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a b s t r a c t
Hydrothermal-treated (autoclaved) winery waste was degraded by Trichoderma harzianum, Aspergillus
niger, Penicillium chrysogenum and Penicillium citrinum. Quantiﬁcation of lignins, reducing sugars, pentoses and enzyme assays for cellulase, ␤-glucosidase and xylanase were performed. Lignin content
increased from 36% in untreated waste to 63% in autoclaved substrate. Lignin degradation of 9% and
4.2% was achieved by P. chrysogenum and A. niger, respectively. Reducing sugars decreased by 1.2 and
0.7 kg/m3 in T. harzianum and P. citrinum cultures, respectively. Pentose utilization was also considerable
across all cultures. Cellulase and xylanase activities were higher in A. niger cultures at 45 U and 335 U,
respectively. It also showed high ␤-glucosidase activity of 155 U, marginally less than P. citrinum (180 U).
Autoclaving hydrolyzed hemicelluloses and crystalline cellulose, converting the latter to a more degradable amorphous form. The results suggest that successive hydrothermal and fungal treatments produce
greater lignocellulose degradation than regular fermentation.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Fermentation is chieﬂy used for alcohol production from various sources such as grape, corn and barley. In the fermentation
process, microorganisms such as Saccharomyces cerevisiae are able
to generate up to 12–15% alcohol from the raw material, which
is used as either beverage alcohol or an industrial reagent. The
rest, and the bulk, of the material is discarded as spent wash, and
may now include unused live or dead fermenting organisms. The
wine waste also consists of dry matter including crude ﬁbers, grape
seeds, skin, waste, marcs, stalk and skin pulp, proteins, ethers and
amino acids. Apart from the moisture content, the major parts
of grape waste are dietary ﬁbre (30–40%), lipids (0.5–1%), soluble sugars (2–3%), proteins (2.5–3.5%) and ash (2–3%). Dietary ﬁbre
consists mainly of cellulose (27–37%), pectins (37–40%) and lignins
(33–35%) (Bravo and Saura-Calixto, 1998; Ping et al., 2011; Vicens
et al., 2009).
Various fungi such as Trichoderma sp., Aspergillus sp. and Penicillium sp. have been reported as extensive biomass degraders owing
to their ability to generate an array of enzymes such as endo- and
exo-glucanases, ␤-glucosidase, xylanases, arabinofuranosidases
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and pectinases (Brink and Vries, 2011; González-Centeno et al.,
2010). This degradation generates useful industrial and medicinal biomolecules such as ethanol, ﬂavonoids, phenolic compounds,
anthocyanins and hydroxybenzoic acid (Arvanitoyannis et al.,
2006; Sánchez, 2009; Strong and Burgess, 2008). Additionally, fungi
such as Penicillium sp. can be used for lignin mineralization during
the degradation process (Rodríguez et al., 1994; Singh Arora and
Kumar Sharma, 2010).
These fungi, and ultimately the enzymes derived from them,
convert the lignocellulose complex to various soluble sugars, which
can be converted into other secondary products. However, due
to the relatively recalcitrant nature of the lignocellulose complex, pretreatment is usually required to facilitate access of fungal
enzymes to the cellulose and hemicelluloses, which are the primary
sources of carbon for these organisms. Hydrothermal treatment
has been shown to be a comparatively efﬁcient pretreatment technique for the breakdown of these biomolecules (Papadimitriou,
2010).
The experiments described here were performed to study the
effects of fungal degradation on the composition of winery grape
waste to achieve biodegradation of its lignocellulose components,
namely cellulose, hemicelluloses and lignins. The degradation patterns of various fungi including white rot fungi (P. chrysogenum and
P. citrinum), brown rot fungi (A. niger) and T. harzianum were compared so as to formulate the ideal fungal/enzymatic combination
to yield maximum bioconversion.
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2. Materials and methods
2.1. Grape wastes
Post-fermentation grape wastes of Vitis vinifera var. Shiraz were
obtained from the Australian Wine Research Institute (AWRI), Glen
Osmond, South Australia. The substrate was oven dried at 70 ◦ C
for 96 h and ground using mortar and pestle. The dried, ground
substrate was further oven dried for 96 h at 70 ◦ C.
2.2. Cultivation of fungal cells
Fungal cultures of T. harzianum, P. chrysogenum and P. citrinum
were obtained from Agpath, Victoria, Australia, and A. niger was
obtained from the culture collection of the Microbiology Laboratory, Department of Chemistry and Biotechnology, Swinburne
University of Technology. All the fungi were ﬁrst cultured in
Yeast Malt broth at 30 ◦ C for 48 h and 0.1 mL of each culture
(1 × 107 spores/mL) was used for the biodegradation studies.
2.3. Degradation of grape waste
For all the degradation studies, AATCC (American Association
of Textile Chemists and Colorists) mineral salts iron medium was
used. The medium was composed of (kg/m3 ): NH4 NO3 – 3.0;
KH2 PO4 – 2.5; K2 HPO4 – 2.0; MgSO4 .7H2 O – 0.2; FeSO4 .7H2 O – 0.1
and crushed-dried grape waste – 30, as the sole carbon source. The
pH of this medium was adjusted to 5.6 before autoclaving at 121 ◦ C
for 15 min. Fungal inocula were added to the medium and each
culture was incubated at 30 ◦ C with shaking at 200 rpm for 5 days.
The degraded grape samples were collected and cryopreserved for
further analyses.
2.4. Determination of reducing sugars
The quantitative determination of reducing sugars in the ﬁltrate
of degraded grape waste was performed by the dinitrosalicylic acid
(DNSA) assay. Grape waste ﬁltrate (100 L sample) was mixed with
1 ml DNSA and incubated in a boiling water bath for 5 min followed
by cooling on ice to stop further reaction and bring the sample to
room temperature. The absorbance was taken at 540 nm to determine the concentration of reducing sugars. A glucose gradient was
used to derive the standard reducing sugar (Plummer, 1987).
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weighed as Acid Insoluble Residue and was vaporized in a mufﬂe
furnace at 575 ◦ C for 1 h followed by cooling to room temperature.
The weight of this sample was considered as ash. ASL in each sample was determined by the absorbance of the centrifuged ﬁltrate at
320 nm using the equation given below:
%ASL =

