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Abstract

by the carbon source.

Fructose, glucose, and an equimolar mixture of both sugars affected differently hyphae thickness, biomass production
and secretion of B-fructofuranosidase in Penicillium janczewskii. Reduced growth, thinner hyphae and visible injuries
were early observed during fungal cultivation in fructose-containing medium, reaching the maximum between 12
and 15 days of culture. Total sugar content from the cell wall was lower when fructose was supplied and polysac-
charides lower than 10 kDa predominated, regardless the culture age. Maximal inulinase and invertase activities were
detected in culture filtrates after 12 days, excepting in the glucose-containing medium. Structural changes in cell
walls coincided with the increase of extracellular enzyme activity in the fructose-containing medium. The fragility

of the hyphae might be related with both low carbohydrate content and predominance of low molecular weight
glucans in the walls. Data presented here suggest changes in carbohydrate component of the cell walls are induced

Keywords: Cell wall, Filamentous fungus, Fructose, Glucose, Invertase, Inulinase, Penicillium janczewskii, Sucrose

Background

Two basic morphological units can be distinguished in
the vegetative stage of fungal growth, the yeast form (or
unicellular) and the hyphal or filamentous one. Growth
of filamentous fungi occurs by hyphal tip elongation, and
the cell shape is primarily determined by the location and
rate of cell wall deposition. The fungal cell wall is a supra-
molecular structure that determines cell shape, resistant
to differences in osmotic pressure between the cytoplasm
and external environment, and provides protection
against mechanical damage (Ruiz-Herrera et al. 2008).
The cell walls consist mainly of carbohydrates and free
and bound proteins (Santos et al. 2000). The main com-
ponents of fungal cell wall are $-1,3-p-glucans, which can
contain branches with glucose residues $-1,6 connected,
and chitin, a polymer of N-acetylglucosamine (Santos
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and indicate if changes were made.

et al. 2000). Proteins of the cell wall are mainly associated
with hetero- or homopolymers of mannose (Fontaine
et al. 1997).

The biosynthesis of cell wall is a key process in the
growth and morphogenesis of the fungal cells. However,
despite their key role in the development of these organ-
isms, little is known about cell wall structure, mainly
with respect to the arrangement of various polymers and
their effects on the physical and biological properties of
the cell wall. Indeed, it is not yet clear how these basic
processes are coordinated to produce all the morpho-
logical diversity found in filamentous fungi (Latgé 2010).
The growth and different metabolic activities of fungi are
usually a response to physical-chemical conditions of the
environment that surrounds them. The fungi depend on
certain elements or compounds present in the environ-
ment. Ruiz-Herrera (1992) observed that factors such as
nutrition, temperature and incubation time cause signifi-
cant differences in fungal cell walls. The same was also
observed in Penicillium janczewskii that grows rapidly on
medium containing sucrose or inulin as carbon sources,
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but only in inulin-containing medium large amounts of
inulinases (2,1-p-p-fructan:fructan hydrolase EC 3.2.1.7)
were released, which was associated with thin cell walls
(Pessoni et al. 2005). Considering that inulin is a polymer
of fructose, it was hypothesized that high fructose con-
tent in the medium as a result of the released extracel-
lular inulinases could be involved in the morphological
changes observed in the hyphae cell walls. In the present
work we analyzed changes in cell wall structure and com-
position of P. janczewskii growing on fructose, glucose or
fructose + glucose as carbon sources, aiming at a better
understanding of the effects of fructose on cell wall struc-
ture and composition and production of extracellular
B-fructofuranosidases (B-D-fructofuranoside fructohy-
drolase EC 3.2.1.26).
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Results

Fungal growth curve and induction of B-fructofuranosidase
The growth of P janczewskii was monitored by the
increase of the mycelium dry mass and consumption of
sugars throughout 15 days of cultivation in different cul-
ture media (Fig. 1). The fungus showed an exponential
growth phase until day 9, followed by a stationary phase
of growth by day 15 in media containing only glucose or
glucose + fructose. In the fructose-containing medium
a sharp decline in growth was observed from the day
9 on (Fig. 1a). The decrease in the sugar content of the
medium coincided with the increase in biomass and was
no longer detected from day 9 (Fig. 1b). The amount of
protein released by the fungus grown in media contain-
ing glucose or fructose was similar (Fig. 1d). The protein
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Fig. 1 Culture of P janczewskii in liquid medium containing different carbon sources. Dry mass (a), consumption of sugars (b), pH of the medium
(c), protein content (d), invertase activity (e) and inulinase activity (f). Fructose (circle), glucose (square), glucose + fructose (triangle)
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content increased up to 9 days, declining after that. Con-
versely, when the fungus was grown in a mixture of
glucose + fructose it was observed a slight increase of
proteins throughout the growing period analyzed, but the
content was about 10 times lower than those found in the
other media.

