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Invasive lung disease caused by Aspergillus species is a potentially fatal infection in immunocompromised
patients. The adhesion of Aspergillus fumigatus conidia to proteins in the basal lamina is thought to be an initial
step in the development of invasive aspergillosis. The purpose of this study was to determine the mechanism
of adhesion of A. fumigatus conidiospores to basal-lamina proteins and to determine whether conidia possess
unique adhesins which allow them to colonize the host. We compared conidia from different Aspergillus species
for the ability to bind to purified fibronectin and intact basal lamina. Adhesion assays using immobilized
fibronectin or type II pneumocyte-derived basal lamina showed that A. fumigatus conidia bound significantly
better than those of other Aspergillus species to both fibronectin and intact basal lamina. Neither desialylation
nor complete deglycosylation of fibronectin decreased the binding of A. fumigatus conidia to fibronectin,
suggesting that oligosaccharides on fibronectin were not involved in conidiospore binding. Further evidence for
this hypothesis came from experiments using purified fragments of fibronectin; A. fumigatus conidia prefer-
entially bound to the nonglycosylated 40-kDa fragment which contains the glycosaminoglycan (GAG) binding
domain. Negatively charged carbohydrates, including dextran sulfate and heparin, as well as high-ionic-
strength buffers, inhibited binding of A. fumigatus conidia to both fibronectin and intact basal lamina,
suggesting that negatively charged carbohydrates on the surface of the conidium may bind to the GAG binding
domain of fibronectin and other basal-lamina proteins. These data provide evidence for a novel mechanism of
conidial attachment whereby adherence to fibronectin and other basal-lamina proteins is mediated via nega-
tively charged carbohydrates on the conidial surface.

Over the past decade, the emergence of new fungal patho-
gens and the reemergence of previously uncommon fungal
diseases has escalated (14). This is primarily due to increases in
the numbers of immunocompromised persons, for example,
bone marrow and organ transplant recipients (47), cancer pa-
tients being treated with cytotoxic chemotherapy (4), and peo-
ple with AIDS (28). The most common invasive mold infection
worldwide is caused by Aspergillus species (34). The genus
Aspergillus contains several species that are capable of causing
disease (Aspergillus fumigatus, Aspergillus flavus, Aspergillus ni-
ger, Aspergillus terreus, and Aspergillus nidulans); however, over
90% of all cases are caused by A. fumigatus (12). Clinical
manifestations of Aspergillus infection include aspergilloma
(colonization of preexisting lung cavities) and invasive as-
pergillosis (8). Inhalation of infectious particles (conidia) re-
sults in conidial adhesion followed by hyphal invasion of the
bronchial wall (5). Dissemination through the vasculature can
result in colonization of other organs, which is associated with
a poor prognosis (5). If not treated, the mortality rate of
invasive aspergillosis is nearly 100% (13), and the overall suc-
cess rate of antifungal therapy is only 34% (12). New strategies
for the prevention and treatment of invasive aspergillosis are
therefore urgently needed.

Since A. fumigatus conidia account for less than 1% of all
airborne conidiospores (2), their virulence is thought to be
unrelated to their prevalence in the environment. Thus, A.

fumigatus must possess unique virulence factors which allow it
to colonize the host. The colonization of a host by a pathogenic
microorganism depends on its ability to adhere to and, in some
cases, invade host cells and tissues (16). Similarly, the devel-
opment of an Aspergillus infection is thought to be dependent
on the adhesion of Aspergillus conidia to host cells and/or to
the extracellular matrix (ECM) (7). Recently, several groups
have investigated the adhesion of A. fumigatus conidia to pu-
rified ECM proteins, such as fibronectin (9, 31), laminin (9, 20,
45), and type IV collagen (9, 20). In addition, Bromley and
Donaldson have demonstrated that A. fumigatus conidia can
bind to intact lung cell basal lamina in vitro (9).

Various mechanisms have been proposed by which A. fu-
migatus conidia adhere to these ECM proteins. The cell bind-
ing domain of fibronectin contains a sequence, GRGDS, which
is specifically recognized by mammalian integrins (33). The
pathogenic yeast Candida albicans can bind the GRGDS se-
quence in complement fragment iC3b (3) via a receptor which
shares some similarities with the integrin family of proteins
(17, 24), and it has been suggested that integrinlike proteins
may be found in A. fumigatus (24). Support for this hypothesis
comes from experiments using GRGDS as a competitive li-
gand which demonstrated that the peptide inhibited the bind-
ing of conidia to immobilized fibronectin by approximately
40% (9, 20). In contrast, the literature suggests that the binding
of A. fumigatus conidia to laminin occurs by a different mech-
anism, because addition of the synthetic peptides RGD,
GPRP, and YIGSR did not prevent spore attachment to lami-
nin (6). Adhesion to laminin was found to be inhibited by the
negatively charged sugars N-acetylneuraminic acid and sia-
lyllactose (6). The authors proposed that sialic acids on the

* Corresponding author. Mailing address: Department of Biological
Sciences, Simon Fraser University, 8888 University Dr., Burnaby, B.C.,
Canada. Phone: (604) 291-3441. Fax: (604) 291-3496. E-mail: mmoore
@sfu.ca.

