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Grape marc and lees are main waste biomass in wine industry, which contain substantial

amount of carbohydrates and nutrients, but currently deliver considerable carbon emission

through landfill in Australia. This study was aimed to develop a biotechnological system-

atic  approach to select suitable fungi for bioconversion of the winery biomass wastes into

animal feed. The biotech-systematic approach was developed through assessment of nutri-

ent/carbon source accessibility of the fungi, understanding of their metabolic reactions in

solid state fermentation, and nutritive value of the fungi-fermented grape marc. From 13

Aspergillus,  Rhizopus, and Trichoderma fungal species, A. oryzae DAR 3699, A. oryzae RIB40

and  T. reesei RUT C30 were determined as the best fungi due to their promising biochemical

capabilities to enhance protein contents and in vitro digestibility of grape marc in mono- and

co-cultivations. The mono-fungous-cultured SSF process used these selected fungi is able

to  convert grape marc to nutrient-rich feed by increasing the protein contents from ∼5% to

26%  and the digestibility from ∼25% to over 50%. R. oligosporus 2710 with R. oryzae 6201 or T.

viride  15719 showed promising protein enrichment to 18–23% and digestibility improvement

by  ∼50% in their co-cultivations. This preliminary bioengineering strategy will be useful for

selecting microorganisms for the bioconversion of organic wastes to high valuable products.

This  “green cycle” bioprocess will be useful to promote the old-fashioned waste treatment
technologies for the cleaner production in food processing industries.

©  2016 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Barrete, 2007). The SSF is a cost-effective process for the
1.  Introduction

The wine industry is a growing industry in Australia. The
Australian wine industries produce approximately 1.8 mil-
lion tons/annum of grapes for wine production (Australian
Bureau of Statistics, FAO), while generating about 450,000 tons

of grape marc  residues, which are treated as wastes by landfill.
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The grape marc  and wine lees contain substantial carbohy-
drates and nutrients, which are biodegradable and can be good
substrates for biological production via solid state fermenta-
tion (SSF). SSF process provides an environment to support
growth of microorganisms on solid substrates (Gelinas and
bioconversion of organic wastes to viable products. Most of
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Table 1 – Fungus species employed in this study.

Species Strain Abbreviation Source

Aspergillus oryzae DAR 3699 AO 3699 BCRI
Aspergillus oryzae RIB 40 AO 40 BCRI
Aspergillus oryzae 3863 AO 3863 BCRI
Rhizopus arrhizus 36017 RA 36017 BCRI
Rhizopus oligosporus 2710 RO 2710 BCRI
Rhizopus oryzae 1501 RO 1501 UALD
Rhizopus oryzae 2062 RO 2062 UQLD
Rhizopus oryzae 6201 RO 6201 CSIRO
Trichoderma viride 1544 TV 1544 CSIRO
Trichoderma viride 15719 TV15719 CSIRO
Trichoderma reesei 3967 TR 3967 CSIRO
Trichoderma reesei QM6a  TR QM6a UQLD
Trichoderma reesei RUT  C30 TR C30 UQLD

BCRI: Biological and Chemical Research Institute, Sydney, NSW,
Australia.
CSIRO: Division of Food Science & Technology, CSIRO, Sydney, NSW,
Australia.
UQLD: Culture Collection, The University of Queensland, Brisbane,
QLD, Australia
eported studies on winery waste materials such grape marc
ocused  on conventional technologies, such as biodegradation
nd  composting and landfill processes (Sanchez et al., 2002;
endruscolo et al., 2008). There are a few of recent studies
hich  were conducted to use fungi for degrading hemicellu-

ose  biomass from winery (Karpe et al., 2015a, 2015b). There
s  a need to develop a technology for conversion of winery
astes  to value-added products, leading to sustainable waste
anagement  strategy.
Fungi  are often used in food industries as the sources of

iomass  and or by-products (Sankaran et al., 2010). Fungi can
roduce  a wide range of chemicals and enzymes, and are more
ffective  than bacteria in metabolizing complex carbohydrates
uch  as starch and molasses (Hu et al., 2011; Jin et al., 1999a,
002).  The fungal biomass can be used as a source of animal
eed  (Jin et al., 2000, 2001; Zhang et al., 2008). Fungi are able
o  penetrate solid substrates for producing fungal biomass
ith  high yields. Bioconversion of organic waste materials,

uch  as the grape marc  and wine lees, to value-added prod-
cts  offers an opportunity for the reuse of abundant waste
aterials from agro-industrial processes. Bioconversion has

hown  to be a promising process to improve the nutrition con-
ent  and digestibility of the organic wastes, making them as
rotein-rich  animal feedstock (Vendruscolo et al., 2008). This is
n eco-friendly biotechnological approach for the sustainable
evelopment of wine industry.