Different carbon sources distinctly induced the secre-
tion of B-fructofuranosidases. In the glucose-containing
medium was observed an increase in invertase (B-D-
fructofuranoside fructohydrolase, EC 3.2.1.26) activity
at 15 days of culture and negligible activity of inulinase.
On the other hand, fructose was effective in inducing
the activity of invertases and inulinases, the latter activ-
ity being half that observed for invertase. Both activi-
ties were higher at 12 days of cultivation. In the medium
containing a mixture of glucose + fructose was observed
increase of inulinase from day 9, which peaked around
day 12, declining after that (Fig. 1f). The current data
confirm that the presence of fructose in the medium
induces secretion of B-fructofuranosidases (Fig. le, f).
The pH was similar in different media, increasing along
the growth curve (Fig. 1c).

Growth on solid medium and structural analysis
The growth rate of the fungus cultured on solid medium
containing different carbon sources was similar (Fig. 2a)
but the macroscopic characteristics of the colonies were
clearly different (Fig. 2b).

The mycelium grown on fructose was less vigorous and
sparser compared with that grew on sucrose (Fig. 2b).
Micro-cultivation also showed significant differences in
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the hyphae thickness, mainly from day 9 of cultivation on
(Fig. 3).

In this period, hyphae grown in medium containing
fructose was significantly thinner compared to those
grown in the other carbon sources. Conversely, the
hyphae thickness from medium containing sucrose was
significantly higher than that observed in other culture
media (Fig. 3).

The mycelium was also analyzed by SEM (Fig. 4) and
showed morphological changes induced by the carbon
source. The hyphae of the mycelium grown in glucose-
containing medium was more turgid and no injuries were
observed throughout cultivation at 6, 9, 12 and 15 days.
On sucrose, collapsed hyphae were observed only after
15 days of growth. Conversely, in the medium containing
an equimolar mixture of fructose + glucose, hyphae with
constrictions were observed on day 9 and injured and
collapsed hyphae were observed from day 12 on. In fruc-
tose-containing medium, injured and collapsed hyphae
were observed at day 9, and these changes became more
conspicuous at 12 and 15 days, which may be indicative
of changes caused by the carbon source, particularly by
fructose that increased in the medium (Fig. 4). These
changes are consistent with what was observed by light
microscopy revealing hyphae significantly thinner at day
9 in fructose-containing medium when compared to
those cultured in other carbon sources (Fig. 3).

Characterization of cell wall
The content of sugars, proteins and chitin were deter-
mined after hydrolysis of the cell walls (Fig. 5).
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Fig. 2 Growth curve of P janczewskii maintained in solid medium containing different carbon sources (a). Fructose medium (circle), glucose
(square), glucose + fructose (triangle) and sucrose (control) (diamond), general aspects of P janczewskii colony grown for 9 days on solid medium (b)
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injured and collapsed hyphae

The concentration of total sugars in the cell wall of the  glucose + fructose as carbon sources. The sugar content
fungus grown in fructose was significantly lower com-  of the fungal cell wall decreased with culture age. On
pared to that grown in medium containing glucose or  the 15th day, no significant differences were detected
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Fig. 5 Characterization of the cell walls of P janczewskii grown in dif-
ferent carbon sources. Sugar content (a), protein (b) and chitin (c) in
the cell wall. Data represent the average of three replications

in sugar content among the different culture media
(Fig. 5a).

The protein content did not vary significantly with
culture age or carbon source (Fig. 5b) while chitin con-
tent tended to increase with the age of the culture in the
medium containing glucose as carbon source (Fig. 5c¢).
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The molecular weight of polysaccharides from the fun-
gal cell wall determined by molecular sieve chromatogra-
phy varied depending on the carbon source (Fig. 6).

