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Abstract 
Grape pomace is a polluted waste that is usually deposited in landfills, disrupting plant growth and polluting water. The 
present study aimed to convert this abundant biomass into a suitable feed for ruminants using white-rot fungi via a solid-state 
fermentation bioprocess. For this purpose, two white-rot fungi, Ganoderma resinaceum (medicinal fungus) and Pleurotus 
cornucopiae (edible fungus), and different durations of solid-state fermentation (0, 4, and 8 weeks) were used to determine 
the best fungus and the optimal duration of solid-state fermentation. The results showed that fermentation of grape pomace 
with both white-rot fungi reduced lignin and condensed tannin content and increased crude protein and mineral content. This 
bioprocess improved rumen fermentation and dry matter and fiber digestibility. This enhanced concentration of volatile fatty 
acids and ammonia-nitrogen in the rumen which contribute to better microbial crude protein synthesis and metabolizable 
energy by ruminants. Fermentation of these wastes with P. cornucopiae better reduced lignin content and improved rumen 
fermentation and metabolizable energy than with G. resinaceum. However, increasing the fermentation periods with both 
white-rot fungi reduced the gain of metabolizable energy and ruminal microbial crude protein synthesis. In conclusion, 
fermentation of grape pomace waste inoculated with P. cornucopiae after 4 weeks is the better strategy to bio-convert into 
suitable ruminant feed. Reduction of feed costs, overcoming of disposal problems of this waste, and provision of a new source 
of income for the grape juice and wine industry can be achieved through this alternative feed.
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1 Introduction

Grapes are one of the most important fruit crops in the 
world, with over 74.8 million tons, of which about 52% 
were pressed for wine and juice production in 2021 [1]. This 
agro-industrial process generates a large amount of waste, 
composed of 72% of the skins, 17% of the seeds, and 11% 

of the stems. Collectively, these components are referred to 
as grape pomace [2]. This waste represents about 27% of the 
pressed grapes and is estimated at 7 million tons per year 
worldwide [2, 3]. Only a small fraction of this waste is recy-
cled or dried for compost production and used as fertilizer or 
used as traditional fuel, resulting in the release of hazardous 
pollutants [4]. The burning and dumping of these wastes 
leads to the impairment of plant growth and water contami-
nation [3]. Finding an environmentally friendly strategy for 
managing these large quantities of polluted wastes poses sev-
eral challenges to the environment. Currently, these wastes 
receive special attention due to their nutraceutical, medici-
nal, and health benefits, as they contain abundant and inex-
pensive polyphenols, especially high amounts of flavonoids 
and anti-oxidant pectin [5–7] Polyphenols are used in the 
treatment of diabetes, cancer, and cardiovascular diseases 
because of their high antioxidant and anti-inflammatory 
properties [8].
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The incorporation of grape pomace at 10% of the total 
sheep feed improves the nutraceutical quality, fatty acid 
composition, oxidative stability of lamb meat [9], the nutra-
ceutical quality of ewes milk [10], and ram sperm quality, 
and mitigates oxidative stress [11]. However, using grape 
pomace as an alternative feed for sheep has several limita-
tions and potential hazards. The major limitation of using 
these wastes as an alternative feed for sheep is their very 
low digestibility, as only 32% of their organic matter, 30% 
of their crude protein, and 15% of their natural detergent 
fibers are digestible [12] due to their high content of lignin 
and condensed tannin [13]. Other limitations associated with 
the use of these wastes in sheep feeding are occasionally 
noted, such as the chemical hazards due to residues of pes-
ticides used in viticulture and biological hazards such as 
the presence of mycotoxins resulting from improper waste 
storage [7]. Moreover, only 3% of this waste is recycled as 
animal feed worldwide [14].

Various physical and chemical processing methods such 
as hydrothermal treatment, ammonia, acids, and alkaline 
media have been proposed to break down the lignin struc-
ture and release holocellulose, making it accessible to rumen 
microorganisms to improve rumen degradability and nutri-
tional value of lignocellulosic biomass such as cereal straw. 
Despite the advantages of chemical methods, their negative 
environmental impact, cost, and required safety technology 
limit their application [15]. Recently, biological research has 
proven that white-rot fungi can efficiently degrade lignin in 
lignocellulosic biomass to  CO2 and  H2O because they are 
able to produce extracellular lignin-modifying enzymes such 
as laccases, lignin peroxidase, manganese peroxidase, and 
versatile peroxidases [16]. Solid-state fermentation is con-
sidered a cost-effective and environmentally friendly system 
that utilizes the capacity of these white-rot fungi for deligni-
fication lignocellulosic biomass with low water consumption 
where the substrate itself is required to contain the necessary 
moisture to allow the microorganism to survive and grow 
which consequently lowers bacterial contamination [8, 17]. 
Compared to submerged fermentation, solid-state fermen-
tation is a smaller fermentation system and provides better 
yield and product quality, which is gradually preferred [8]