This study was aimed to develop a biotech-systematic
pproach to select suitable fungi capable to convert winery
astes  to protein-rich feed via SSF process. The study focused
n  improving protein contents and digestibility of the grape
arc.  The selection processes were carried out in a labora-

ory  scale SSF system using white grape marc  and red grape
arc  as carbon sources, and wine lees as nutrient source.

he  proposed biotech-systematic approach was developed
hrough preliminary assessment of the nutritive components
nd  safety for human and animal consumption of the fun-
al  biomass, and evaluation of their metabolic capability to
mprove  protein contents, digestibility, and sugar accumula-
ion  and consumption. A preliminary bio-systematic strategy
ill  be developed to assess SSF performance of the tested fun-

al  strains in mono- and co-cultivations using the grape marc,
s  well as nutrient sources. This biotech-systematic approach
ill  be useful for selection of suitable microbial candidates for

urther  investigations for optimization of fermentation condi-
ions  for protein enrichment of grape marc  residuals using SSF
rocesses.

.  Material  and  methods

.1.  Microorganisms

.1.1.  Fungus  species  and  strains
hirteen fungal strains of Aspergillus sp., Rhizopus sp. and Tri-
hoderma  sp. as listed in Table 1 were tested in this study. All
ungal  strains are considered as GRFS [Generally Recognized as
ood Safe] by the US Food and Drug Administration (Sankaran
t  al., 2010). It is well known that Aspergillus sp. and Rhizopus
p.  are starch consumers, while Trichoderma sp. are cellulase
nd  hemicellulase producers (Zhang et al., 2008; Hu et al.,
011;  Jin et al., 1999b, 2001, 2002). These fungal species, there-
ore,  might be suitable candidates for protein enrichment of

rape  marc  via a SSF process (Ghorai et al., 2009; Gummadi and
anda,  2003; Petre et al., 1999). The seed cultures were grown
on potato dextrose agar slants for 5 days at 30 ◦C, maintained
in  a refrigerator at 4 ◦C, and re-cultivated bimonthly.

2.1.2.  Inoculum
Inocula of the tested fungi were grown on potato dextrose agar
slants  at 30 ◦C in an incubator for 5 days. The spores were har-
vested  as suspension with a spatula and transferred to 10 mL
of  a 0.05% Tween 80 solution under aseptic conditions. The
number  of the fungal spores was counted with the Neubauer
counting chamber under the microscope. 2.5 mL of the spore
solution,  in which the spore concentration was adjusted to
approximate  1 × 107 spores/mL, was used as an inoculum for
the  SSF tests.

2.2.  Winery  residues

2.2.1.  Grape  marc  residue
Red grape marc  (RGM) was obtained from Richmond Grove
Winery  and white grape marc  (WGM) was provided by Orlando
Wines  in South Australia. The RGM was collected from fer-
mentation  tanks for red wine production. The WGM  was the
grape  residues after juice extraction. The RGM contained ∼5%
residual  sugar analyzed as glucose and ∼3% protein, and had
a  digestibility of ∼25%. The WGM  contained approximate 8%
glucose,  5% fructose and 5% protein, and had ∼30% digestibil-
ity.  The grape marc  was dried at 50 ◦C for 24 h until its water
content was reached less than 3%. The dried grape marc
residues were then stored at 4 ◦C for further use. All results
presented in this paper are referred to the dried grape marc.

2.2.2.  Wine  lees
Wine lees are a waste product from the wine fermentation
and aging processes, which consist of dead yeast cells, grape
seeds,  pulp, stems, skins and tartrates. The wine lees were
collected  from Richmond Grove Winery and Orlando Wines in
South Australia, and were stored in a freezer at −18 ◦C until
further  use.

2.3.  Nutrient  supplementation
Standard trace element solution was used as nutrient supple-
mentation  in the tests, and contained (g/L) 0.02 KH2PO4,
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62  Process Safety and Environmental Protection 1 0 3 ( 2 0 1 6 ) 60–68
0.02 (NH4)2SO4, 0.003 MgSO4·7H2O, 0.005 CaCl2, 0.00005
FeSO4·7H20, 0.0000156 MnSO4·H2O and 0.000014 ZnSO4·7H2O.
These  chemicals were purchased from Sigma–Aldrich Co.,
USA.