Polysaccharides with higher molecular weight, pre-
dominantly between 63 and 10 kDa, were found in
the glucose-containing medium at 6 days of culture
(Fig. 6a). Conversely, polysaccharides with lower molecu-
lar weights were observed in the cell wall of the fungus
grown in the fructose-containing medium (Fig. 6a, b).
The results obtained so far demonstrated that the cell
wall obtained from P. janczewskii grown in medium con-
taining fructose showed a decrease in total sugar content
(Fig. 5a) and the presence of lower molecular mass glu-
cans (Fig. 6).
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Fig. 6 Molecular sieve chromatography—sepharose CL-6B. Elution
profile of cell wall polysaccharides from the mycelium of P janczewskii
grown in liquid medium containing glucose (a) an equimolar mixture
of glucose + fructose (b) or fructose (€) as carbon source
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Discussion

Comparison of growth and induction

of B-fructofuranosidase activity of P. janczewskii grown

in liquid medium using different carbon sources

The growth pattern of P janczewskii cultured in liquid
or solid media containing glucose or an equimolar mix-
ture of glucose + fructose (Figs. 1a, 2) was very similar
to that previously reported for the same species grow-
ing on sucrose or inulin as carbon sources (Pessoni
et al. 1999, 2007). The decrease of sugars in the cul-
ture medium was accompanied by increased pH values
and high content of extracellular proteins, a behavior
already reported for other fungi (Chaudhuri et al. 1999;
Dhake and Patil 2007). Notably, the pH plays a key role
in enzyme production and it is directly related to the
enzyme stability. Galeote et al. (2010) reported that
proton influx results in alkalinization of the culture
medium, suggesting that changes in the pH observed in
P. janczewskii could be related to the hexose uptake by
symporter activity.

The production of extracellular enzymes by P, jancze-
wskii was influenced by the carbon source (Fig. le, f).
The presence of fructose in the culture medium stimu-
lated the release of B-fructofuranosidases as reported
previously by Pessoni et al. (2007) for P janczewskii
and by Rubio et al. (2003) for P glabrum. According to
Romero-Goémez et al. (2000), these enzymes seem to
be induced by the carbon source in filamentous fungi.
Conversely, catabolic repressor effect induced by glu-
cose and fructose has also been reported in other fungi.
In yeast, p-fructofuranosidases are constitutively syn-
thesized, and the presence of glucose or fructose in the
culture medium decreases the enzyme activity by gene
repression (Costaglioli et al. 1997; Dynesen et al. 1998).
In Aspergillus niger model, fructose did not induce the
expression of inulinolytic genes (Yuan et al. 2006), and in
Penicillium sp. fructose also failed to induce the expres-
sion of inulinases, and glucose exerted a potent carbon
catabolite repression (Moriyama et al. 2006). Generally,
this repressor effect is associated with increased con-
centrations of glucose or fructose. In P janczewskii the
induction of B-fructofuranosidases occurred only after
12 days of culture, when the sugar levels in the medium
were very low, but probably enough to induce the sign-
aling pathway that activates the expression of inuli-
nase and invertases genes. The transcriptional activator
InuR was identified as a positive inducer, acting for the
induced expression of genes involved in the breakdown
of inulin and sucrose, and in the uptake of their prod-
ucts (Yuan et al. 2008). Possibly low levels of glucose or
fructose can be involved in the activation of InuR, and
consequently in the expression of B-fructofuranosidases
(Yuan et al. 2006, 2008).

Page 6 of 11

Morphology, ultrastructure and cell wall composition of P.
janczewskii grown on different carbon sources