ABS × volume × Df
× 100
ε × WS1 × pahlength

where, ABS = absorbance at 320 nm; Volume = volume of total
ﬁltrate (30.35 mL); ε = absorptivity of biomass at 320 nm
(30 L/g cm); WS1 = oven dried weight of sample (milligrams);
Pathlength = pathlength of the cell (1 cm)
AIL was determined by the ratio of difference between dry Acid
Insoluble Residue (AIR) and ash to the original dry weight of grape
waste as given in the equation below:
%AIL =

WS2 − WS3
× 100
WS1

where, WS1 = oven dried weight of sample (milligrams);
WS2 = weight of AIR (milligrams); WS3 = weight of ash (milligrams); the total lignin content was calculated as the cumulative
ASL and AIL.
2.7. Enzyme assays
Cellulase activity was measured in terms of Filter Paper Activity
(FPA) as per IUPAC protocols (Ghose, 1987) using Whatman no. 1
ﬁlter paper as the substrate. One International Unit (IU) of cellulase
is deﬁned as the amount of enzyme required to liberate 1 mol
glucose per minute under assay conditions.
Activity of ␤-glucosidase was determined by the p-nitrophenyl␤-D-glucoside (pNPG) assay according to the method given by
Kovacs et al. (2009). One IU of ␤-glucosidase is deﬁned as the
amount of enzyme required to liberate 1 mol p-nitrophenol per
minute under assay conditions.
Xylanase activity was measured by method given by Kovacs et al.
(2009). 1.8 mL of Birchwood xylan (1%) in 0.05 M Na-citrate buffer
was mixed with 200 L appropriately diluted enzyme sample and
was incubated at 50 ◦ C for exactly 5 min. 3 mL DNSA reagent was
added to this mixture before boiling for 5 min. The reaction was terminated by cooling in an ice bath. Absorbance was taken at 540 nm
to determine enzyme activity. One IU of xylanase is deﬁned as the
amount of enzyme required to liberate 1 mol xylose per minute
under assay conditions.