3377



oligosaccharide moiety of laminin were bound by a fungal
lectinlike receptor (6). Interestingly, Penicillium marneffei, an-
other fungal pathogen, has been shown to interact with laminin
and fibronectin via a sialic acid-dependent mechanism (21, 22);
N-acetylneuraminic acid inhibited binding of P. marneffei
conidia to both laminin (22) and fibronectin (21).

Preliminary results in our laboratory suggested that A. fu-
migatus and other Aspergillus species differed in their extents of
binding to fibronectin. Furthermore, binding was not inhibited
by GRGDS, indicating that the cell binding domain may not be
involved in conidiospore adhesion to fibronectin. Therefore,
the aims of the present study were twofold: (i) to determine
whether A. fumigatus conidia bound to purified ECM proteins
and basal lamina to a greater extent than the conidia of other
Aspergillus species and (ii) to establish the mechanism by which
A. fumigatus conidia adhere to fibronectin and basal lamina.
The results of these studies provide strong evidence for a novel
binding mechanism involving negatively charged carbohydrates
present on the conidiospore cell wall.

MATERIALS AND METHODS

Aspergillus strains and growth conditions. The following Aspergillus species
were used in this study. Three strains of A. fumigatus, ATCC 13073, ATCC
42202, and CHUV (a gift from M. Monod, Laboratoire de Mycologie, Centre
Hospitalier Universitaire Vaudois, Lausanne, Switzerland); three strains of A.
flavus, hospital isolate number 1 (HI 1) (isolated from a patient with chronic
granulomatous disease at British Columbia Children’s Hospital, Vancouver),
ATCC 11495, and ATCC 64841; two strains of Aspergillus ornatus, ATCC 16921
and ATCC 66492; and two strains of Aspergillus wentii, ATCC 10584 and ATCC
1023. The fungi were grown on YM agar (0.3% yeast extract, 0.3% malt extract,
0.5% peptone, and 0.5% dextrose) for 5 to 14 days at 28°C (except A. ornatus
ATCC 66492, which was grown at 24°C) until the conidia were fully mature. The
conidia were harvested by flooding the plate with phosphate-buffered saline, pH
7.4 (PBS)–0.05% Tween 20 and gently scraping it with a sterile cotton swab. The
suspension was then vortexed for 1 min to break up the chains of conidia, and the
hyphal fragments were removed by filtration through sterile glass wool. The
conidia were pelleted by centrifugation (1,500 3 g; 2 min), resuspended in PBS,
and counted with a hemacytometer.

Preparation of basal lamina from cultured lung cells. The type II pneumocyte
cell line A549 was obtained from the American Type Culture Collection (Man-
assas, Va.) (CCL-185). The cells were seeded overnight in RPMI 1640 medium
(Life Technologies, Burlington, Ontario, Canada) containing 10% fetal bovine
serum (ICN Pharmaceuticals, Montreal, Canada), 100 mg of streptomycin/liter,
and 16 mg of penicillin/liter (both from Sigma-Aldrich Canada, Oakville, On-
tario, Canada) at 1.5 3 105 cells/well (for chamber slide experiments) or at 1.0 3
105 cells/well (for microtiter plate experiments). The following day, the cells were
stripped off by treating them with 0.1 M NH4OH for 30 min at 37°C, and the
wells were then washed two times with PBS. This procedure removes the cells but
leaves the basal lamina intact (27). The presence of basal lamina was confirmed
by immunodetection with a mouse monoclonal anti-type IV collagen antibody
(M3F-7) (Developmental Studies Hybridoma Bank, University of Iowa).

Peroxidase labeling of A. fumigatus conidia. The biotinylation and peroxidase
labeling of conidia were carried out essentially as described by Peñalver et al.
(31) with minor modifications. Briefly, 2 3 108 A. fumigatus ATCC 13073
conidia/ml were resuspended in 100 mM carbonate buffer, pH 10.0, containing 2
mg of n-hydroxysuccinimidobiotin (Sigma)/ml (previously dissolved in dimethyl
sulfoxide) and incubated at 28°C for 75 min on a rotator. The biotinylated
conidia were then washed twice with 50 mM sodium phosphate (pH 6.0) and
once with 10 mM Tris-Cl (pH 7.4)–0.9% NaCl (TBS) and finally resuspended in
TBS containing 0.05% Tween 20 and 1% bovine serum albumin (BSA) (ICN).
ExtrAvidin peroxidase (Sigma) was added at 1:100, and the solution was incu-
bated for 1 h at room temperature. The labeled conidia were then washed three
times with PBS and counted with a hemacytometer. Peroxidase labeling of
conidia does not interfere with adhesion of the conidia to fibronectin, laminin, or
type IV collagen (20).