2.4.  Cultivation  conditions

2.4.1.  Mono-cultivation
Dried grape marc  samples (15 ± 0.25 g) were added into a
250  mL  Erlenmeyer flask and were mixed with Milli-Q water
and/or  nutrient sources as required. The flasks were sterilized
at  121 ◦C for 15 min  and inoculated with 2.5 mL  spore sus-
pension  (1 × 107 spores/mL) after being cooled down to room
temperature. The water content of the inoculated gram marc
was  controlled at approximately 65% in this study. The water
content  in the grape marc  samples was determined by drying
the  samples at 60 ◦C under vacuum for 8 h to achieve con-
stant  mass. The contents of each flask were gently tapped for
30 s to mix  the spore suspension in the grape marc  and were
incubated  statically at 30 ◦C for 5 days.

2.4.2.  Co-cultivation
The co-cultivation was carried out by inoculation of two differ-
ent  species and/or strains in the same SSF test, in which each
strain  was added with 1.2 mL  of the prepared spore suspen-
sion  (1 × 107 spores/mL) to 15 g dried grape marc.  The substrate
was  supplemented with 2% (w/w) wine lees. The flasks were
incubated  under aseptic conditions at 30 ◦C for 5 days.

2.5.  Analysis

2.5.1.  Chemical  analysis
For estimation of total residual sugars, 1 g of the samples was
suspended  in 50 mL  of distilled water. The samples were kept
at  an ambient temperature for 12 h for extraction of the sugars.
The  filtrate was then analyzed for residual sugars in form of
glucose  and fructose using HPLC (Model 350, Varian, Australia),
which  was equipped with a Varian Microsorb-MW 100-5 C18
column  and a refractive index detector under UV absorbance
detection at 254 nm.  The column temperature was maintained
at  70 ◦C. The biomass was expressed in terms of total protein
content.  Total protein was analyzed according to the standard
Folin  method as described in previous studies (Jin et al., 2002;
Zhang  et al., 2008). The in vivo digestibility of the grape marc
was  determined by two stage methods according to Palić  and
Leeuw  (2009). Briefly, in the first, 0.5 g of dried sample is incu-
bated  anaerobically with rumen liquor inoculum in a buffered
solution  for 48 h at 38 ◦C in the dark. The second stage involves
digestion with pepsin–HCl for 48 h at 38 ◦C. The digestibility is
calculated  as the difference between the organic matter in the
original  sample and in the residue.

2.5.2.  Data  analysis
All sampling and analysis were conducted in triplicates. All
analytical  data were calculated from the average values of
the  triplicates. The results presented in the tables and figures
were  provided with the deviation of 95% confidence interval.

Standard  deviation for each measurement is shown in the
relevant  figures and tables.
3.  Results  and  discussion

3.1.  Selection  criteria  and  procedures

The protein-enriched grape marc,  as the target product of the
SSF  process, must fulfill certain requirements as an alterna-
tive  feedstock (Botella et al., 2005; Sanchez et al., 2002). The
bioconversion product using fungi must have a high protein
content  and digestibility, and is safe for human or animal con-
sumption.  The screening and selection of the fungal species
were  conducted in a series of laboratory bench tests. The main
criteria  for strain selection include biochemical accessibility
to  use grape marc  as a carbon source, growth requirement
and rate, and final usability of the fungal biomass. Impor-
tantly, these fungi should meet the GRFS status (Joshi and
Sandhu,  1996). The screening of suitable fungal species and
strains  were determined by evaluation of the fermentation
results of protein content, digestibility and residual sugar con-
sumption.  The protein content gives back the nutritional value
for  the animal feed, while the digestibility indicates how the
carbohydrate  based feedstock can be better utilized by the con-
suming  animals. The digestibility is an important parameter
to  determine overall quality of feedstock. In consideration of
the  selection criteria and chemical composition of the winery
residuals,  the fungi must

1)  Have a high protein content and be safe for human and
animal  consumption,

2)  Have a broad substrate specificity for grape marc  utiliza-
tion,

3)  Have a high microbial conversion efficiency of winery resid-
uals  for animal feed,

4)  Have high growth rates and should be adaptable for use in
a  large scale SSF process.

The  screening and selection of suitable fungal species and
strains  were carried out in four stages: (i) screening of can-
didates,  (ii) primary genus selection, (iii) species and strain
selection, and (iv) cultivation conditions, as outlined in Fig. 1.
The  initial screening of the fungus candidates and selection of
primary  genus were investigated through the literature study
and  database analysis. During the primary genus selection,
the  suitable candidates were tested by primarily assessing the
biomass  growth, carbon source accessibility, and enzyme gen-
eration  and reducing sugar production of the tested fungi.
In  the stage of species and strain selection, the suitable
species and strains were determined based on their biochem-
ical  activities and performance of fungal cell growth, protein
enrichment and digestibility in mono-cultivation. We  would
find  out if these tested fungi can be co-cultivated to maxi-
mize  the protein enrichment and digestibility improvement
by  the mixed cultures so as to better utilize the carbon and
nutrient  sources in the winery residuals: grape marc  and lees.
The  present study will only focus on these selection stages as
described  above.