2.5. Determination of pentoses
2.8. Statistical analysis
The pentose sugar concentration was quantiﬁed by Bial’s assay
(Pramod and Venkatesh, 2006). Grape waste ﬁltrate (200 L) was
mixed with 1 mL Bial’s reagent (80 mg ethanolic orcinol in 40 mL
concentrated HCl and 0.1 mL 10% FeCl3 ) and kept in a boiling water
bath for 5 minutes. The samples were then cooled to room temperature on ice to terminate the reaction and the absorbance was
taken at 660 nm. The concentration was determined on the basis of
the standard curve of arabinose.

All data were presented as the mean values of triplicate data
samples with their standard error. The consistency and deviations
between the data were analyzed by one way ANOVA using IBM®
SPSS® 20.0 statistics software.
3. Results and discussion
3.1. Degradation of grape waste

2.6. Determination of lignins
Lignins were determined as Acid Soluble Lignin (ASL) and Acid
Insoluble Lignin (AIL) by the NREL procedure (Sluiter et al., 2011).
0.1 g dried grape was incubated in 1 mL 72% H2 SO4 at 30 ◦ C for 1 h.
This was followed by dilution of the acid hydrolyzed sample to 4%
H2 SO4 by addition of deionized H2 O. The mixture was then autoclaved at 121 ◦ C for 1 h followed by cooling to room temperature.
The supernatant was collected as the ASL fraction after a brief centrifugation. The pellet was rinsed with distilled water and was dried
at 105 ◦ C for 4 h to ensure complete drying. The dried sample was

Autoclaving altered the composition of winery grape waste,
with an overall decrease in dry mass (data not shown). Pentose content in the ﬁltrate increased from 1 kg/m3 to 10 kg/m3 . The reducing
sugars also increased signiﬁcantly from 1.76 kg/m3 to 2.21 kg/m3 .
It has been reported by numerous workers that biomass tends
to undergo hydrolysis during hydrothermal processing. Although
most of the reports have used temperatures around 180 ◦ C, hydrolysis of biomass has been documented to occur at autoclaving
temperatures (Papadimitriou, 2010). The molal ionic product of
water (Kw ) is dependent on the temperature of the system. Kw
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Fig. 1. Reducing sugar content (kg/m3 ) in fungal cultures of non-autoclaved, autoclaved and untreated Shiraz grape waste. Values for non-autoclaved and autoclaved
samples are signiﬁcantly different to untreated samples (p < 0.05).

increases from 0.64 × 10-14 at 18 ◦ C to 54.6 × 10-14 at 100 ◦ C and
268 × 10-14 at about 150 ◦ C. Kw reaches its highest value at about
250 ◦ C, when it is 634 × 10-14 . This increase in the ionic product is important as it is directly proportional to the solubility of
water. Therefore, the solubility of substrates (such as cellulose
and hemicelluloses) increases with the rise in Kw value. This relationship is always taken into account when applied to several
hydrothermal processes like hot-compressed water (HCW), steam
explosion (SE) and supercritical water (SW) treatments. Therefore,
temperatures around 250 ◦ C or above are applied in these processes
(Ando et al., 2000; Goto et al., 2004). As compared to HCW or SE
processes, Kw value during autoclaving is nominal, but is generally sufﬁcient to ensure a substantially high substrate solubilisation
without yielding strong microbial inhibitors such as 2-furfural and
5-hydroxymethyl furfural (5-HMF) which are generated during
hydrothermal treatments, especially during SE treatment (Sanchez
and Bautista, 1988; Klinke et al., 2004). This allows an efﬁcient
subsequent microbial degradation without requiring the multiple rinsing of substrate with deionised water to remove these
inhibitors, thereby saving important time and resources.
3.2. Utilization of reducing sugars and pentoses
Reducing sugars such as glucose are the primary carbon sources
for microbial growth. Cellulose is the most abundant polysaccharide and makes up the basic structure of plant cell walls.
It is an almost linear molecule made up of the reducing sugar
␤-d-glucopyranose, linked by ␤-1, 4-polyanhydroglucose with cellobiose (also a reducing sugar) as the smallest repetitive unit, thus
is a ␤-glucan (Fengel, 1971).
It was observed that the process of autoclaving released considerable amounts free sugars in the ﬁltrate. The ﬁnal sugar
concentration suggests complete utilization of these sugars by
growing fungi. The subsequent degrading process of cellulose and
hemicelluloses generated further free sugars (2.2 kg/m3 ). Noticeable amounts of these sugars were then consumed by fungi during
their growth. It was observed that substantial amounts of reducing
sugars accumulated in the autoclaved samples. The highest amount
of sugar utilization was observed for T. herzianum and P. citrinum
cultures, where the concentration of reducing sugars decreased
from 2.2 kg/m3 to 1 kg/m3 and 1.5 kg/m3 , respectively (a decrease
of 1.2 kg/m3 and 0.7 kg/m3 , respectively). A. niger also showed
noticeable degradation amounting to about 0.4 kg/m3 utilization
as the reducing sugar concentration decreased from 2.2 kg/m3
to 1.8 kg/m3 (Fig. 1), whereas P. chrysogenum did not show signiﬁcant utilization. The fungal degraded non-autoclaved grapes
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P. chrysogenum
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Fig. 2. Pentose sugar content (kg/m3 ) in fungal cultures of non-autoclaved, autoclaved and untreated Shiraz grape waste. Values for non-autoclaved and autoclaved
samples are signiﬁcantly different to untreated samples (p < 0.05).