This biological treatment is attracting the attention of 
animal nutrition researchers who have demonstrated the 
potential of the genus Ganoderma (medicinal white-rot 
fungus) such as G. lucidum to improve rumen fermenta-
tion and digestibility of oil palm empty fruit stalks and oil 
palm fronds [18, 19] and genus Pleurotus (edible white-
rot fungus) such as P. ostratus, P. eryngii, and P. florida 
to improve rumen digestibility of lignocellulosic biomass 
through solid-state fermentation [20]. Moreover, these 
fungal species were found to significantly increase the 
polyphenol content of fermented biomass [21, 22], lead-
ing an improvement in antioxidant properties [23]. These 

results highlight the potential of white-rot fungi as valu-
able tools to improve biomass utilization and enhance their 
nutritional and antioxidant properties in ruminant diets. 
In vivo studies demonstrated the ability of this bioprocess 
to improve growth rate and feed conversion of goats fed 
rice straw fermented with P. ostreatus [24] and to safely 
increase milk production of dairy goats fed rice straw fer-
mented with P. sajor-caju [25].

However the ability of most species of the genus Pleuro-
tus and Ganoderma to convert lignocellulosic biomass into 
rumen feed has not been studied, e.g., P. cornucopiae and 
G. resinaceum. The study of P. cornucopiae and G. resina-
ceum as fungi for the transformation of lignocellulosic waste 
by solid-state fermentation represents a very innovative and 
unexplored approach in the field of scientific research and 
a research avenue that can be new explored. Although there 
are many studies demonstrating the ability of white-rot 
fungi to convert various lignocellulosic biomass into suit-
able alternative feed for ruminant, there is little information 
on the effectiveness of this strategy on the nutritional value 
of grape pomace. Recently, Mhlongo et al. [14] demon-
strated that fermentation of grape pomace waste with high 
dose of P. ostreatus spawn by solid-state fermentation for 
4 weeks degraded their lignin compounds and improved 
their effective rumen degradability. Indeed, this strategy has 
environmental implications and extends to economic and 
industrial dimensions, as it promotes a circular economy 
model in which waste is converted into valuable resources, 
represent a paradigm shift in waste management strategies. 
This regenerative approach is intended to contribute to a 
more sustainable future that balances economic prosperity 
and ecological sustainability. However, the effectiveness 
of this bioprocess depends on fungal species, biochemical 
properties of the substrate, fermentation duration and culture 
conditions [19, 20, 26].

Therefore, we hypothesized that solid-state fermentation 
of grape pomace with P. cornucopiae and G. resinaceum 
may improve their nutritional value. With this in mind, 
the objective of this study was to investigate the effective 
white-rot fungi and optimal fermentation duration to achieve 
better bioconversion of this waste to alternative feeds for 
ruminants.

2  Materials and methods

2.1  Preparation of the white‑rot fungi

Two white-rot fungi used in this study, P. cornucopiae 
(accession number: MK422157) and G. resinaceum (acces-
sion number: MK422153), were provided by collections 
of basidiomycete white-rot fungi at the Higher Institute of 
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Applied Biological Sciences of Tunis. These fungi were 
inoculated into Petri dishes containing 25 ml of an auto-
claved, sterilized malt agar medium consisting of 10 g of 
malt extract and 10 g of bacteriological agar/l, with a 1  cm2 
piece of the fungi, and incubated for 7 days at 25 ± 1 °C, 
with mycelia colonizing the entire malt extract agar surface, 
and stored at 4 °C until incubation of grape pomace.