It  is expected that the selected fungi will be tested in
a  laboratory SSF bioreactor system, which is equipped with
on-line  monitoring and control units for pH, temperature,
dissolved oxygen and water content. The investigations of lab-
oratory  SSF system will be conducted to determine operation
conditions and fungal growth requirements to maximize the

bioconversion  performances for improving protein contents
and  digestibility of the fermented grape marc.  Information of
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Fig. 1 – Biotech-systematic strategy of screening and
selection of microbial fungi for bioconversion of grape marc
to protein-rich animal feed.
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Fig. 2 – (a) Residual sugar profiles in SSF of red and white
grape marc using A. oryzae RIB 40, and (b) residual sugar
consumption ability of fungi using grape marc
(fermentation conditions: temperature 30 ◦C, water content
65% and incubation time 7 days) (residual sugars: SD ± 0.
26).
utrient analysis of the fungus-fermented grape marc  against
tandards for animal feed can be important for the commer-
ialization of this bioconversion technology and its product –
rotein enriched feed. Finally, the most suitable fungal strains
an be determined as industrial microorganisms.

.2.  Sugar  generation  and  consumption

he residual sugars were measured as an indicator of enzy-
atic and metabolic abilities of the tested fungi using grape
arc  in the SSF process. It is unlikely to determine the kinetic

rofiles of the reducing sugar generation and consumption
uring the SSF system, as the sugars can be consumed simul-
aneously by the fungal cell growth, enzyme generation, and

etabolic production. The residual sugars can be generated by
he biochemical reactions induced by the fungal cell growth,
hile being consumed by the metabolic reactions during the

ourse of fermentation (Karpe et al., 2015a). Thus, the overall
esidual sugars measured from the SSF tests were the differ-
nce between the generation and consumption of the total
ugars. To determine the profiles of the total residual sugars
ccumulated during the course of SSF, the fermented grape
arc  was sampled and tested against total residual sugars.
We conducted a series of bench tests to analyze the resid-

al sugar profiles during the course of SSF using fungi. It is
otable that all fungal species and strains showed more  or less
imilar reducing sugar profiles: consumption phase, accumu-
ation phase, reduction phase and stable low phase during the

 days fermentation, as shown in Fig. 2a. Fig. 2a presents the
rofiles of residual sugar generation and consumption of A.
ryzae RIB 40 during 7 day SSF using RGM and WGM. There is a
lear reduction profile of reducing sugars for WGM  from 6 g/L
o 0.7 g/L within 2 days fermentation and for RGM from 2 g/L to
.4 g/L in 1 day. In the early stage of the SSF, free sugars in the
rape marc  were consumed for the fungal cell growth, result-
ng in reducing sugar concentrations to 0.5 g/L and 2.1 g/L in

GM and WGM,  respectively, after 24 h. After 2 days of fermen-
ation, the sugar concentration in WGM  was further decreased
to 0.7 g/L. It was interesting to note the sugar concentration
reached a peak of 3.3 g/L in RGM in 2 days and 4.8 g/L in WGM
in 3 days. This sugar accumulation resulted from the enzy-
matic saccharification associated with the fungal cell growth.
In comparison with the residual sugar profiles in the SSF trials
using other fungi (data not shown), we found that these peak
levels of the residual sugars corresponded well to those fun-
gal species which showed a high biomass growth, such as A.
oryzae DAR 3699, A. oryzae RIB 40 and T. reesei RUT C30, whereas
the SSF using R. oryzae 6201 and T. reesei QM6a showed a very
small and/or no peak level of residual sugars. After the peak
level was reached, the residual sugar concentration decreased
exponentially. In general, residual sugar achieved a higher
level in the WGM  than these measured in the RGM during the
course of fermentation. This can be explained that the WGM
provided more  residual sugars of ∼8% glucose and 3% fruc-
tose, compared with ∼5% glucose in the RGM. These results
indicated that the tested fungi might be able to access glucose
and fructose simultaneously.

We  examined sugar consumption ability of the tested fungi
in a number of SSF tests using RGM, WGM  and mixed red
and white grape marc  (MGM) as fermentation media. Fig. 2b
shows that all Aspergillus sp. appeared to have a better car-
bon source accessibility to use the residual sugars available
in the grape marc.  A. oryzae DAR 3699 and A. oryzae RIB 40
performed excellent sugar consumption ability to utilize more