Adherence assays on glass slides. Fibronectin at 0 or 50 mg/ml (dissolved in
300 ml of PBS) was added to eight-well chamber slides (Becton-Dickinson Can-
ada, Inc., Mississauga, Ontario, Canada) and incubated for 1 h at 37°C and then
overnight at 4°C. The basal lamina was prepared in chamber slides as described
above. The slides were blocked with PBS–0.1% BSA (500 ml per well) for 1 h at
37°C. This blocking solution was then aspirated, and 200 ml of conidium suspen-
sion at 108/ml was added to protein-coated wells or control wells without protein.
The slides were incubated for 1 h at 37°C, after which nonadherent conidia were
removed by washing the slides three times with 500 ml of PBS–0.05% Tween
20/well. The bound conidia were then fixed for 30 min with 300 ml of 2.5%
glutaraldehyde in PBS and counted with an Olympus Vanox microscope at

31,000 magnification. Five fields were captured for each well (by a Sony 950
video camera connected to the microscope), and the number of conidia per field
was determined by the computer program Eclipse (Empix Imaging, Mississauga,
Ontario, Canada).

Adherence assay on microtiter plates. Adherence assays were performed es-
sentially as described by Peñalver et al. (31). Immulon 2 microtiter plates (VWR
Canlab, Edmonton, Canada) were coated with 200 ml of a 50-mg/ml fibronectin
solution (dissolved in PBS) for 1 h at 37°C and then overnight at 4°C. Microtiter
plates were coated with the basal lamina as described above. For the experiments
using fibronectin fragments, each well was coated with 200 ml of a 2.5 mM
solution of each fragment (or 0.12 mM intact fibronectin). The plates were
blocked with 200 ml of PBS–0.1% BSA per well for 1 h at 37°C. The wells were
aspirated, and then 200 ml of peroxidase-labeled A. fumigatus ATCC 13073
conidia at 108/ml was added to each well. Nonadherent conidia were removed by
washing the plates three times with 200 ml of PBS–0.05% Tween 20 per well.
Bound conidia were detected by the addition of 100 ml of substrate solution
(phosphate-citrate buffer [pH 5.0] containing 0.4 mg of o-phenylenediamine/ml
and 0.4 ml of H2O2/ml) per well for 2 to 8 min at room temperature. The reaction
was stopped with the addition of 25 ml of 3 M H2SO4 per well. The plates were
read on a microplate reader (Bio-tek Instruments) at 490 nm. For fibronectin
fragment inhibitor experiments, the conidia were preincubated with a 3.75 mM
solution of one of the fragments for 1 h at 37°C before being added to fibronec-
tin-coated wells. For carbohydrate inhibitor experiments, the conidia were coin-
cubated with either dextran sulfate (Sigma), porcine heparin (Calbiochem, La
Jolla, Calif.), keratan sulfate, or chondroitin sulfate at the concentrations noted
in the figure legends. All carbohydrate solutions were used at physiological pH.
For the peptide inhibitor experiments, the conidia were coincubated with
GRGDS peptide (Sigma) or scrambled peptide SGGDR (University of Victoria
Microsequencing Center, Victoria, British Columbia, Canada). For the experi-
ments examining the effects of ionic strength on conidial adhesion, conidia were
suspended in PBS containing differing concentrations of NaCl (1.6, 4.0, 8.0, 16.0,
40.0, or 80.0 g/liter).

Desialylation of fibronectin. Fibronectin (50 mg) was incubated with 0 or 0.05
U of Vibrio cholerae a 2-3,6,8 neuraminidase (Calbiochem) for 16 h at 37°C in 50
mM sodium acetate (pH 5.5) containing 1 mM CaCl2 and 13 protease inhibitor
cocktail (Sigma). The following day, the samples were diluted in PBS and 10 mg
of protein was added to the wells of an Immulon 2 plate. Another sample (1.5
mg) was tested for desialylation by lectin blotting as described below. The plate
was incubated at 37°C for 1 h and then at 4°C overnight. The next day a standard
microtiter plate adherence assay was performed.

Lectin blotting of desialylated fibronectin. Desialylated and native fibronectin
were run on a 7.5% sodium dodecyl sulfate (SDS) polyacrylamide gel (Bio-Rad
Mini Protean II system) (1.5 mg/lane) and transferred to nitrocellulose mem-
brane using the Pharmacia semidry transfer apparatus according to the manu-
facturer’s directions. The membrane was blocked for 1 h in PBS–0.05% Tween
20–1% skim milk and then probed with 10 mg of biotinylated Sambucus nigra
agglutinin (SNA) (Sigma)/ml diluted in PBS–0.05% Tween 20 for 2 h. To bio-
tinylate SNA, 0.06 mg of N-hydroxysuccinimido-long chain Biotin (Pierce, Rock-
ford, Ill.) was incubated with 1 mg of SNA in 0.1 M sodium phosphate–0.15 M
NaCl (pH 7.2) for 2 h at room temperature. Unreacted biotin was removed by
filtration through an Ultrafree 10,000 molecular weight cutoff filter (Millipore)
according to the manufacturer’s instructions. SNA recognizes sialic acid a (236)
galactose (39), which is the predominant sialic acid found on bovine fibronectin
(25). The blot was rinsed three times for 10 min each time with PBS–0.05%
Tween and then incubated with streptavidin-horseradish peroxidase (Life Tech-
nologies) diluted 1:2,000 in PBS–0.05% Tween 20 for 1 h. The membrane was
washed again as described above (four times) and then developed with the DAB
substrate (6 mg of diaminobenzidine tetrahydrochloride [Sigma] in 10 mM
Tris-Cl [pH 7.6] containing 0.3% NiCl2 and 1 ml of H2O2/ml).