2.2  Collect of grape pomace and solid‑state 
fermentation with white‑rot fungi

Samples of red grape pomace were harvested from by La 
Cave de Thibar (Thibar, Beja, Tunisia) brought to the labora-
tory. These agro-industrial wastes were dried at 50 °C until 
constant weight. Eighteen bottles (experimental units), each 
containing 200 g of dried grape pomace, were 60% mois-
tened with distilled water and sterilized in an autoclave at 
121 °C for 20 min under a pressure of 2 bar. After cool-
ing to 25 °C, 9 autoclave bottles containing grape pomace 
were incubated with 4 small pieces (1  cm2) of 7-day-old 
culture mycelium of P. cornucopiae on malt extract agar, 
other 9 autoclave bottles containing grape pomace were also 
incubated with 4 small pieces (1  cm2) of 7-day-old culture 
mycelium of G. resinaceum on malt extract agar. These bot-
tles were incubated aerobically at a temperature of 25 ± 1 
°C under static conditions and excluding light. Samples of 
3 bottles for each treatment were taken at 0 (as a control), 
4, and 8 weeks after inoculation, immediately oven dried at 
50 °C with constant weight to stop fungal growth, and then 
ground to 1 mm using a Wiley hammer mill. The ground 
samples were then stored in glass vials with tight-fitting caps 
to prevent exposure to moisture and air. Storage was in a 
cool, dry and dark environment at room temperature of 25 
°C. These measures were taken to ensure the stability of the 
samples for further analysis.

2.3  Chemical composition

Samples treated grape pomace with different fungi at different 
periods were analysed for crude protein (CP, N × 6.25), ether 
extract (EE), and ash according to the standard method proposed 
by the Association of Official Chemists Analytical Chemists 
[27]. Neutral detergent fibre (NDF), acid detergent fibre (ADF), 
and acid detergent lignin (ADL) were determined using the 
 ANKOM220 fibre analyzer (ANKOM technology, Macedon, 
NY, USA) according to the method described by Van Soest 
et al. [28]. Condensed tannin (CT) contents were determined 
according to the method described by Makkar [29]. Hemicel-
lulose (HC) content was calculated as the difference between 
NDF and ADF, and cellulose (CE) content was calculated as the 
difference between ADF and ADL. Non-fibrous carbohydrate 
(NFC) content was calculated according to Equation 1

2.4  In vitro ruminal incubation

In vitro rumen fermentation of grape pomace was determined 
by the reading pressure technique according to the protocol of 
Theodorou et al. [30]. Briefly, rumen inoculum was collected 
from 4 freshly slaughtered male Noire de Thibar lambs (~9 
months old and 32 kg body weight). The lambs were fed a diet 
consisting of 1 kg of oat hay (with a composition of 74 g of 
crude protein, 538 g of neutral detergent fiber, 380 g of acid 
detergent fiber, 82 g of acid detergent lignin, and 85 g of ash 
per kg dry matter) and 1 kg of commercial concentrate (with a 
composition of 143 g of crude protein, 187 g of neutral deter-
gent fiber, 94 g of acid detergent fiber, 13 g of acid detergent 
lignin, and 64 g of ash per kg dry matter). Rumen inoculum 
was collected from different sites within the rumen of these 
lambs. The rumen inoculum was filtered through four layers of 
cheesecloth and rapidly transported to the laboratory in thermos 
flasks previously filled with distilled water at 39 °C to avoid 
temperature shock to the rumen fluid. In addition, the rumen 
inoculum was flushed with  CO2 to ensure that the environment 
remained anaerobic. In the laboratory, artificial buffer solu-
tion with pH of 6.8 was prepared as described by Menke and 
Steingass [31]. This artificial buffer solution was constated by 
237 ml of macro-mineral solutions  (Na2HPO4.12H2O, 14.37g; 
 KH2PO4, 6.2g and  MgSO4.7H2O, 0.6g dissolved in 1 liter of dis-
tilled water), 0.12 ml of micro-mineral solutions  (CaCl2.2H2O, 
13.2g;  MnCl2.4H2O, 10g;  CoCl2.6H2O, 1g;  FeCl3.6H2O, 8g dis-
solved in 0.1 liter of distilled water), 237 ml of buffer solution 
((NaHCO3, 35g;  NH4HCO3, 4g dissolved in 1 liter of distilled 
water), 1.22 ml potential redox indicator  (C12H6NO4 (resazu-
rine), 0.1g dissolved in 0.1 liter of distilled water ), 475 ml of 
distilled water and reducing agent  (Na2S.5H2O, 0.235g; NaOH 
(1N), 2ml; dissolved in 0.0475 liter of distilled water) add until 
discolored. The rumen inoculum was mixed with an artificial 
buffer solution (1:2 ratio) prepared according to the method of 
Menke and Steingass [31] at 39 °C, continuing to be flushed 
with  CO2 at 39 °C. Samples of 200 milligrams of dry grape 
pomace with appropriate treatment were incubated with 30 mL 
of the buffered rumen inoculum in prewarmed (39 °C) sterile 
amber glass serum bottles of 120 mL. Amber glass serum bot-
tles containing only 30 mL of the buffered rumen inoculum were 
used as negative controls to correct for gas production from the 
buffered rumen inoculum. All flasks were immediately sealed 
with a rubber cap and an aluminum crimp cap and incubated 
in a shaking water bath at a constant temperature of 39 °C. All 
incubations were performed in triplicate. The gas pressure in 
the headspace of each fermentation bottle was measured at 2, 
4, 6, 8, 12, 24, 48, 72, and 96 hours after incubation by insert-
ing a 23-gage needle attached to a pressure transducer (model 