than 84% and 95% of the sugars in WGM  and RGM, respectively.
T. reesei RUT C30 demonstrated the highest sugar consumption
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Fig. 3 – (a) Protein contents in the grape marc, and (b)
relationship between protein contents and residual sugar
consumption in RGM and WGM  after 5 day SSF using
microbial fungi at 30 ◦C with a 65% water content (protein:
SD ± 0.65).
of 96–98% form all grape marc  samples, while T. reesei QM6a
and 3967 showed very low sugar consumption ability. T. viride
1544 could consume 52.8% and 44.2% residual sugars from
WGM  and RGM, respectively. The tested Rhizopus sp. showed
very low ability to consume the residual sugars. Among Rhizo-
pus sp., the best strain was R. oryzae 1501, which was able to
consume 32–37% sugars in the grape marc  samples, while R.
oryzae 6201 demonstrated the lowest ability to use sugars in
the grape marc.  There was no significant difference in terms of
sugar accessibility for each individual strain using grape marc
(Fig. 2b). Botella et al. (2005) stated that a low sugar concen-
tration of 0.05 mM was found after 22 h fermentation using A.
awamori and a peak of 0.14 mM was achieved after 24 h. Cauto
et al. (2003) reported similar results in sugar consumptions on
grape seeds using yeast.

3.3.  Protein  enrichment

The protein content in the fermented grape marc  is the most
important parameter which determines the overall quality
of the product as animal feed. Here, we have designed and
conducted a series of tests to evaluate protein enrichment
capability of the tested fungi. It is well known that protein
contents can be varied, depending on the microorganisms,
and their carbon and nutrient accessibility, as well as the culti-
vation conditions, such as carbon and nutrient sources, water
content and pH (Jin et al., 1999b, 2000). Therefore, the protein
enrichment of the fungi was determined and compared with
their ability to use reducing sugars and to improve digestibil-
ity in this study. The experiments were carried out in the flask
SSF tests using the RGM, WGM  and MGM  incubated at 30 ◦C
for 7 days. We  found that a significant protein enrichment of
the grape marc  occurred in 4–5 days, while there was a slight
and/or a little improvement in protein content and digestibil-
ity between 5 and 7 day incubation (data no shown). Therefore,
we present analysis data from the samples in 5 day fermenta-
tion to evaluate the SSF performance of these tested fungi in
the following sections.

Fig. 3a presents the protein contents of the fungi-
fermented grape marc.  Three A. oryzae sp. showed a
comparably high capability of fungal biomass growth and pro-
tein enrichment. A. oryzae 3699 and RIB40, and T. reesi C30
demonstrated the highest ability to enrich protein, achieving
a protein content of approximate 20%. Rhizopus sp. appeared
to be less promising fungi for protein enrichment. It is inter-
esting to note that T. reesi C30 was one of the best strains for
protein enrichment, while two T. reesi 3967 and QM6a grew
very poorly on the grape marc.  Considering the protein enrich-
ment as the aim of the SSF process, T. reesi 3967 and QM6a, R.
oryzae 2062, R. oligosporus 2710, and R. arrhizus 36017 should not
be selected for the SSF process. For individual fungus, higher
protein content was found in the fungi-cultured WGM. There
was no significant difference in protein content between the
fermented RGM and MGM.

Fig. 3b presents a promising liner regression relation-
ship between the protein content and sugar consumption
(R2 = 0.8372) in the fermented grape marc.  In general, a high
sugar consumption rate corresponded to increasing protein
content. However, this relationship can be variable. T. reesei
RUT C30 and A. oryzae performed a considerably higher pro-
tein enrichment associated with a higher sugar consumption
rates. It should be noted that this proportional increase in

the protein content with the sugar consumption appeared to
be less significant for most of Rhizopus and Trichoderma sp. R.
oryzae 1501 and T. viride 15719 showed high residual sugar con-
sumption rates of 33% and 45%, but low protein enhancement
by 1–5%. An increase in sugar consumption from 5% to 35% by
the Rhizopus sp. could lead to a slight increase in protein con-
tent in WGR, but a little protein enrichment for RGM. From
data shown in Fig. 3a, it can be notable that at least a sugar
consumption rate higher than 65% is needed in the SSF, if one
expects to achieve a significant increase in the protein content
for the fermented grape marc.

Our results revealed that the bioconversion of the win-
ery residues through the SSF was proved to be a promising
approach to enhance protein content in the grape marc.  In the
present study, four fungi A. oryzae DAR 3699, RIB 40 and 3863,
and T. reesei RUT 30 demonstrated excellent bio-accessability
in mono-cultivation. These fungi are suitable for protein
enrichment. As these fungi have been used in food processing
and enzyme production, the fungal biomass produced by
these strains can be safe for human and animal consumption
(Ghorai et al., 2009; Gummadi and Panda, 2003). Botella
et al. (2005) stated that solid grape wastes were competitive
with other agricultural wastes when they were used as a
substrate in a SSF process. Sanchez et al. (2002) investigated
the application of grape pomace for producing animal feed
using Pleurotus sp. in SSF. Vendruscolo et al. (2008) used apple
pomace as a substrate for protein enrichment through SSF
using Rhizopus sp. After 3 days fermentation, protein content