Deglycosylation of fibronectin. Fibronectin was deglycosylated according to
the manufacturer’s instructions with the ProLink deglycosylation kit (Prozyme
Inc., San Leandro, Calif.). Briefly, 40 mg of protein was deglycosylated under
denaturing or nondenaturing conditions. Fibronectin was denatured by heating it
at 100°C in denaturation buffer prior to the addition of glycosidase enzymes. The
protease inhibitors aprotinin, leupeptin (at 10 mg/ml), and pepstatin (at 0.7
mg/ml) (all from Sigma) were included to prevent degradation of fibronectin by
any contaminating proteases. Deglycosylation reactions were carried out for 3 h
(for denatured samples) or 6 h (for nondenatured samples) at 37°C. Deglycosy-
lation was confirmed by running deglycosylated and native proteins on SDS-
polyacrylamide gel electrophoresis and observing the decrease in molecular
mass; native fibronectin had a molecular mass of 206 kDa, and deglycosylated
fibronectin was 201 kDa. Microtiter plates were then coated with the samples for
use in spore adherence assays.

Miscellaneous chemicals and reagents. Bovine fibronectin and the 40-kDa
fibronectin fragment were obtained from Sigma Chemical Co., and the 45- and
120-kDa fibronectin fragments were from Canadian Life Technologies. Micro-
bial culture supplies were from Difco Laboratories (Detroit, Michigan). Miscel-
laneous chemicals were from Sigma. Keratan sulfate and chondroitin sulfate
were obtained from C. R. Roberts, Department of Oral Biological and Medical
Sciences, University of British Columbia, Vancouver, British Columbia, Canada.

Statistics. Differences in binding between Aspergillus species were analyzed by
Proc Mixed analysis of the difference as a randomized complete block design in
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SAS (version 6.12; SAS Institute). Variations were reported as the 95% confi-
dence interval of the mean and therefore are equivalent for all data sets. For all
other experiments, the results are expressed as the mean 6 standard deviation of
three replicates, and each experiment was done three times unless otherwise
noted. The Student t test was used for statistical analysis of data.

RESULTS

A. fumigatus conidia bind significantly better to basal lam-
ina and fibronectin than those of other Aspergillus species. To
determine whether A. fumigatus conidia preferentially adhere
to extracellular matrix proteins compared to those of other
Aspergillus species, the relative levels of binding to intact lung
cell basal lamina and to fibronectin in four species (two to
three strains/species) within the Aspergillus genus were com-
pared. In addition to the three A. fumigatus strains, A. flavus
(three strains), A. wentii (two strains), and A. ornatus (two
strains) were also studied. A. flavus and A. wentii can cause
aspergillosis, although they are much less frequently observed
as causative agents of invasive aspergillosis (especially A. wen-
tii) than A. fumigatus (12). A. ornatus is a nonpathogenic As-
pergillus species (34).

We first investigated the adhesion of Aspergillus species to
intact basal lamina from cultured lung cells. Conidia from each
species were added to basal-lamina-coated plates, and the
bound conidia were counted by computer-aided microscopy.
The number of A. fumigatus conidia bound to the basal lamina
was dependent on the amount of basal lamina present (data
not shown). All A. fumigatus strains bound significantly better
to the basal lamina than both A. ornatus strains and A. wentii
strains (P , 0.05) (up to 50-fold greater) (Table 1).

We next investigated the adhesion of Aspergillus species to
purified fibronectin, a component of the basal lamina (37).
A. fumigatus conidia bound significantly better (P , 0.05) to
fibronectin (up to 90-fold) than those of the nonpathogenic
A. ornatus strains and A. wentii ATCC 10584; A. wentii ATCC
1023, a rare pathogen, showed intermediate levels of binding
(Table 2). Interestingly, A. flavus strains bound to fibronectin
at levels comparable to (or less than) those of A. wentii strains;
adhesion was 10- to 50-fold less than the adhesion of A. fu-
migatus.

Taken together, these results demonstrate that A. fumigatus
conidia adhere to both fibronectin and basal lamina signifi-
cantly better than those of other, less pathogenic Aspergillus
species. Furthermore, the results with fibronectin paralleled
those obtained using intact basal lamina, suggesting that fi-

bronectin may be a good model ECM protein for the study of
A. fumigatus spore adhesion to lung basal lamina. All subse-
quent experiments employed A. fumigatus strain ATCC 13073.

Adhesion of A. fumigatus conidia to fibronectin is not medi-
ated via the RGD peptide or oligosaccharides on the fibronec-
tin glycoprotein. Previous studies have indicated that A. fu-
migatus conidia may bind to fibronectin at the cell binding
domain via the RGD sequence, because addition of GRGDS
peptide reduced binding by 40% (9, 20). However, we have
found that neither GRGDS nor a scrambled peptide con-
trol, SGGDR, significantly inhibited the adhesion of A. fu-
migatus conidia to fibronectin (Fig. 1). From their studies of
spore adhesion to laminin, Bouchara et al. concluded that
sialic acids present in the oligosaccharide moieties of the lami-
nin glycoprotein bind to a receptor on the spore surface (6).
Because fibronectin is also glycosylated, we postulated that a
similar mechanism may mediate spore binding to fibronectin.
Fibronectin was desialylated by incubating it for 16 h in the
presence or absence of V. cholerae a 2-3,6,8 neuraminidase.