accumulated lower amounts of reducing sugars, ranging from
0.9 kg/m3 (A. niger) to 1.4 kg/m3 (P. citrinum). Noticeable amounts
of sugars were utilized by T. harzianum as the sugar concentration decreased by 0.8 kg/m3 (from 1.8 kg/m3 ). A similar result was
seen in the A. niger culture, where the reducing sugars decreased
to 0.9 kg/m3 from 1.9 kg/m3 (untreated control). Contrasting to
this, P. chrysogenum and P. citrinum cultures both accumulated
1.4 kg/m3 sugars, decreasing from 1.8 kg/m3 in untreated control.
They were able to utilize only 0.4 kg/m3 of sugars. Overall, proportionally higher amounts of reducing sugars were observed to
be utilized in autoclaved substrate as compared to non-autoclaved
substrate.
It was observed (Fig. 2) that high amounts of pentose sugars accumulate in the medium due to the process of autoclaving.
The pentose sugar content of non-autoclaved substrate cultured with T. harzianum, A. niger, P. chrysogenum and P. citrinum
was 5.6 kg/m3 , 7.6 kg/m3 , 5.1 kg/m3 and 5.6 kg/m3 , respectively.
These values increased signiﬁcantly in the autoclaved samples
where the pentose content increased to 9.1 kg/m3 , 11.1 kg/m3 ,
8.5 kg/m3 and 9.1 kg/m3 in the same order. This possibly indicates higher hemicellulosic degradation in autoclaved samples
as also reﬂected in the higher xylanase activities in those
substrates as compared to the non-autoclaved substrates (see
below).
Hydrothermal heating weakens the lignin crosslinks within
cellulose and hemicellulose, thus exposing them to physical, chemical or biological degradation (Hassan et al., 2013; Papadimitriou,
2010). Further, the hydrothermal process, as it occurs in an autoclave, enhances the breakdown of hemicellulosic polymers to form
its constituent pentose and hexose sugars in addition to other
derived products such as galacturonic and/or glucuronic acids. The
highly heterogeneous composition of hemicelluloses makes them
more susceptible to physical and chemical reactions compared to
cellulose. The noticeable content of hexoses and minor amount of
heptoses might explain the extraordinary utilization of reducing
sugars in T. harzianum and P. citrinum cultures (Hassan et al., 2013;
Papadimitriou, 2010).
The initial low pH (5.6) probably intensiﬁed the degradation
process of hemicelluloses and cellulose in both cultures (Hassan
et al., 2013; Takashima and Tanaka, 2008). The further release
of sugars and their ultimate utilization explains the degradation ability of the fungal cells. Additionally, T. harzianum, A. niger
and P. citrinum are known to produce a signiﬁcant amount of
hemicellulose-hydrolyzing enzymes such as xylanases, arabinases
and pectinases among many others (Brink and Vries, 2011; Kumar
et al., 2008).
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Fig. 3. Lignin content (%) in fungal cultures of non-autoclaved, autoclaved and
untreated Shiraz grape waste. Values for non-autoclaved and autoclaved samples
are signiﬁcantly different to untreated samples (p < 0.05).