reached 11.0 g per 100 g dried pomace. They reported that R.
oryzae showed a potential use of rice bran as a substrate,
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Fig. 4 – (a) Digestibility of the grape marc, and (b)
relationship between digestibility and residual sugar
consumption in RGM and WGM  after 5 day SSF using fungi
at 30 ◦C with a 65% water content (digestibility SD ± 1.87).
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Fig. 5 – Relationship between protein contents and
digestibility in RGM and WGM  after 5 day SSF using fungi
at 30 ◦C with a 65% water content (protein: SD ± 0.58;

RGM as sole substrate was conducted as a reference. These
esulting in improving protein concentrations up to
0.4 g/100 g. This protein enrichment was comparably higher
han these reported by Pogaku et al. (2009), who used fungous
pecies of A. niger, A. oryzae and T. viride to promote protein
ontents of rice bran in bench scale SSF systems.

.4.  Digestibility  improvement

ig. 4a shows the digestibility improvement in RGM, WGM  and
GM after 5 day SSF using the 13 tested fungi. Compared with

5–30% digestibility of the raw grape marc,  we found that only
hree A. oryzae sp. and T. reesi C30 demonstrated a significant
mprovement of the digestibility up to ∼50%, while a little
ncrease in the digestibility was measured in the trails using
he rest nigh Rhizopus and Trichoderma sp. The results showed
hat there was no significant difference in digestibility of RGM
nd WGM  after the fungi-induced SSF.

Fig. 4b displays a well fitted linear regression relationship
R2 = 0.922) between the digestibility and sugar consumption

eseared in the SSF trails using 13 microbial fungi. This rela-
ionship shows that a high sugar consumption corresponded
o a high digestibility in the fermented grape marc.  For some
ungi, however, this proportional relationship between the
igestibility and sugar consumption seems less promising.

n the SSF trails using most of the Rhizopus and Trichoderma
pecies, high sugar consumption could lead to a slight increase
n the digestibility for either RGM or WGM. Three A. oryzae
trains appeared to be very promising fungi for sugar con-

umption and digestibility improvement in both WGM  and
digestibility: SD ± 1.38).

RGM, while T. reesei Rut C30 could convert ∼96% sugar to
enhance digestibility up to 51%.

From the results shown in Figs. 3 and 4, we note that a
fungus could generate biomass protein at a high level in the
fermented grape marc,  corresponding to a high digestibility.
Here, we  evaluated possible relationship between the protein
content and digestibility in the fungi-fermented grape marc,
as displayed in Fig. 5. While it seems unlikely to have a clear
relationship within the experimental data, we  found that the
tested fungi could be classified as two groups in terms of their
ability to enhance protein content and digestibility. The group
one includes three A. oryzae species and T. reesei Rut C30, while
second group are the rest of Rhizopus and Trichoderma sp. The
highest protein content up to 23% was achieved by A. oryzae
species, leading to the largest increase in digestibility of ∼50%
in both RGM and WGM.  T. reesei Rut C30 could only showed
a very high metabolic performance using WGM, resulting in
increasing the protein content up to 20% and digestibility of
54%. The protein content and digestibility could be increased
slightly in the SSF tests using Rhizopus sp., and T. viride 1544 and
15719. The fungi in the second group showed low biochemical
performances in terms of generation of reducing sugar, and
improvement of protein content and digestibility. They will
not be considered for further investigations for the biocon-
version of grape marc.  Our results revealed that the protein
content and digestibility of the grape marc  can be improved
by the fungi-induced SSF process. A few of previous studies
reported that the protein contents and digestibility of fruit and
vegetable wastes or agricultural by-products can be increased
in a SSF process using fungi (Pogaku et al., 2009; Cauto et al.,
2003).

3.5.  Nutrient  supplementation  for  protein  enrichment

To investigate if the nutrient supplementation could be ben-
eficial for protein enrichment of grape marc  using selected
fungi, we employed the commonly used nutrient sources:
yeast extract and minerals in the SSF trials. The winery lees
were tested as alternative nutrient source in this study. The
nutrient tests were carried out by supplementation of 1% (w/w)
yeast extract, trace elements, and or 1% yeast extract in com-
bination with trace elements. Further test was conducted with
addition of 1.0 g wine lees to 100 g of grape marc.  A test using
experiments were conducted at 30 ◦C using RGM with water
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Table 2 – Protein content (%, SD ± 0.66) in SSF of red grape marc with addition of nutrient sources.