(1)NFC = 100 − (NDF + CP + EE + Ash)
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PX4200-015GI, Omega Engineering, Inc., Laval, QC, Canada) 
into the rubber stoppers of the serum bottles. The needles were 
left on the serum bottles after insertion to allow all available gas 
to escape from the glass serum bottle.

Gas pressure readings were converted to gas volume 
using Equation 2 described by Mauricio et al. [32]:

The data of cumulative volume of biogas production gen-
erated were fitted with an exponential mathematical model 
according to Equation 3 determined by France et al. [33] 
using the nonlinear package from SAS 9.3 version; SAS 
Institute Inc [34]:

Where GP is net gas production (mL/g dry matter); t is incu-
bation time (hours); B is asymptotic gas production (mL/ g 
dry matter); C is constant gas production rate (mL/ hours); 
and Lag is time of onset of rumen fermentation (hours).

At the end of fermentation, rumen pH was immediately 
measured using a pH meter (Jenway Ltd Felsted, model 
3020, England). The contents of each serum bottle were fil-
tered using filter paper disks (Whatman 541). The residues 
were collected and their dry matter and NDF were deter-
mined. In vitro dry matter digestibility and in vitro NDF 
digestibility were determined according to Equation 4 and 
Equation 5, respectively:

Samples of 4 mL of supernatant fluid from each bottle 
were preserved by adding 2 mL of 1 N  H2SO4 to deter-
mine rumen ammonia-nitrogen by the phenol-hypochlorite 
method at 630 nm absorbance, as described by Broderick 
and Kang [35].

Metabolizable energy, short-chain fatty acids, and 
microbial crude protein were estimated from gasses 
formed after 24 h of incubation according to the equa-
tions 6, 7, and 8 proposed by Menke and Steingass [31], 
Getachew et al. [36], and Blümmel et al. [37], respectively:

(2)
Gas volume (mL) =

[

Gas pressure (psi) × 4.8843
]

+ 3.1296

(3)GP(t) = B
(

1 − e−C (t−Lag)
)

(4)
In vitro dry matter digestibility (%) =

initial dry matter − residual dry matter

initial dry matter
× 100

(5)
In vitro NDF digestibility (%) =

initial NDF − residual NDF

initial NDF
× 100

(6)
Metabolizable energy = 2.2 + 0.136 × GP24 + 0.057 × CP

(7)
Short − chain fatty acids = −0.00425 + 0.0222 × GP24

(8)Microbial crude protein = amount of digestible dry matter − 2.2 × GP24

Metabolizable energy in MJ per kg dry matter; short-
chain fatty acids in mmol/200 mg dry matter; microbial 
crude protein in mg/ g dry matter; GP24 is net gas pro-
duction after 24 hours of incubation in mL/ 200 mg dry 
matter; CP is crude protein in percent of dry matter and 
amount of digestible dry matter in mg/ g at the end of 
incubation.

2.5  Statistical analysis

All collected data were statistically analyzed using the 
general linear model of SAS 9.3 version; SAS Institute 
Inc [34], flowing the static model:

Where: μ is the overall mean, periods i is period of incu-
bation in week (i =0, 4 and 8) , fungi j is white-rot fungi 
(P. cornucopiae and G. resinaceum), periods × fungi ij is 
the interaction between periods i and fungi j and ε i j k is 
the residual experimental error. The difference between the 
means of the treatments was compared using Tukey's mul-
tiple range test. In all statistical tests, the differences were 
considered significant when the P-value <0.05. All data for 
each treatment and parameter were obtained from nine rep-
licates (n = 9) in this study.