Fig. 4. Cellulase activity (U) of the fungal cultures in non-autoclaved and autoclaved
Shiraz grape waste. Values for non-autoclaved and autoclaved samples are signiﬁcantly different between the samples (p ≤ 0.05), except for the value marked with
an asterisk.

3.3. Change in the lignin content

(Fig. 4), which resulted in minimal substrate degradation, thereby,
almost conserving the original lignin composition.
Although all fungi used in this study generated substantial
amounts of cellulases and hemicellulases, all of them except P.
chrysogenum do not have the ability to synthesize lignases. P.
chrysogenum, however, generates lignases which degrade the low
molecular weight lignin components such as cinnamic acid, ferulic
acid and vanillic acid (Rodríguez et al., 1994). In the case of A. niger,
the fungus might possess minor lignin mineralization ability for
its major substrates, cellulose and hemicellulose. Indeed, there are
little data available regarding the quantiﬁcation of lignin degradation/transformation by these fungi on wooden substrates (Hassan
et al., 2013; Singh Arora and Kumar Sharma, 2010). To our knowledge, the current study is the ﬁrst to investigate the degradation of
the lignin component of winery biomass waste.

Lignins are abundant biopolymers, second only to cellulose.
In most plants, especially, in higher plants, they function as the
prominent components of xylem. They are composed of hydroxycinnamyl alcohols i.e. p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol, and their methoxy derivatives. Due to their
hydrophobic nature, they aid in efﬁcient water transport throughout the plant system. However, this very nature also makes them
tolerant towards biodegradation (Boerjan et al., 2003; Vanholme
et al., 2010). Lignins not only act as the physical barriers to microbial degradation, but also as non-productive binders of cellulases,
thus acting as cellulase inhibitors (Duarte et al., 2012b)
The total lignin (Acid Soluble Lignin and Acid Insoluble Lignin)
was observed to increase in every sample when compared to the
untreated control (Fig. 3). This was expected since T. harzianum and
A. niger do not have the ability to degrade lignin. Penicillium sp. also
has limited ability to mineralize lignin (Rodríguez et al., 1994).
The process of autoclaving was observed to degrade considerable amounts of sugars, thereby substantially increasing the lignin
content of the substrate from an average of about 36% in untreated
control to about 63% in autoclaved substrate. Subsequent fungal
growth consumed the sugars, but their inability to mineralize lignin
resulted in further lignin accumulation in the growth media. This
increase was especially noticeable in T. harzianum and P. citrinum,
where the lignin content spiked from 65.7% to 68% and 63.8% to
74%, respectively, thus, showing inability of these fungi to degrade
lignin. However, interestingly, P. chrysogenum was able to mineralize some lignin in autoclaved substrate as total lignin in the culture
showed a decrease of about 9%, from 64% to 53.1%. On the other
hand, the non-autoclaved substrate from the P. chrysogenum culture displayed an increase of about 14% lignin from 36.1% to 50.3%,
thus, suggesting the inability of this fungus to degrade lignin in
non-pretreated substrates.
Similar changes were observed with autoclaved substrate cultured with A. niger. Similar to P. chrysogenum, a decrease in lignin
content by 4.2% (from 63.7% to 59.6%) was observed in this culture.
This was unexpected since A. niger has not been reported to have
any lignin degrading properties. The observation encourages further study on the degradation pattern of A. niger on winery wastes.
One of the other interesting observations was the limited increase
in lignin content in non-autoclaved substrate cultured with A. niger.
In this culture, the lignin content rose slightly from 35.8% in the
untreated control to 39.5% in the non-autoclaved sample. One of
the reasons for this might be a lower cellulase activity of A. niger