FIG. 1. Effect of GRGDS peptide on the adhesion of A. fumigatus conidia to
fibronectin. Microtiter plates were coated with fibronectin at 50 mg/ml for 1 h at
37°C, and the next day a standard conidium binding assay was performed.
Background wells contained BSA only. Peroxidase-labeled conidia were diluted
in 0, 0.5, or 1.0 mg of GRGDS or SGGDR peptide/ml and added to the
fibronectin-coated wells for 1 h at 37°C. Unbound conidia were washed with
PBS-Tween, and the number of bound conidia was determined by measuring the
optical density (OD) at 490 nm after the addition of substrate. The values are the
means 6 standard deviations of triplicate wells, and the figures are representa-
tive of three independent experiments.

TABLE 1. Adhesion of Aspergillus species to
A549-derived basal laminaa

Species and strain No. of conidia bound per field
(magnification, 31000)

A. fumigatus ATCC 13073 242 6 36
A. fumigatus ATCC 42202 234 6 36
A. fumigatus CHUV 225 6 36
A. wentii ATCC 10584 18 6 36b

A. wentii ATCC 1023 27 6 36b

A. ornatus ATCC 16921 5 6 36b

A. ornatus ATCC 66492 7 6 36b

a A549 cells (1.5 3 105/well) were seeded into chamber slides and incubated
overnight. The following day, the basal lamina was prepared (see Materials and
Methods) and added to each well. Bound conidiospores were counted as de-
scribed in Materials and Methods.

b Statistically different from A. fumigatus strains (P , 0.05) as determined by
Proc Mixed analysis of the difference as a randomized complete block design in
SAS. The values are the least-squares means (background subtracted) 6 2
standard errors of triplicate wells of two independent experiments performed on
separate days.

TABLE 2. Adhesion of Aspergillus species to fibronectina

Species and strain No. of conidia bound per field
(magnification, 31000)

A. fumigatus ATCC 13073 273 6 52
A. fumigatus ATCC 42202 263 6 52
A. fumigatus CHUV 151 6 52
A. flavus HI no. 1 30 6 52b

A. flavus ATCC 11495 4 6 52b

A. flavus ATCC 64841 30 6 52b

A. wentii ATCC 10584 13 6 52b

A. wentii ATCC 1023 91 6 52
A. ornatus ATCC 16921 3 6 52b

A. ornatus ATCC 66492 4 6 52b

a Chamber slides were coated with fibronectin at the indicated concentrations.
Conidia were allowed to adhere, and then unbound conidia were washed off with
PBS-Tween. Bound conidia were counted as described in Materials and Meth-
ods.

b Statistically different from A. fumigatus strains (P , 0.05) as determined by
Proc Mixed analysis of the difference as a randomized complete block design in
SAS. The values are the least-squares means (background subtracted) 6 2
standard errors of triplicate wells of three independent experiments performed
on separate days.
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The removal of sialic acid was confirmed by immunoblotting
both native and desialylated fibronectin with a sialic acid-spe-
cific lectin, SNA. SNA detected a 220-kDa band only in the
native, sialylated form (Fig. 2A). A microtiter plate was then
coated with the samples and used in an adherence assay. A.
fumigatus conidia bound equally well to the sialidase-treated
and untreated fibronectin (Fig. 2B). To determine whether
conidia were binding to other sugars on the remaining portions
of the oligosaccharide chains, fibronectin was completely deg-
lycosylated under denaturing and nondenaturing conditions
and conidial attachment was measured using a spore binding
assay in microtiter plates. Deglycosylation was monitored by
SDS-polyacrylamide gel electrophoresis (data not shown). A.
fumigatus conidia bound equally well to glycosylated and deg-
lycosylated fibronectin (Fig. 3); however, denaturation of fi-
bronectin significantly decreased conidiospore binding (P ,
0.05) (Fig. 3). Taken together, these results suggest that the
oligosaccharide chains of fibronectin are not required for con-
idiospore binding and that fibronectin must have an intact
tertiary protein structure for A. fumigatus conidia to adhere.