3  Results and dissection

3.1  Chemical composition

The chemical composition of the grape pomace waste used 
in this study is shown in Table 1. It is comparable to the 
chemical composition of grape pomace found in previ-
ous studies in different geographical areas [11–14, 38]. 
These abundant agro-industrial wastes are characterized 
by high content of natural and acid detergent fibers. These 
fibers are of great interest in ruminant diets because they 
maintain rumen homeostasis by promoting proper rumen 
fermentation and supporting overall ruminant health and 
performance. Prolonged chewing of the fibers stimulates 
saliva production, which is rich in bicarbonates and phos-
phates that act as natural buffers to maintain rumen pH, 
prevent the risk of rumen acidosis and support optimal 
rumen fermentation. Fiber serves as a valuable substrate 
for enhancing the cellulosic microbiota in the rumen, 
which promotes the production of cellulolytic enzymes, 
leading to more efficient breakdown of fiber into simpler 
compounds, including volatile fatty acids. In addition, the 
high fiber feed prolongs rumination time and promotes 

Yijk = μ + periodsi + fungij + (periods × fungi)ij + �ijk
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better digestion and fermentation[15]. The crude protein 
contained in the wastes can ensure the normal function 
and growth of the rumen microbiota, which is responsible 
for the degradation of complex plant materials such as 
fiber, and promotes efficient rumen fermentation leading 
to optimal production of volatile fatty acids and microbial 
protein. When rumen microorganisms metabolize nitrogen 
provided by crude protein, they synthesize essential amino 
acids that are then absorbed and utilized by the ruminant. 
These amino acids are the basic building blocks of pro-
teins and serve as vital components for tissue develop-
ment and growth, muscle and organ formation, and tissue 
repair and maintenance. They are used to form enzymes 
that enable biochemical reactions in the body that are criti-
cal for digestion, metabolism and nutrient utilization. It is 
also used to form hormones and other signaling molecules 
that regulate various physiological processes and maintain 
homeostasis. In this way, adequate crude protein content 
in feed optimizes ruminant performance and productiv-
ity [39]. Based to the fiber and crude protein compounds, 
these wastes can be used as roughage for small ruminants 
better than cereal straw [40]. However, their high con-
tent of lignin compounds form a physical obstruction of 
access of the rumen microbiota and its digestive enzymes 
to degrade other compounds [15], and their high content 
of condensed tannin reduces the proliferation of rumen 
microbiota and inhibits its enzyme activity, which reduces 
their nutritional value [41, 42].

Fermentation of grape pomace waste with P. cornuco-
piae reduce their lignin compounds by 29% and 31% after 
4 and 8 weeks, respectively. This delignification is better 
than that found by Mhlongo et al. [14], on the grape pomace 
fermented with P. ostreatus spawn after 4 weeks. There-
fore, it is more effective to treated grape pomace with P. 
cornucopiae than P. ostreatus. Since the effectiveness of 

this bioprocess is related to the species of Pleurotus [20]. 
Fermented grape pomace with G. resinaceum also reduced 
their lignin compounds by 21% and 23% after 4 and 8 weeks, 
respectively. To our knowledge, this is the best result found 
in delignification of highly lignified biomass with the genus 
Ganoderma. Only at longer periods (12 weeks) Van Kuijk 
et al. [43] show a higher yield of delignification of less ligni-
fied biomass such as wheat straw fermented with G. lucidum. 
The better capacity of P. cornucopiae to degrade lignin com-
pounds than with G. resinaceum is in agreement with the 
findings of Van Kuijk et al. [43], who demonstrated that spe-
cies belonging to Ganoderma genus have a lower ability to 
degrade the lignin complex of wheat straw and Miscanthus 
than species of the genus Pleurotus. Prolongation of this 
bioprocess with both fungi did not allow further reduction 
of lignin content of grape pomace. A similar effect was noted 
by Nur-Nazratu et al. [19] in empty fruit bunch inoculated 
with G. lucidum at 4 to 8 weeks. This result may be attrib-
uted to the high increase in crude protein compound in the 
substrate and the capacity of production of lignin enzymes in 
serval white-rot fungi is produced under nitrogen limitation 
conditions [44]. Only G. resinaceum reduced the cellulose 
and hemicellulose compounds of this waste after 8 weeks 
of fermentation. Nur-Nazratu et al. [19] also mentioned that 
the fermented palm empty fruit bunch with G. lucidum sig-
nificantly dissolved their hemicellulose compounds after 6 
weeks and cellulose compounds after 10 weeks. This result 
can be explained by the increased availability of nutrients, 
namely in crude protein, in the colonized substrate, which 
caused a shift in the synthesis of ligninolytic enzymes to 
cellulolytic enzymes [18]. The ability of P. cornucopiae to 
degrade lignin during this bioprocess without altering the 
cellulose fraction is very interesting for ruminant nutrition, 
since the ruminant microbiota is able to convert cellulose 
and hemicellulose into volatile fatty acids, which are the 