Test strain No. nutrient supplementation Yeast extract Minerals Yeast extract + minerals Wine lees

A. oryzae DAR 3699 22 21 22 26 26
A. oryzae RIB 40 20  22 21 25 26
A. oryzae 3863 16 18 18 19 21
R. arrhizus 36017 8 8 8 11 10
R. oryzae 2062 8 8 8 10 10
R. oligosporus 2710 8 7 8 11 11
R. oryzae 1501 7 7 7 9 8
R. oryzae 6201 7 7 7 10 9
T. viride 1544 11 10 11 14 12
T. viride 15719 10 10 11 13 11
T. reesei 3967 8 9 8 12 9
T. reesei QM6a 7 7 7 7 8
T. reesei RUT C30 17  19 

Table 3 – (a) Protein content (%, SD ± 0.67) and (b)
digestibility (%, SD ± 1.19) of RGM in mono- and
co-cultivations of fungi.

stimulating cell growth, and increasing production rate and
content of ∼65%. The effect of nutrient supplementation on
the protein contents of the fermented RGM can be described
in Table 2.

Our results revealed that the addition of either yeast extract
or trace elements could only lead to approximately 1–3% pro-
tein enrichment. A higher protein enrichment can be achieved
in the tests using mixed yeast extract and minerals. Provid-
ing yeast extra and minerals, the protein contents achieved as
much as 26% by A. oryzae DAR3699 and 25% by A. oryzae RIB40,
resulting in enhancing 270% and 250% protein content, respec-

tively, compared to the protein content in the raw grape marc.
18 23 24

There was no significant increase in protein content found in
the tests using RGM only and/or the nutrient-added RGM with
either yeast extract or minerals. T. reesei QM6a appeared to
have very low bio-accessability to use RGM even with nutrient
supplementation, and, thus is not a suitable fungus for further
study. The nutrient supplementation tests showed that Rhizo-
pus sp. is not a promising fungous for protein enrichment of
grape marc.  Fermentation using yeast extract with minerals
could lead to protein enrichment by ∼10% by the Rhizopus sp.

The wine lees were found to be a promising nutrient
source for protein enrichment using the tested fungi (Table 2).
Approximately 26% crude protein was achieved in the lees-
added grape marc  using A. oryzae DAR3699 and RIB40. A. oryzae
3863 and T. reesei RUT C30 showed higher protein concentra-
tions with 21% and 24%, respectively. All Rhizopus sp. were
found less promising for protein enrichment. Among them,
R. oligosporus 2710 showed the highest protein enrichment
up to only 11%, while other Rhizopus sp. showed a minor
improvement compared to the 5% protein content in the raw
RGM.

The supplementation of yeast extract in combination with
minerals could have a great influence on the fermentation
outcome. Researchers found that the supplementation of dif-
ferent nitrogen sources, such as NH4H2PO4, urea and yeast
extract, showed positive effect on the fermentation perfor-
mance in the bioconversion processes (Diaz et al., 2012; Hu
et al., 2011). Scientists (Botella et al., 2005; Hu et al., 2011)
reported that supplementation of nitrogen sources and min-
erals could be beneficial for the fungal growth in SSF, which
agreed with the findings in this study. Diaz et al. (2012) stated
that the addition of a nitrogen source and minerals in SSF of
grape marc  can enhance the enzyme production. Our exper-
imental data revealed that wine lees can be an excellent
nutrient source for protein enrichment. The use of wine lees
as nutrient supplement for bioprocess appeared to be rarely
reported in the literature.

3.6.  Co-cultivation

The co-cultivation is to employ different microorganisms in
a bioprocess. It is expected that the co-cultivation might
promote process efficiency, carbon source usability, and pro-
ductivity of the SSF process. Fungi are able to generate
different enzymes for utilizing carbon and nutrient sources
(Jin et al., 1999a, 2000). The resulting co-enzymes could
enhance biochemical accessability of the fungi, resulting in
yield. The experiments to identify a co-cultivation strategy
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ere carried out through mono-cultivation and 1:1 (number
f  spores) co-cultivation of the tested fungi using RGM with
%  wine lees at 30 ◦C for 5 days. Table 3 shows the compara-
le  results of protein content and digestibility of RGM under
ono-  and co-cultivation.
When  two fungal species demonstrate supportive enzy-

atic  and metabolic performance, higher protein contents
ould  be achieved by the co-cultures than the mono-cultures.
his could be a case in the co-cultivations of R. oligosporus
710 with T. viride 15719 or R. oryzae 6201 (Table 3a). This
o-cultivation resulted in increasing protein contents to 18%
nd  23%, which corresponded to an increase in the pro-
ein  contents by 72% and 171%, respectively, compared to
he  results achieved by the mono-cultures from 13% and
1%.  Three Aspergillus sp. were able to grow well in their co-
ultivations.  However the total protein enrichment appeared
o  be less promising. There was a slight change between the

ono-cultivation and co-cultivation of Aspergillus sp. R. oryzae
201  was able to co-grow with Aspergillus sp. and other Rhizopus
p.,  but did not grow well with the Trichoderma sp. T. reesei 3967
nd  T. reesei RUT C30 showed a promising co-cultivation ability
ith  Aspergillus sp. and R. oligosporus 2710 and T. viride 1544.