The maintenance of P. janczewskii in the inulin-contain-
ing medium induces secretion of large amounts of inuli-
nases but results in hyphae with thin cell walls that easily
collapses and breaks; the same was not observed when
the fungus was cultured in medium containing sucrose
(Pessoni et al. 2005). Although no differences were found
in content of sugars and proteins from the cell wall of
hyphae grown on these carbon sources, a significant
decrease in cell wall thickness was observed when the
fungus was grown on inulin (Pessoni et al. 2005). In the
present work it was observed that although the growth
rate of P. janczewskii in solid medium containing fruc-
tose was similar to those found in other media (Figs. 1,
2) there was a significant decrease in the thickness of the
hyphae (Fig. 3) and in fungal biomass (Fig. 1a). Accord-
ing to Chaudhuri et al. (1999), the increase in fungal bio-
mass is a result of deposition of cell wall polysaccharides
during hyphae cell elongation. The changes in the growth
parameters of P. janczewskii possibly induced by fructose
could be related to the significant decrease of total sugar
content of the cell walls, observed from day 6 on (Fig. 5),
when compared to the glucose-containing medium.
Changes in levels of neutral and amino sugars can affect
the organization of the cell wall (Ghfir et al. 1997), influ-
encing morphogenesis. SEM analysis of the mycelium
of P. janczewskii showed changes in the turgidity of the
hyphae (Fig. 4) evidencing weak and collapsed hyphae in
medium containing fructose, which may be indicative of
changes caused by the carbon source.

Chitin and protein, that are structural components of
fungal cell walls, also play an important role in morpho-
genesis and signaling and may change under stressing
conditions (Seidl 2008). Damveld et al. (2005) observed
a significant increase of cell wall polysaccharides in A.
niger grown under stressing conditions induced by Cal-
cofluor White. Similarly, de Nobel et al. (2000) reported
increased transcription and incorporation of several pro-
teins in the wall as a compensatory mechanism to pre-
serve the integrity of the wall. Levels of protein in the cell
walls of P. janczewskii were similar regardless of carbon
source (Fig. 5). These data suggest that the presence of
fructose in the culture medium seemed not to cause a
nutritional stress, or at least not a sufficiently sensitive
situation to affect the analyzed cell wall components. Liu
et al. (2013) demonstrated that changes in chitin synthase
genes affected growth rate and hyphae morphology in
Penicillium chrysogenum enhancing penicillin produc-
tion. In the present work, although chitin synthase activ-
ity was not analyzed, changes in chitin content in the cell
walls of P. janczewskii suggest a possible effect of the car-
bon source on such enzymes.
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The polysaccharides constitute a significant proportion
of fungal biomass. The cell wall of hyphae contains over
75 % of this type of biomolecule, glucans predominat-
ing in filamentous fungi (Mellado et al. 2003). Analyses
of glucans from cell walls of P janczewskii revealed the
presence of polysaccharides of low molecular weight in
the mycelium grown in the fructose-containing medium
(Fig. 6). According to Silva et al. (2006), most of the poly-
saccharides are produced directly as responses to envi-
ronmental factors. For some microorganisms, the carbon
source determines the amount of polysaccharide formed,
and the quality of the synthesized product. This was also
observed in the present work, indicating that the carbo-
hydrate components of the cell wall are responsible for
the changes observed in the mycelium of P janczewskii,
and that these modifications are induced by the carbon
source supplied in the culture medium. According to
Santamaria et al. (2002), complex morphological devel-
opment involves intricate pathways in which intracellular
and extracellular signals are perceived by regulatory sys-
tems that repress or trigger the process. Among the effec-
tors of these pathways, sugars act not only as nutrients
but also as important regulators of gene expression.

The morphology and productivity of filamentous fungi
have been extensively investigated, mainly in relation to
macroscopic characteristics of the mycelium, with the
hyphae formation (Grimm et al. 2005).

The results obtained in this study also indicate that the
structural changes in the cell walls occurred when the
fungus was cultured in medium containing fructose. The
mechanism by which fructose affects the cell wall struc-
ture is not clear, but could be related to the biosynthe-
sis of polysaccharides of the cell wall. The first step of
carbohydrate metabolism is the uptake of the molecules
into the cell. To achieve this, microorganisms employ a
variety of different membrane-bound transport proteins.
The expression of several of genes of these transport pro-
teins are under transcriptional control depending on the
source and the amount of carbon available (Wei et al.
2004; Flipphi et al. 2009).

Fructose-specific uptake in fungi is not common,
but has been observed in Neurospora crassa when the
mycelium was subjected to carbon starvation (Rand and
Tatum 1980). Hexose uptake by filamentous fungi such as
Aspergillus nidulans (Wei et al. 2004) usually occurs with
higher affinity to glucose than to fructose. Within the
cells, fructose and glucose are phosphorylated by hexoki-
nases (ATP:D-hexose 6-phosphotransferase EC 2.7.1.1)
and glucokinases (ATP:p-glucose 6-phosphotransferase
EC 2.7.1.2), and the phosphorylated sugars are inter-
converted to each other by hexose-6-phosphate isomer-
ase. Therefore it is expect that the differential sensing of
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fructose and glucose occurs before or during phospho-
rylation (Doehlemann et al. 2005).