Table 1  Chemical composition of grape pomace treated with white-rot fungi

a,b,c Means value flowed by different superscript in same column differed at P < 0.05 (Tukey test); SEM, standard error of means; ***P-value 
<0.001; **P-value < 0.01;*P-value < 0.05; NS; P-value >0.05; CP crude protein (% dry matter), NDF neutral detergent fiber (% dry matter), 
ADF acid detergent fiber (% dry matter), ADL acid detergent lignin (% dry matter), EE ether extract (% dry matter; ash (% dry matter), NFC non-
fiber carbohydrate (% dry matter)), CE cellulose (% dry matter), HC hemicellulose (% dry matter), CT condensed tannin (% dry matter)

Week CP NDF ADF ADL EE ASH NFC CE HC CT

Pleurtus cornucopiae 0 10.3b 58.7a 45.3a 26.5a 9.5 9.3c 12.2c 18.9a 13.3a 1.5a

4 12.4a 50.6bc 37.7b 18.9c 9.5 10.5c 17.0a 18.8a 12.9a 1.1b

8 12.8a 49.9bc 36.8bc 18.3c 9.7 14.8b 12.8c 18.5a 13.1a 1.0b

Ganoderma resinaceum 0 10.3b 58.9a 45.5a 26.4a 9.4 9.3c 12.1c 19.1a 13.4a 1.5a

4 12.3a 52.7b 39.3b 20.7b 9.5 9.9c 15.6ab 18.6a 13.4a 1.2b

8 12.9a 47.2c 35.3c 20.2b 9.6 16.2a 14.1b 15.1b 11.9b 1.0b

SEM 0.33 1.21 1.01 0.98 0.22 0.66 0.88 0.99 1.01 0.03
P-value Periods *** *** *** *** NS *** *** * ** **

Fungi NS NS NS ** NS NS * * ** NS
Periods × fungi NS NS NS * NS NS ** ** ** NS
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main source of their growth and proliferation and thus pro-
moting ruminant performance [45, 46]. This bioprocess 
increased crude protein compound of grape pomace. Con-
sistent with our findings, Mhlongo et al. [14] found a net 
increase in crude protein of grape pomace fermented with 
various doses of P. ostreatus spawn. This gain could be due 
to the hydrolysis of carbohydrates to  CO2 and  H2O, result-
ing in a loss of organic matter but not crude protein [47], 
the synthesis of protein-rich fungal mycelial biomass during 
fermentation [40], the ability of fungi to synthesize proteins 
from nitrates and amines in fermentation substrates [48], 
the increase in chitin, a component of fungal cell walls com-
posed of N-acetyl and β-glucan, which also contains N [49], 
the higher uptake of atmospheric nitrogen during mycelial 
growth [20]. The effects of white-rot fungi on the condensed 
tannins have rarely been investigated. To our knowledge, 
this is the first study to investigate the effect of the genus 
Ganoderma on tannin compounds. This study has proved the 
capacity of both white-rot fungi to reduce this antinutritional 
compound after 4 weeks by 27% and 20% with P. cornuco-
piae and G. resinaceum, respectively and 33% after 8 weeks 
for both white-rot fungi. This result is in accordance with 
previous studies which proved the capacity of P. ostreatus 
to decrease the extractable tannin content of tea residues by 
84% after 4 weeks [49], tannin content of Jatropha biodiesel 
residues by 85% after 60 days [50], black bean seeds by 
65% after 2 weeks, kidney bean seeds by 34% after 2 weeks, 
and oats seeds by 50% after 2 weeks [51]. This result was 
explained by the ability of white-rot fungi to produce ver-
satile peroxidase, which can degrade phenolic and nonphe-
nolic compounds [49], and tannase enzyme [50]. Fermenta-
tion of grape pomace with both white-rot fungi increased 
they’re mineral content, especially with G. resinaceum. 
This result is consistent with previous studies by Van Kuijk 

et al. [42], who found that species belonging to Ganoderma 
genus have a higher capacity to increase the mineral com-
pound of miscanthus than species belonging to Pleurotus 
genus. This increase in mineral nutrients is explained by the 
release of minerals and inorganic matter, and the losses of 
organic matter to  CO2 during fungal growth [49]. The high 
increase of mineral compound of fermented grape pomace 
requires a change in mineral supplementation for ruminant 
diets. This strategy also improved the non-fibrous carbohy-
drates of grape pomace only after 4 weeks of fermentation. 
This result is consistent with some previous study which 
noted significant increase on non-fibrous carbohydrates of 
ryegrass fescue hay fermented with P. ostreatus for 2 weeks 
[52] and corn stover fermented with P. ostreatus for 3 weeks 
[53]. This enhancement on non-fibrous carbohydrates can 
increase the palatability of feed, improve their performance 
of ruminants and reduce enteric emission of methane and 
carbon dioxide [48].