3.4. Enzyme activities
Cellulose is the main source of carbon in lignocellulose complexes, as it is the richest source of glucose, the primary source
of carbon for most microorganisms. However, cellulose exists in
the core of lignocellulosic complexes, surrounded by hemicellulose
and lignins. To achieve access to cellulose, fungi have to penetrate
through these layers (Fengel, 1971). Aerobic ascomycetes such as T.
harzianum and Aspergillus sp. have cellulases composed of endoglucanases and exoglucanases, reportedly of varied individual enzyme
composition depending on substrate availability and speciﬁcity
(Kovacs et al., 2009; Liu et al., 2012; Sipos et al., 2010). Cellulase
activity is thus effectively measured by enzyme activity (Ghose,
1987).
The highest cellulase activity of about 45 U was observed in
the A. niger culture, signiﬁcantly higher than the enzyme activities
of 19.6 U, 24.1 U and 15.1 U observed in T. harzianum, P. chrysogenum and P. citrinum cultures, respectively (Fig. 4). This is in
contrast to reportedly higher activities in Trichoderma with respect
to Aspergillus (Kovacs et al., 2009; Liu et al., 2012). One of the reasons
for this might be the limited requirement for enzyme production
due to the availability of large amounts of free sugars which result
from the process of autoclaving the substrate. Another reason might
be signiﬁcant product inhibition of the fungal cellulases by free sugars produced, most of which are known to be product inhibitors of
cellulolytic enzymes (Brink and Vries, 2011; Duarte et al., 2012a).
The cellulase activities of the non-autoclaved samples were
found to be 48.1 U, 16.6 U, 9.2 U and 64.6 U in T. harzianum, A.
niger, P. chrysogenum and P. citrinum cultures, respectively. Most
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Fig. 5. ␤-glucosidase activity (U) of the fungal cultures in non-autoclaved and autoclaved Shiraz grape waste. Values for non-autoclaved and autoclaved samples are
signiﬁcantly different between the samples (p < 0.05).

contrasting differences of activities were seen in T. harzianum and
P. citrinum cultures where the cellulase activities were about 3–4
times higher in non-autoclaved samples as compared to autoclaved samples (Fig. 4). However, this was expected in T. harzianum
cultures as the species is known (and was observed) to have a
higher cellulase activity, but very low ␤-glucosidase activity. This
resulted in product inhibition of Trichoderma cellulase by glucose
and cellobiose thus lowering the activity, as seen in the autoclaved
samples, which had considerable amounts of those free sugars.
However, the considerable difference of cellulase activity in the
P. citrinum culture is more difﬁcult to interpret, since it displayed
higher ␤-glucosidase and xylanase activities in autoclaved and
non-autoclaved substrates. Higher cellulase activity was observed
in autoclaved substrate further degraded by A. niger. This was
expected since the species, although having comparatively lower
cellulase activity, possesses high ␤-glucosidase activity which prevented product inhibition of its cellulase enzyme.
Product inhibition is a well-known phenomenon which contributes to the difﬁculties observed in lignocellulose degradation.
It has been reported by numerous authors, especially in relation to
cellulose degradation, that cellobiose (the chief product of cellulose
degradation) and glucose (the minor product) act as inhibitors for
cellulases. The main reason for this is the exceptionally low catalytic
activity of ␤-glucosidase as compared to the other enzymes present
in the cellulase enzyme complex (Duarte et al., 2012a; Kovacs et al.,
2009; Liu et al., 2012; Sipos et al., 2010).
The activity and secreted amount of ␤-glucosidase is also one of
the important contributing factors towards the cellulase activities.
␤-glucosidase hydrolyses the ␤-(1-6) glycosidic bonds in cellobiose
(the smallest functional unit of the cellulose molecule) to glucose
units which can be readily utilized by chemical or microbial actions
(Brink and Vries, 2011; Kim et al., 2012). However, numerous previously reported works and our own ﬁndings suggested very low
activity (26 U) of these enzymes in Trichoderma sp. (Baldrian and
Valášková, 2008; Juhász et al., 2005; Kovacs et al., 2009) as compared to other fungi (Fig. 5), especially A. niger (Singhania, 2012),
which displayed enzyme activity of 155 U in our work. This might
explain the overall lower cellulase activity in the T. harzianum culture. Penicillium cultures also displayed signiﬁcant ␤-glucosidase
activities, which probably resulted in their overall high cellulolytic
activities (Fig. 5).
The ␤-glucosidase activity of T. harzianum from the nonautoclaved substrate (16.8 U) did not vary greatly from the
autoclaved substrate, although, it showed a decrease of about 9 U
over the fermentation period. Similar results were seen in the P.