A. fumigatus conidia bind to the GAG binding region of
fibronectin. To establish whether the conidia were attaching to
a specific region of the fibronectin protein, microtiter plates
were coated with individual fragments of fibronectin contain-
ing either the gelatin-binding domain (45 kDa) (26, 42), the
cell binding domain (120 kDa) (32), or the glycosaminoglycan

(GAG) binding domain (40 kDa) (18, 26), and the fragments
were tested for the ability to promote conidial binding. Of the
three fragments, only the 40-kDa fragment (containing the
GAG binding domain) bound significant amounts of conidia
(P , 0.05) (Fig. 4A). However, binding of the conidia to the
40-kDa fragment was only observed when at least a 2.5 mM
concentration of this fragment was bound to the plate, whereas

FIG. 2. Adhesion of A. fumigatus conidia to desialylated fibronectin. (A)
Fibronectin was incubated with or without V. cholerae neuraminidase for 16 h at
37°C. Samples were run on a 7.5% acrylamide gel, transferred to nitrocellulose,
and then probed with a biotinylated sialic acid-binding lectin, SNA. The lectin
bound only to the untreated fibronectin (a) and not to the sialidase-treated
sample (b). The location of the molecular mass standard is shown on the right.
(B) Microtiter plates were coated with fibronectin (Fn) (untreated and desialy-
lated as described above) from panel A for 1 h at 37°C, and the next day a
standard conidium binding assay was performed. A sample of native fibronectin
(not pretreated with acetate buffer overnight) was included as a control (native).
Background wells contained BSA only. Peroxidase-labeled conidia were added to
the wells, and the number of bound conidia was determined by measuring the
optical density (OD) at 490 nm after the addition of substrate. The values are the
means 6 standard deviations of triplicate wells, and the figures are representa-
tive of three independent experiments. Fn 1 S, sialidase treated fibronectin;
Fn 2 S, sham treated fibronectin (no enzyme).

FIG. 3. Adhesion of A. fumigatus conidia to native and deglycosylated fi-
bronectin. Fibronectin was treated with glycosidases (shaded bars) or no en-
zymes (open bars) under denaturing (3 h at 37°C following heating to 100°C for
5 min in denaturation buffer) or nondenaturing (6 h at 37°C) conditions, and
then microtiter plates were coated with it. The background wells contained BSA
only (solid bars). Peroxidase-labeled conidia were added to the wells, and the
number of bound conidia was determined by measuring the optical density (OD)
at 490 nm after the addition of substrate. The values are the means 6 standard
deviations of triplicate wells, and the figures are representative of three inde-
pendent experiments. p, P , 0.05 versus nondenatured.

FIG. 4. Adhesion of A. fumigatus conidia to fibronectin protein fragments.
Microtiter plates were coated with intact fibronectin (Fn intact) or fibronectin
fragments containing the gelatin-binding domain (45 kDa [45]), the cell binding
domain (120 kDa [120]), or the GAG binding domain (40 kDa [40]) and tested
for the ability to promote spore adhesion. Background wells contained BSA only.
Peroxidase-labeled conidia were added to wells containing fragments alone (A)
or were preincubated with the fragments before conidia were added to wells
coated with fibronectin (B). Unbound conidia were removed by washing the
plates with PBS–0.05% Tween 20, and the number of bound conidia was deter-
mined by measuring the optical density (OD) at 490 nm. The values are the
means 6 standard deviations of triplicate wells, and the figures are representa-
tive of two independent experiments. p, P , 0.05 versus BSA (for panel A) or
versus none (for panel B).
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0.12 mM intact fibronectin could promote adhesion; i.e., 20
times more fragment than intact protein was required to bind
comparable numbers of conidia. These data provide additional
evidence that the intact three-dimensional structure of fibro-
nectin may be necessary for conidia to adhere. To confirm that
conidiospores bound selectively to the 40-kDa fragment, we
tested the ability of the three fibronectin fragments to act as
competitive inhibitors in a fibronectin-binding assay. Conidia
were preincubated with one of the three fragments and then
added to microtiter plates coated with intact fibronectin. Pre-
incubation of the conidia with the 40-kDa fragment inhibited
their binding to immobilized fibronectin by 64% (versus back-
ground), and this was the only fragment that was able to block
adhesion (P , 0.05) (Fig. 4B). These data further support our
hypothesis that the cell binding domain of fibronectin is not
involved in spore binding. In addition, they also confirm that
conidia do not adhere to fibronectin via oligosaccharide chains
on this protein; oligosaccharide chains are found on both the
45- and the 120-kDa fragments, but not the 40-kDa fragment
(42).

Negatively charged carbohydrates block adhesion of A. fu-
migatus conidia to fibronectin. Like many other ECM proteins,
fibronectin is made up of repeating modules: each module is 40
to 90 amino acids in length and is classified as either a type I,
II, or III repeat (35). The 40-kDa GAG binding fragment con-
tains three type III repeats (12 to 14), and GAG binding occurs
at modules 13 and 14 (1, 10, 41). Previous work has demon-
strated that a threshold level of sulfate content in GAGs is
essential for fibronectin affinity (29). Other sulfated polysac-
charides, such as dextran sulfate, bind to fibronectin if they are
sufficiently negatively charged (29). To determine whether neg-
atively charged carbohydrates on the conidial cell wall were
responsible for binding to the GAG binding region of fibronec-
tin, different GAGs and negatively charged carbohydrates were
used as competitive inhibitors in a fibronectin binding assay.
Binding of A. fumigatus conidia to immobilized fibronectin was
inhibited by 48% with 10 mg of heparin/ml and was inhibited
by 88% with 10 mg of dextran sulfate/ml (P , 0.05) (Fig. 4A).
Interestingly, keratan sulfate and chondroitin sulfate (at 10
mg/ml), which have not been reported as known ligands of the
GAG binding domain of fibronectin, also decreased binding of
conidia to fibronectin by 100 and 52%, respectively (P , 0.05)
(Fig. 5A). In contrast, the neutral sugars glucose and galactose
did not inhibit spore binding at concentrations up to 30 mg/ml
(data not shown).