3.2  Rumen fermentation characteristics

In vitro rumen fermentation technique based on gas production 
is a fast and effective method widely used to study the nutri-
tional value of feeds under simulated rumen conditions [20, 49, 
53–55]. The rumen fermentation characteristics of untreated 
grape pomace are shown in Table 2. Despite the high efficiency 
of the rumen digestive system in converting fiber biomass into 
metabolizable energy, about 60% of the dry matter and 80% 
of the fiber of grape pomace pass through the digestive tract 
without being digested. In addition, their metabolizable energy 
is insufficient to meet the metabolizable energy required for 
maintenance of sheep [56, 57].

Bioconversion of grape pomace with both white-rot 
fungi in both periods improved rumen fermentation, which 

Table 2  Rumen fermentation characteristics of grape pomace treated with white-rot fungi

ab,c Means value flowed by different superscript in same column differed at P < 0.05 (Tukey test); SEM, standard error of means; ***P-value 
<0.001; **P-value < 0.01;*P-value < 0.05; NS; P-value >0.05; B, amount of rumen fermentation (mL/g dry matter); C, rate of rumen fermen-
tation (mL/h); Lag, time of the onset of rumen fermentation (h); DMD dry matter digestibility (%), NDFD neutral detergent fiber digestibility 
(%), NH3-N rumen ammonia-nitrogen (mg/L), ME metabolizable energy (MJ/kg dry matter), VFA volatile fatty acids (mmol/ 200 mg dry mat-
ter), MCP microbial crude protein (mg/ g dry matter)

Week B C Lag DMD NDFD pH NH3-N ME VFA MCP

Pleurtus cornucopiae 0 138.9c 0.036c 2.11a 37.7c 20.1c 6.47a 20.54c 4.84c 0.332d 344c

4 175.3a 0.044a 0.95b 44.0a 26.3a 6.37b 24.71b 5.95a 0.492a 391a

8 162.4b 0.040b 1.02b 42.2ab 25.2a 6.44a 26.6 a 5.58b 0.429b 379b

Ganoderma resinaceum 0 139.1c 0.035c 2.09a 37.7c 20.2c 6.47a 20.52c 4.83c 0.329d 344c

4 161.3b 0.041ab 0.99b 43.3a 24.2ab 6.46a 24.66b 5.58b 0.433b 397a

8 156.4b 0.038bc 1.01b 40.1b 23.4b 6.46a 25.95a 5.41b 0.400c 372b

SEM 2.04 0.002 0.451 0.55 0.42 0.020 3.34 0.12 0.011 8.1
P-value Periods *** *** *** *** *** * *** *** *** ***

Fungi * * NS NS * * NS ** ** NS
Periods × fungi * NS NS * NS ** NS NS NS NS
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increased asymptotic gas production, accelerated constant 
gas production rate and shortened time of onset of rumen 
fermentation. The highest yield was obtained in grape 
pomace fermented with P. cornucopiae for 4 weeks. This 
improvement is explained by the ability of these white-rot 
fungi to reduce anti-nutritional compounds namely con-
densed tannin, which allows better environmental condi-
tions for the proliferation of the rumen microbiota [41] and 
to decrease lignin content, which allow better accessibility 
of the rumen microbiota to attack more and faster carbohy-
drates [14]. This improvement could also be related to the 
potential of white-rot fungi to eliminate silica bodies, which 
increase the surface of enzymatic attack and adhesion of 
rumen microbiota, as shown by Nur-Nazratu et al. [19] on 
oil palm empty fruit bunch fermented with G. lucidum, to 
the capacity of fungi to reduce the crystallinity of cellulose, 
as shown by Palangi et al. [55] on cultivation substrate with 
Agaricu bisporus and to the ability of white-rot fungi to pro-
duce exogenous lignolytic enzymes that act in synergy with 
the rumen microbiota and endogenous enzymes in the rumen 
as shown by Sridhar et al. [58] on ragi straw treated with 
exogenous lignolytic enzymes from G. lucidium. This bio-
logical treatment also improved the ruminal digestibility of 
dry matter and fiber of grape pomace. The achieved results 
in the present work were significantly better since Mhlongo 
et al. [14] used 20% to 50% of P. ostreatus as inoculum, 
which could interfere with the substrate composition. This 
bioprocess also increased the metabolizable energy of grape 
pomace (Table 2). To our knowledge, this is the first study 
that demonstrated the ability of white-rot fungi to improve 
the metabolizable energy of grape pomace. This result 
was consistent with those reported by Olagunju et al. [53] 
who noted an increase in metabolizable energy, net energy 
for maintenance, net energy of growth and net energy of 
lactation of corn stover fermented with P. ostreatus. This 

