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Abstract 

The fungus–substrate interaction on the antioxidant activity of a solid state fermentation system (SSFS) was investi‑
gated employing two basidiomycete fungi: Pleurotus columbinus and P. floridanus and two ascomycetes: Aspergillus 
fumigatus and Paecilomyces variotii on powdered peels of banana, pomegranate and orange, empty pea pods and 
rice straw. The oven‑dried substrates were moistened at 90% water holding capacity, inoculated with the test fungi 
and incubated at 25 °C for appropriate time. Culture extracts were tested for the enzymatic and non‑enzymatic 
antioxidant activity. The effect of substrate on the antioxidant activity of the SSFS was stronger than that of the fungal 
species. Peroxidase (POX) activity was higher in the basidiomycetes than ascomycetes and achieved its maximum in P. 
floridanus versus complete absence in A. fumigatus. By contrast, catalase (CAT) activity was higher in the ascomycetes, 
particularly P. variotii on banana peel, than in the basidiomycetes. Phenolics and flavonoids were highest in pome‑
granate peels but lowest in banana peels and rice straw, and they were subjected to severe consumption by the 
basidiomycetes versus mild production by the ascomycetes. The reducing power (RP) and DPPH scavenging activity 
were higher in the peels of pomegranate, orange and banana relative to rice straw and empty pea pods, and the fun‑
gal effect was limited and independent of the fungal taxonomic group. Orange peel is the appropriate substrate for 
production of fungal CAT and POX, which activities were mutually exclusive; but pomegranate peel is more suitable 
for production of phenolics and flavonoids. 
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Introduction
Harvesting and processing of fruits and vegetables gen-
erate huge quantities of organic wastes, most of which is 
being disposed in the landfills and rivers, causing serious 
environmental problems. In Egypt, agricultural wastes 
approached 33 million tons a year, of which only 30% 
are utilized in profitable practices and the remainder is 
usually discarded by incineration which leads to loss 

of value-added products and environmental pollution 
(Abou Hussein and Sawan 2010). The nonedible por-
tion of fruits and vegetables such as peels, pods, seeds, 
skins, etc. accounts for 10–60% of the total weight of 
the fresh produce, with high content of organic matter, 
phytochemicals, and nutraceutical compounds that may 
concentrate up to several folds their concentration in the 
edible fraction (Wadhwa et  al. 2015). Therefore, these 
residues might represent a considerable loss of valu-
able resources if not properly managed (Sharma et  al. 
2016). Fortunately, such organic wastes can find many 
uses; for example, in animal nutrition and fermentation 

Open Access

*Correspondence:  tmsoliman2000@yahoo.co.uk
Department of Botany and Microbiology, Faculty of Science, Damietta 
University, New Damietta 34517, Egypt

http://orcid.org/0000-0002-6222-7273
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-020-00316-8&domain=pdf


Page 2 of 11El‑Katony et al. Bioresour. Bioprocess.            (2020) 7:28 

(Ravindran and Jaiswal 2016) as well as the production 
of value-added phytochemicals such as bio-pigments; 
oils rich in polyunsaturated fatty acids, organic acids, 
single-cell protein, essential oils, enzymes, bio-ethanol, 
bio-pesticides, bio-sorbents, bio-degradable plastic, 
bio-fertilizers, bio-preservatives and edible mushrooms 
(Martinez-Avila et al. 2014; Wadhwa et al. 2015).

Utilization of organic wastes in the production of bio-
fuel is a growing concern, and rice straw is particularly 
promising in this concern because it can be readily con-
verted to ethanol by fermentation with fungi (Singh 
et al. 2016). It is estimated that about 3.1 million tons of 
rice straw are disposed annually in Egypt, which can, if 
properly manipulated, generate about 2447 GWh/year 
(Abdelhady et  al. 2014). In addition, rice straw can be 
used as a fodder after amendment with urea or ammo-
nia to increase its protein content and can also be used 
as a substrate for cultivation of mushrooms and vegeta-
ble crops in salt-affected lands (Abou Hussein and Sawan 
2010). In addition to rice straw, there are a range of valu-
able plant wastes rich in nutraceuticals such as banana 
peels and foliage, citrus peels and pulps, sun-dried 
ground pomace, cauliflower and cabbage residues, straw 
and empty pods of pea and cull potatoes. These wastes 
can be used as fodder or as organic fertilizers and soil 
conditioners either in the native form or after some pro-
cessing, e.g., composting and ensiling with broiler litter 
and rice and wheat straw (Brar et al. 2013).

