indicated below ORF representations), and encoded a predicted protein of 510 amino acids (exons are represented as thick gray bars). The UDP-galactopyranose mutase encoding gene reported in the Aspergillus fumigatus genome project predicted a 543-aminoacid protein. This 33-amino-acid-longer protein results from two mistakes regarding intron positioning: (i) the first intron, localized between nucleotides 18 and 101, was omitted, resulting in an increase in the protein size by 28 amino acids, and (ii) intron 4 © 2009 Blackwell Publishing Ltd, Cellular Microbiology, 11, 1612–1623



Galactofuranose attenuates cellular adhesion 1623 was misplaced, from nucleotides 734–782 instead of 733–796, adding five other amino acids to the protein sequence. Moreover, there are three nucleotide substitutions between the genome project and Bakker’s DNA sequences indicated in parenthesis (numbering of DNA and protein sequences based on Bakker’s and co-workers sequences): G to A and A to G at positions 975 and 976, resulting in a R233K amino acid permutation. The third substitution is T to C at position 1495 and did not induced amino acid permutation. Fig. S2. Construction of the AfUGM1 deleted and reconstructed mutant of A. fumigatus. Schematic representation of restriction maps of genomic fragments (A). Southern blot analysis from the wild-type (WT), the E. coli HPH containing deleted (D) (B) and WT and the BLE (REV) containing complemented allele (C). Transformants having a locus-specific integration of the deletion cassette were first detected through PCR analysis using verification primers (verif.mut5 and verif.mut3; Table S2). DNA blots of positive PCR-transformants were hybridized with the respective [a-32P]-dCTP-labelled entire transformation cassettes, indicated by the dotted line for the deletion cassette, and the dashed and dotted line for the complementation cassette. The sizes of the
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relevant DNA fragments (Kb) generated by Xba I or Hind III genomic DNA digestions are indicated. Black plain line indicates A. fumigatus genomic DNA. Gray plain line indicates pAN7.1 or pAN8.1 plasmidic DNA. Thin and spotted black line indicates A. nidulans genomic DNA corresponding to the AnUGM terminator. Crossed boxes indicate the Ugm1 5′- (5′FS) and 3′-flanking (3′FS) sequences used for homologous recombination in gene deletion and/or complementation. Fig. S3. Experimental aspergillosis data showing the equivalent virulence of the ugm1 mutant (dotted line) and wild-type (continuous line) strains as shown by Kaplan–Meier survival curve. Table S1. Relative hexose composition of cell wall and membrane fractions isolated from wild-type and ugm1 mutant of A. fumigatus. Table S2. List of primers used in this study. Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the Correspondence for the article.
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