bioprocess also improved the concentration of volatile fatty 
acids in the rumen. A comparable effect was noted by Dat-
somor et al. [54] on rice straw fermented with P. ostreatus 
for 30 days. This increase in the concentration of volatile 
fatty acids favorized proliferation of rumen microbiota [59] 
and provided additional energy for ruminants [60]. The opti-
mal solid state fermentation duration seems to be around 4 
weeks (Table 2, Fig. 1). The reduction of the positive effect 
of this bioprocess with longer fermentation duration could 
be explained by the production of antimicrobial compounds 
by the white-rot fungi when the fermentation colonization 
lasts longer [18].

This study also showed that fermented grape pomace 
with both white-rot fungi increased rumen ammonia-
nitrogen concentration. Khonkhaeng and Cherdthong [61] 
found a comparable result with corn residue fermented with 
P. ostreatus. This improvement could be explained by the 
increase in crude protein in biomass fermented with white-
rot fungi and may be attributed to better protein degrada-
tion in the rumen [62]. The increase in the concentration 
of ammonia-nitrogen and volatile fatty acids in the rumen 
seemed enhance the ability of rumen microbiota to synthesis 
more microbial crude protein. This was consistent with a 
previous study by Olagunju et al. [53] in which corn stover 
was incubated with P. ostreatus. The synthesized microbial 
crude protein has the potential to meet 70% to 100% of the 
protein requirements of ruminants and replace some dietary 
protein, resulting in lower cost-effective production [60, 63]. 
Fermented grape pomace with P. cornucopiae for 4 weeks 
slight decreased rumen pH from 6.47 to 6.37 compared to 
control grape pomace, but it is still within the optimal pH 
range (6.3 to 6.8) that favors normal proliferation of rumen 
microbiota and digestive activity [64]. This is consistent 
with the results of Yan et al. [49] using Phanerochaete 
chrysosporium on white tea residues.

Fig. 1  Gas profile of grape 
pomace treated with white-rot 
fungi
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4  Conclusion

Grape pomace is an abundant waste worldwide and repre-
sents a serious environmental problem. It is rarely used in 
ruminant feeding because it contains high levels of lignin 
and antinutritional compounds that limit rumen fermenta-
tion, digestibility, metabolizable energy, and microbial crude 
protein synthesis. Pretreatment of this abundant waste with 
white-rot fungi can be used as a simple and effective strategy 
to not only reduce lignin, but also partially reduce condensed 
tannin and improve crude protein content. Consequently, 
this strategy improves the rumen fermentation process and 
rumen digestibility of dry matter and fiber. This improve-
ment provides more energy that can be metabolized by 
ruminants and a suitable substrate for the rumen microbiota 
to produce microbial crude protein. However, increasing 
the duration of colonization decreases digestibility, usable 
energy, and microbial crude protein synthesis, underscoring 
the need for precise management during the fermentation 
process. It is important to note that although P. cornucopiae 
and G. resinaceum showed similarities in increasing protein 
content and reducing tannins, the highest selectivity in lignin 
degradation with P. cornucopiae requires further investiga-
tion. Nevertheless, P. cornucopiae proves to be a favorable 
choice for optimizing the nutritional value of grape pomace 
maximizing the benefits of this waste utilization strategy.

By conducting a new study that examines the potential 
benefits of this process in more detail, focusing on the profile 
of amino acids produced and synthesized by microbial pro-
tein, we can provide additional evidence for the importance 
of this strategy. This study would provide valuable insight 
into the nutritional value and amino acid composition of the 
microbial protein produced. Knowledge of the amino acid 
profile would allow us to determine the suitability of this 
protein source to meet the specific nutritional needs of rumi-
nants and optimize their performance. This strategy should 
be investigated in future in vivo feeding trials to study the 
effects of solid-state fermented grape pomace with P. cor-
nucopiae on growth performance and health of ruminants.
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