In Lactococcus lactis, Benthin et al. (1994) reported
that when fructose 6-phosphate (Fru-6P) is produced by
fructose uptake via constitutive mannose phosphotrans-
ferase systems (Man-PTS), both biomass precursors and
metabolic energy can be formed. However, when fructose
is transported and phosphorylated via the inducible fruc-
tose phosphotransferase systems (Fru-PTS), the resulting
fructose-1-phosphate (Fru-1P) enters glycolysis as Fru-
6P and would therefore have to be a gluconeogenic sub-
strate. In the absence of the biosynthetic pathway leading
to fructose 1,6-diphosphate, Fru-1P can be used only
for generation of metabolic energy, and certain biomass
precursors (Glc-6P or Fru-6P) cannot be formed from
Fru-1P. Moreover, fructose-1-phosphate is a powerful
inhibitor of the phosphomannose isomerases implicated
in glycoprotein processing and biosynthesis (Jaeken et al.
1996) and this can influence the cell wall biosynthesis.
These enzymes catalyze the reversible conversion of Fru-
6P to mannose-6P during biosynthesis of GDP-mannose,
which is the main intermediate in the mannosylation of
cell wall components. The interconversion of Man-6-P
and Fru-6-P catalyzed by PMI is the first committed step
in the synthesis of Man-containing sugar chains and pro-
vides a link between glucose metabolism and mannosyla-
tion. The mannose activation is specifically crucial for the
synthesis and organization of the cell wall and thus essen-
tial for survival of fungal species (Jin 2012). Indeed, stud-
ies with A. nidulans and A. fumigatus revealed that the
activity of phophomannose isomerase 1 plays a central
regulatory role in cell wall synthesis (Smith and Payton
1994; Fang et al. 2009). Rajesh et al. (2012) demonstrated
that inactivation of the phophomannose isomerase gene
in Stretomyces coelicolor also compromised cellular dif-
ferentiation. As GPD-mannose is involved in the gen-
eration of mannosylated glycans, which are important
cell wall components in bacteria and fungi, changes in
the activity of phosphomannose isomerase can led to
defects in cell wall biosynthesis. Although experiments
with sugar transport were not performed in the present
study we can consider that possibly a reduction of Glec-
6P or Fru-6P could be related with the decrease in cell
wall thickness and decrease of sugar content of cell walls
when the P janczewskii was grown on fructose (Figs. 3,
5).

Our findings provide evidences that fructose-contain-
ing sugars supplied as carbon source directly affect the
cell metabolism of P, janczewskii thus explaining our pre-
vious results (Pessoni et al. 2005) on cell wall alteration
when this fungus is cultured on inulin to induce extracel-
lular inulinases.
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In A. nidulans it was demonstrated that glucans are
accumulated in the cell wall during vegetative growth and
they serve as main reserve material required to massive
cell proliferation at specific growth phases after glucose
has been depleted from the medium (Zonneveld 1974).
Therefore, the decrease in cell wall thickness followed
by an increase in low molecular weight glucans found
in the present study after carbon source depletion of the
medium may be related to hydrolysis of cell wall compo-
nents by glucanases. The glucanase secretion and subse-
quent utilization of their products could be an alternative
way to supply the required carbon to maintain fungal
metabolism at late stages of P, janczewskii development.

Conclusion
In conclusion, our findings evidenced changes in the tur-
gidity of the mycelium of P. janczewskii, which showed
weak and collapsed hyphae when grown in medium con-
taining fructose. This confirms our hypothesis that the
effects of fructose polymers (inulin) on the cell wall are
due to fructose itself. Moreover, our data show the induc-
tion of extracellular B-fructofuranosidases in P janc-
zewskii by fructose, explaining the production of such
enzymes when inulin is used as carbon source.
Considering the importance of fructose-containing
compounds produced by microorganisms to food indus-
try and the recognition of the fungal cell wall as an ideal
drug target, further studies in P janczewskii related to
the effect of fructose on cell wall remodeling and about
the enzymes implicated in this process are pertinent and
necessary.