Table  3b indicates that the digestibility of RGM could be
mproved  by Rhizopus sp., and Trichoderma sp. if they were
o-cultivated with Aspergillus sp. However, this improvement
ould  be contributed by the Aspergillus sp. On the other hand,
o-cultivations of Aspergillus sp. with the Rhizopus sp., and or
richoderma sp. showed a little improvement in digestibility.
t  is worthwhile to mention that a remarkable digestibility
mprovement was obtained by the co-cultivation of R. oryzae
201  and 1501, R. oryzae 6201 and R. oligosporus 2710, and T.
iride  1544 and R. oryzae 1501. This co-cultivation led to a
0–50%  improvement in digestibility compared to the mono-
ulture  SSF. Among them, the co-cultures R. oryzae 6201 and R.
ligosporus 2710 showed the highest digestibility improvement
y  50%.

The co-cultivation of fungi or other microorganisms is
ften  correlated with improved functionality as compared
o  the biochemical activities achieved in respective mono-
ultivation. Therefore, mixed cultivation is expected to have
dvantages  over mono-cultivation for higher substrate utiliza-
ion,  productivity, adaptability for the growth environment
nd contamination resistance (Dwivedi et al., 2011). Meyer
nd  Stahl (2003) revealed that the impact of co-cultivation
ere strongly dependent on the medium composition, which

ffected  the co-growth of mixed fungi, leading to enhanced
arbon source utilization. Yang (1993) conducted a co-
ultivation using different molds and yeasts, and found that
he  co-cultivation of mixed molds could enhance protein
nrichment, whereas the mixed yeast and mold did not
emonstrate supportive biomass growth. Our data showed
hat  co-cultivations of R. oligosporus 2710 with R. oryzae 6201
nd  T. viride 15719 could significantly improve the protein
ontents compared to these mono-cultivations. We  found that
ll  co-cultivations of the tested fungi demonstrated no nega-
ive  impact on cell growth.

.  Conclusion  and  recommendation

his paper reports a biotech-systematic approach for the
election  of suitable fungi for the bioconversion of grape marc

o  protein-rich animal feed. The selected fungi can use the
rape  marc  and winery lees as carbon and nutrient sources in
a low cost mono- or co-cultivation SSF process. A. oryzae DAR
3699,  A. oryzae RIB40 and T. reesei Rut C30 were determined
as  the best strains based on their performance of biomass
growth, and protein enrichment and digestibility improve-
ment.  Mono-cultivation of these fungi resulted in a significant
increase  in protein content by 130% in WGM  and 270% for RGM.
The fungi-cultured SSF could enhance the protein contents
up  to 26% and the digestibility over 50% for the grape marc,
making  it suitable for protein-rich animal feed. R. oligosporus
2710  with R. oryzae 6201 or T. veridae 15719 showed enhanced
metabolic capability by their co-cultivation.

The biotechnological systematic approach developed
through this study could have a broad application for select-
ing  industrial microorganisms and assessing bioprocessing
performance in mono- and co-cultivations using organic
wastes. This study delivers a bioprocessing strategy for the
development  of an environmentally and economically sus-
tainable  integrated “production-treatment biotech-process”.
This integrated bioprocessing strategy is of today’s impor-
tant  challenges for the sustainable production of renewable
resources from waste materials. The “green cycle” bioprocess
would  be beneficial for upgrading the old-fashioned waste
treatment and recovery technologies for the cleaner produc-
tion  strategy in industries. To further develop an industrial
bioconversion process using these selected fungi, it is nec-
essary  to have further detailed studies on metabolic and
enzymatic  reactions, analysis of metabolites, nutrients (i.e.
amino  acids), protein assays for proteomic profile, and opti-
mization  of growth condition for maximizing protein contents
and  digestibility. A pilot plant investigation for reactor configu-
ration  and operation conditions, and SSF process optimization
is  necessary. Life cycle analysis of the SSF process should be
carried  out in association with the pilot plant study. Informa-
tion  of nutrient analysis of the fungus-fermented grape marc
against  standards for animal feed can be important for the
commercialization of this bioconversion technology and its
product  – protein enriched feed. Finally, the most suitable fun-
gal  strains can be determined as industrial microorganisms.
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