We next investigated whether negatively charged sugars
could inhibit conidial binding to intact basal lamina. Binding of
conidia to basal lamina was inhibited by 44% with heparin,
49% with dextran sulfate, 87% with keratan sulfate, and 44%
with chondroitin sulfate (all at 10 mg/ml) (P , 0.05) (Fig. 5B).
Thus, negatively charged carbohydrates inhibited binding of A.
fumigatus conidia to both fibronectin and intact basal lamina.

Adhesion of A. fumigatus conidia to fibronectin and basal
lamina is dependent on ionic strength. Binding of anionic
heparin to the high-affinity GAG binding domain is known to
occur through a cluster of positively charged amino acids in
modules 13 and 14 of fibronectin (10, 41). Consequently, bind-
ing strength is dependent on the ionic strength of the buffer,
and the dissociation constant (Kd) of heparin for fibronectin
increases as the ionic strength increases (26). To establish
whether spore binding to fibronectin and to basal lamina was
mediated by ionic bonds, we monitored the extent of spore
adhesion to fibronectin and to intact basal lamina in buffers of
various ionic strengths. We found that conidial binding to both
fibronectin and basal lamina increased by 15 to 25% in low-
ionic-strength buffer (1.6 to 4.0 g of NaCl/liter) (Fig. 6),

whereas high-ionic-strength buffer (40 to 80 g of NaCl/liter)
inhibited the binding of conidia to both fibronectin and basal
lamina by 70 to 80% (Fig. 6). Thus, spore adhesion to fibronec-
tin occurs via ionic bonds, probably at the high-affinity GAG
binding site. Ionic bonds also appear to mediate conidial bind-
ing to intact basal lamina.

DISCUSSION

This study presents evidence that negatively charged carbo-
hydrates on the surface of A. fumigatus conidia may mediate
their adhesion to purified fibronectin. Furthermore, results
from parallel experiments using intact basal lamina suggest
that conidia may bind to fibronectin and possibly other pro-

FIG. 5. Effects of negatively charged carbohydrates on the adhesion of A.
fumigatus conidia to fibronectin and basal lamina. Peroxidase-labeled conidia
were added to fibronectin-coated microtiter plates (A) or to basal-lamina-coated
microtiter plates (B) in the presence of heparin (Hep), dextran sulfate (DS),
keratan sulfate (KS), or chondroitin sulfate (CS). Unbound conidia were re-
moved by washing the plates with PBS–0.05% Tween 20, and the number of
bound conidia was determined by measuring the optical density (OD) at 490 nm.
Background wells contained BSA only. The values are the means 6 standard
deviations of triplicate wells. These figures are representative of two independent
experiments. p, P , 0.05 versus none.
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teins present in the basal lamina via a similar mechanism.
Support for these conclusions comes from the finding that A.
fumigatus conidia bound to the 40-kDa fragment containing
the GAG binding domain of fibronectin but not to the 45-kDa
gelatin-binding domain or the 120-kDa cell binding domain.
Moreover, adhesion of conidia to fibronectin and intact basal
lamina was inhibited by negatively charged carbohydrates and
by high-ionic-strength buffers, implicating ionic bonds as the
major binding mechanism.

Alveolar basal lamina is a specialized ECM composed of
laminin, type IV and V collagen, entactin, chondroitin sulfate
proteoglycan, heparan sulfate proteoglycan, and fibronectin
(15). The origin of the fibronectin is not clear; however, some
studies suggest that circulating plasma fibronectin may become
deposited in the alveolar basal lamina (19, 30). Along with
neutropenia, lung tissue damage is a known risk factor for
developing invasive aspergillosis (5). Lung injury is accom-
panied by interstitial edema, rupture of the basal lamina,
and accumulation of migrating inflammatory cells (38). Dur-
ing lung injury and inflammation, the distribution and dep-
osition of ECM components are altered (37). In comparison
to healthy lungs, the basal lamina of diseased lungs have
increased amounts of fibronectin and other ECM proteins (38,
44), and it has been suggested that deposition of fibronectin

upon denuded basal lamina may assist in reepithelialization by
providing an anchor for cell attachment (11). In the damaged
lung, inhaled conidia may have increased access to fibronectin
and other ECM proteins, and therefore adhesion to these
proteins may be important in the development of invasive
aspergillosis. The finding that A. fumigatus binds to fibronectin
and intact basal lamina to a greater extent than other Aspergil-
lus species supports this hypothesis, as A. fumigatus infections
account for over 90% of all cases of invasive aspergillosis.
Nevertheless, adhesion is only one factor of many that promote
the development of invasive aspergillosis.