Fig. 6. Xylanase activity (U) of the fungal cultures in non-autoclaved and autoclaved Shiraz grape waste. Values for non-autoclaved and autoclaved samples are
signiﬁcantly different between the samples (p < 0.05).

citrinum culture where ␤-glucosidase activity in non-autoclaved
substrate was 160.9 U as compared to 180.1 U in autoclaved substrate. However, considerably lower activities were found in the
non-autoclaved substrates cultured with A. niger and P. chrysogenum. The ␤-glucosidase activity of the autoclaved substrate
cultured with A. niger was 154.9 U, which was more than 3 times the
value of the non-autoclaved substrate (49.6 U). Similarly, the activity in the P. chrysogenum culture reduced from 84.9 U in autoclaved
substrate to 40.6 U in non-autoclaved substrate, a greater than twofold decrease in activity. Overall, the higher ␤-glucosidase activity
in autoclaved substrate as compared to non-autoclaved substrate
indicates the hydrolyzing of a major part of cellulose and hemicelluloses to disaccharides such as cellobiose, which is the substrate
for enzymes such as ␤-glucosidase (Fig. 5).
Xylanases are a group of differential hemicellulases responsible
for the degradation of various xylans by hydrolysing their ␤-(1, 4)
linked d-xylopyranoside units. Comprising up to 1% of total fungal
lignocellulolytic enzymes, xylanases may work symbiotically with
other hemicellulases and cellulases, thereby facilitating a consortial
mix for degradation of biomass substrates (Dashtban et al., 2009;
Sweeney and Xu, 2012).
Xylanase activities (Fig. 6) across all the fungi were lower than
expected. The highest activity of 335 U was found in A. niger followed by P. citrinum and P. chrysogenum at 234 U and 191.1 U,
respectively (Fig. 6). T. harzianum, by contrast, displayed a lower
enzyme activity of 38.7 U. The lower activity of xylanase reﬂects
the presence of very low amounts of hemicellulose substrates in
the medium following thermal hydrolysis. The xylanase activities in
non-autoclaved substrates were lower than that of the autoclaved
substrate. The enzyme activities of 13.8 U, 277.3 U and 201.1 U were
observed in T. harzianum, A. niger and P. citrinum non-autoclaved
cultures, respectively. The most signiﬁcant decrease was seen in P.
chrysogenum, where the xylanase activity decreased dramatically
from 191.1 U in autoclaved substrate to 7.2 U in non-autoclaved
substrate. The activities reported here are signiﬁcantly lower than
those reported previously (Betini et al., 2009; Hideno et al., 2011).
The higher activity of xylanase in autoclaved substrate indicates
a possible hydrolyzing of hemicelluloses to oligomers rather than
mono-saccharides, which acted as the substrates to xylanases.
4. Conclusions
In this study, degradation of winery discarded grape waste was
assessed after hydrothermal treatment, followed by further treatment with T. harzianum, A. niger, P. chrysogenum or P. citrinum.
Variation in the percent composition of cellulose, hemicelluloses
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and lignin in the grape waste was determined by various assays
after an incubation period of 5 days. Signiﬁcant amounts of reducing sugars and pentoses were secreted in the medium after the
hydrothermal treatment, presumably resulting from the partial
and/or total degradation of cellulose and hemicelluloses, respectively. Subsequent fungal treatments not only utilized the free
sugars in the medium, but also enhanced further degradation of
the grape waste. The total lignin was noticeably mineralized by
P. chrysogenum and to a minor level by A. niger over the incubation period. The other fungi did not show any lignin degrading
abilities. A. niger displayed substantial xylanase, ␤-glucosidase and
xylanase activities, marginally higher than P. citrinum except for ␤glucosidase. Although T. harzianum showed comparable cellulase
activities, it displayed lower xylanase and ␤-glucosidase activities with respect to other fungi. Overall, a signiﬁcant increase in
the efﬁciency of fungal enzyme activities and subsequent degradation of winery waste was observed after hydrothermal treatment
compared to that seen in a normal fermentation process.
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