Methods

Microorganism used

Strains of P janczewskii Zaleskii (URM 3511, Univer-
sidade Federal de Pernambuco, Recife, Brazil) were
obtained from the fungal collection of the Laboratory of
Biodiversity at the Methodist University of Sdo Paulo.

Culture conditions

The fungus was grown in medium containing the follow-
ing components (g L™!): NaNO; (3), KH,PO, (1), KCI
(0.5), MgSO,-7H,0 (0.5), FeSO,-7 H,O (0.01). Fructose,
glucose or an equimolar mixture of glucose + fructose
30 mM were used as carbon sources. For the morpholog-
ical and structural analyses, the fungus was grown on the
same medium containing 1.5 % agar and sucrose 30 mM
was used as control.

Growth in solid medium

The growth curve of P janczewskii was determined as
described by Pessoni et al. (2005). Inocula of 5 mm in
diameter obtained from pure cultures grown for 7 days
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on PDA were placed in the center of Petri dishes con-
taining the culture media described above. The plates
were incubated at 28 °C and the growth was evaluated by
measuring the diameter of each colony at 3, 6, 9, 12 and
15 days. Data were obtained from four replicates.

Light microscopy

The morphology of the hyphae of P, janczewskii was ana-
lyzed by light microscopy using slides prepared according
to the microculture technique proposed by Lacaz-Ruiz
(2000). Blocks (2 x 2 cm) of solid culture media containing
different carbon sources (item 2) were added separately
on microscope slides previously sterilized. Inocula (4 per
block) of the fungus were added to the culture medium.
Then each block was covered with a sterile coverslip. The
slides were supported on a glass holder on moistened fil-
ter paper, inside in a Petri dish, all pre-sterilized. This set
was incubated at 28 °C for 6, 9, 12 and 15 days. After each
incubation period, coverslips were removed (five cover-
slips for each culture medium), mounted on slides, stained
with cotton blue and examined under a light microscope
(Nikon) for detailed observation of the hyphae. The images
were captured by video camera (Motican) coupled to the
microscope, and analyzed by the computer program AVS-
oft BioView 4. Three images were captured from each slide
and from each image it was assessed the thickness of the
hyphae, measuring ten different points. Data were sub-
jected to analysis of variance (ANOVA) and p values <0.05
were compared by Tukey test.

Scanning electron microscopy (SEM)

The hyphae of P janczewskii grown on solid medium
were analyzed by SEM. The samples were fixed in 2 %
osmium tetroxide vapor for 24 h. The material was cut
and deposited on a glass coverslip. Coverslips were
placed in Petri dishes with moistened filter paper (moist
chamber) containing a small open container with 2 %
osmium tetroxide. The plates were wrapped with foil,
leaving at room temperature for 24 h. After fixation, the
material was kept in a chamber with silica for 3 h for dry-
ing and subsequently coated with a layer of gold for 39 s.
The samples were examined and photographed in scan-
ning electron microscope (Phillips).

Growth in liquid medium

Discs of fungal culture were inoculated in Erlenmeyer
flasks of 250 mL containing 100 mL of liquid culture
medium with different carbon sources (item 2). The
growth was monitored for 15 days at room temperature.
At predetermined intervals, the mycelial mass was sep-
arated from the medium by filtration, washed with dis-
tilled water and dried and the dry matter determined. All
tests were performed in triplicate.
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Quantification of sugars and proteins in the culture
medium

For quantification of sugars in the liquid medium, the
method of Somogyi (1945) was used and depending on
the source of carbon glucose, fructose or equimolar
mixture of glucose + fructose (100 ug mL™') was used
as standard. The protein content was determined by the
method of Bradford (1976) using bovine serum albumin
(BSA) as standard.

Enzyme extraction

The extraction of extracellular enzymes was performed
at defined points of the fungal growth curve according to
Pessoni et al. (1999, 2007). After filtration, the liquid cul-
ture medium free from mycelial mass was centrifuged at
8000g for 15 min at 5 °C. The precipitate was discarded
and the supernatant was filtered again in 0.45 mm Mil-
lipore filters, and the filtrate was considered as the crude
enzyme extract.