Previous studies have suggested that A. fumigatus conidia
possess a lectinlike receptor which may bind to sialic acids on
the oligosaccharide chains of both laminin and fibrinogen (6).
This conclusion was based on the findings that sialic acid and
sialylated glycoproteins such as mucin inhibited binding of A.
fumigatus conidia to laminin and fibrinogen (6). In contrast,
our results demonstrated that conidia bound equally well to
native, desialylated, and fully deglycosylated fibronectin. We
have also found that conidia bound equally well to the siali-
dase-treated and native laminin (J. A. Wasylnka and M. M.
Moore, unpublished observations), a result not consistent with
the model proposed by Bouchara et al. (6). These data strongly
suggest that conidia do not bind to fibronectin or laminin via its
oligosaccharides. Furthermore, we have shown that negatively
charged carbohydrates, such as dextran sulfate and heparin,
decreased spore binding to both fibronectin and basal lamina.
Therefore, negatively charged carbohydrates on the spore cell
wall may be ligands for fibronectin and other ECM proteins.
Two current models of conidial binding to fibronectin are
shown in Fig. 7.

We have established that adhesion of A. fumigatus conidia to
fibronectin and basal lamina was dependent on ionic strength
and was inhibited by negatively charged carbohydrates. This
could be explained in two ways: fibronectin may be the only
binding site for conidia in the basal lamina, or more plausibly,
binding of conidia to other ECM proteins is also mediated by
ionic interactions. Glycoproteins, such as laminin and collagen,
are also known to contain GAG binding domains (46, 49);
therefore, we postulate that A. fumigatus conidia may bind to
basal lamina via the GAG binding domains present in fi-
bronectin and other ECM proteins. Further research is neces-
sary to confirm this hypothesis.

The crystal structure of the GAG binding domain of human
fibronectin has been determined (41). The major GAG binding
site (HBS-1) is found in fibronectin type III repeat 13 and
consists of four basic amino acids which are arranged in a
continuous cluster (41). A minor GAG binding site is also
found in fibronectin type III repeat 14 (HBS-2); the distance
between HBS-1 and HBS-2 is 60 Å (41). Other studies have
determined that 12 to 16 oligosaccharides (;51 to 69 Å) are
required for optimal binding of heparin to fibronectin (48).
Consequently, Sharma et al. have proposed that GAG binding
spans from HBS-1 to HBS-2 (41). Our study suggests that neg-
atively charged molecules on the spore surface bind to the
positively charged cleft of the GAG binding domain of fibro-
nectin, but at present, the identity of the ligand on the conidial
surface is not known.

The cell wall of A. fumigatus contains over 70% carbohy-
drate, specifically b (133) glucan and chitin (23). In addition,
many of the proteins present on the conidium surface are
heavily glycosylated (23). Since negatively charged polysaccha-
rides inhibited conidium binding to both fibronectin and basal
lamina, negatively charged carbohydrates are good candidates
for ligands to ECM proteins. Negatively charged carbohy-
drates can include GAG-like polysaccharides, glucuronic or

FIG. 6. Effect of ionic strength on the adhesion of A. fumigatus conidia to
fibronectin and basal lamina. Peroxidase-labeled conidia were added to fibronec-
tin-coated (A) or basal-lamina-coated (B) microtiter plates in the presence of
increasing amounts of NaCl in the assay buffer (PBS): 0.23, 1.6 g/liter; 0.53, 4.0
g/liter; 13, 8.0 g/liter (standard PBS amount); 23, 16.0 g/liter; 53, 40.0 g/liter;
and 103, 80.0 g/liter. Unbound conidia were removed by washing the plates with
PBS–0.05% Tween 20, and the number of bound conidia was determined by
measuring the optical density (OD) at 490 nm. Background wells contained BSA
only. The values are the means 6 standard deviations of triplicate wells. These
figures are representative of two independent experiments. p, P , 0.05 versus 13
NaCl in PBS.
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iduronic acid polysaccharides, or sialic acids. Sialic acids are
negatively charged carbohydrates and could represent poten-
tial conidiospore ligands for ECM proteins. Other pathogenic
fungi, such as Paracoccidioides brasilensis (43) and Cryptococ-
cus neoformans (36), have been shown to contain sialic acids on
the surface of the cell wall. Lectin binding experiments in our
laboratory have shown that A. fumigatus conidia also possess
sialic acids (J. A. Wasylnka and M. M. Moore, unpublished
observations).

If conidia cell wall carbohydrates mediate adhesion to com-
ponents of the ECM, then oxidation of these carbohydrates
should decrease adhesion to fibronectin and intact basal lam-
ina. Preliminary results in our laboratory suggest that A. fu-
migatus sialic acids cannot be oxidized by sodium periodate
(data not shown). Sialic acids that are acetylated at carbons 7
to 9 are resistant to periodate oxidation (40). Such acetylated
sialic acids have been shown to be present in the cell wall of
C. neoformans (36). If A. fumigatus possesses acetylated sialic
acids, this may explain its resistance to periodate oxidation.

We have presented evidence that suggests that negatively
charged carbohydrates present on the A. fumigatus conidium
surface interact with the GAG binding domain of fibronectin.
Further experiments are under way to identify the A. fumigatus
ligand that interacts with fibronectin and intact basal lamina.
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