Assays of enzyme activity

The crude enzyme extract was assayed for enzyme activ-
ity using 1 % sucrose or inulin from Helianthus tubero-
sus (Sigma) as substrate. The activity was detected by
quantification of released reducing sugars (Somogyi
1945), using fructose as standard for tests with inulin
and an equimolar mixture of fructose and glucose, for
sucrose. One enzyme unit (U) was defined as the amount
of enzyme that releases 1 pwmol fructose per minute,
for tests with inulin or hydrolyzed 1 pwmol of sucrose
per minute, for tests with sucrose under the conditions
tested. Except for some specific experiments, in which
the conditions were mentioned, assays consisted of a
mixture of 50 LL of enzyme extract and 50 pL of 1 %
inulin or 1 % sucrose, incubated for 10 min at 55 °C, as
described by Pessoni et al. (1999).

Isolation of cell walls

At the end of each period of incubation in liquid medium,
the culture media were filtered under vacuum through
paper fiberglass. The mycelium was washed thoroughly
with distilled water and frozen at —18 °C. Subsequently,
the mycelium was resuspended in distilled water and cells
disrupted by vortexing 3 times, 10 min each in an ice bath.
The broken cells were separated by centrifugation at 8000g
for 15 min and the waste sonicated for 1 h and centrifuged
at 8000g for 15 min. The cell walls were lyophilized and
stored in a desiccator. The disruption of the hyphae was
monitored by light microscopy, using cotton blue staining.

Quantification of sugars and proteins in the cell walls
One mg of lyophilized cell walls was resuspended in
1 mL of concentrated H,SO, and total sugar content was
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determined by the phenol-sulfuric method (Dubois et al.
1956), using glucose as standard. One mg of lyophilized
cell walls was resuspended in 1 mL of 1 N NaOH. The
protein content was determined by the Bradford (1976)
method using bovine serum albumin as standard.

Extraction and quantification of chitin

Two mg of lyophilized cell walls were hydrolyzed with
6 N HCI at 90 °C for 48 h. After this period, the hydro-
lysates were filtered through glass fiber, concentrated to
dryness in rotary evaporator at 50 °C and resuspended in
deionized water (Nilsson and Bjurman 1998). The concen-
tration of glucosamine in hydrolysates was determined
colorimetrically using the method of Chen and Johnson
(1983), modified. Aliquots of 1 mL of the hydrolyzed sam-
ple were added to 0.25 mL of a 4 % acetylacetone (4 %
acetylacetone in 1.25 N sodium carbonate) and heated
at 90° C for 1 h in sealed flasks. After cooling, 2 mL of
ethanol were added and stirred to dissolve the precipi-
tate formed. Then 0.25 mL Ehrlich’s reagent (1.6 g of NN-
dimethyl-p-aminobenzaldehyde in 60 mL of a solution
of ethanol: concentrated HCI 1:1) was added. The color
formed was measured at 530 nm. A solution of glucosa-
mine hydrochloride (100 pg mL™") was used as standard.

Fractionation and determination of molar mass
Fractionation of the cell walls was based on the methods of
Domenech et al. (1996) and Carbonero et al. (2001). Sam-
ples of lyophilized cell walls were extracted with 1 M NaOH
for 12 h at room temperature. After this period, the solubi-
lized wall was centrifuged at 10,000g for 30 min at 20 °C.
The supernatant was neutralized with HCl, dialyzed against
distilled water and freeze-dried, and considered the Frac-
tion I (FI), containing the water-soluble polysaccharides.
This fraction was used to determine the apparent average
molecular mass on a column by gel permeation chromatog-
raphy. Aliquots of fraction I (FI) were dissolved in distilled
water and centrifuged at 13,000¢ for 15 min at room tem-
perature. The precipitates were discarded and the super-
natants were applied on a glass column 1.5 x 120.0 cm
(BIO-RAD) with Sepharose CL-6B resin (Pharmacia)
equilibrated with 50 mM phosphate-citrate buffer, pH 5.2.
The calibration of the column was performed with “Blue-
dextran” to determine the empty volume of the column and
dextrans of different molecular weights (10,000, 40,000 and
70,000 Da) as standards. Fractions of 2 mL were collected
and monitored for carbohydrate content using the phenol—
sulphuric acid method (Dubois et al. 1956).
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