The human body requires regular intake of natural 
antioxidants of plant/microbial origin to avoid the dan-
gerous consequences of the oxidative stress arising from 
the improper life style and consumption of junk foods 
enriched with synthetic flavorings and preservatives 
(Carocho et  al. 2018). The proper manipulation of the 
agro-industrial wastes represents a valuable source of 
natural antioxidants and bioactive compounds, particu-
larly the polyphenols. Polyphenols exhibit anti-cancer, 
anti-microbial, anti-oxidative and immune-stimulating 
effects, and can reduce the incidence of cardiovascular 
diseases, atherosclerosis, diabetes and rheumatoid arthri-
tis (Wadhwa et al. 2015; Ranneh et al. 2017). In the food 
industry, after processing of fruits and vegetables, their 
solid wastes (seeds, peels, or whole pomace) contain 
soluble sugars, fibers, minerals and vitamins, along with 
low-lignin content. These unique composition evaluates 
these wastes to host a wide range of beneficial microor-
ganisms and can be metabolized into value-added bio-
active products such as antioxidants, antibiotics as well 
as enzymatic preparations (Biswas and Biswas 2015; 
Sharma et al. 2016).

Fermentation of plant residues with the appropri-
ate microbes, manipulating the solid state fermenta-
tion system (SSFS), represents an environmentally safe 

and efficient technology for production of a wide array 
of bioactive compounds in the food and pharmaceutical 
industries. Many enzymes, bioactive metabolites as well 
as antibiotics have been successfully produced employing 
the SSFS technique (Bind et  al. 2014; Inácio et  al. 2015; 
Schmidt et al. 2014). Fermentation of seeds and flour of 
rice may be a good source of natural antioxidants com-
pared to non-fermented rice (Sadh et al. 2017). Fermenta-
tion of soybean with Bacillus subtilis improved its overall 
nutritional content and antioxidant activity, which could 
serve as a potential low-cost animal feed or a constitu-
ent of human diet (Mok et al. 2019). Fungi by themselves, 
particularly the mushrooms, can profoundly participate 
in the production of secondary metabolites and antioxi-
dants including phenolics, flavonoids, β-glucans and ster-
oids (Butkhup et al. 2018).

Therefore, the choice of the appropriate fungal species 
and plant wastes in an SSFS will maximize the produc-
tion of antioxidants. For example, by manipulating an 
SSFS with different basidiomycete and ascomycete fungi 
on orange peel, El-Katony et  al. (2019) demonstrated a 
profound differential antioxidant activity depending on 
the fungal taxonomic group. The present work investi-
gates the antioxidant activity of an SSFS consisting of 
two basidiomycete fungi: Pleurotus columbinus and P. 
floridanus and two ascomycetes: Aspergillus fumigatus 
and Paecilomyces variotii on five common agro-residues 
in Egypt viz. peels of banana, pomegranate and orange, 
empty pea pods, and rice straw. We aim to find out the 
most efficient fungus–substrate combination in produc-
tion of both enzymatic and non-enzymatic antioxidants, 
in a way to switch the accumulation of the problematic 
agro-residues into value-added products.

Materials and methods
Fungal species and substrates
Four fungal species were used in this study: the two 
basidiomycetes Pleurotus columbinus (Quel. Ap. Bres) 
and Pleurotus floridanus Sing (38,539) and the two 
ascomycetes Aspergillus fumigatus (Fresenius) and Pae-
cilomyces variotii (Biourge & Bainier). Collection, identi-
fication and maintenance of the fungal species have been 
detailed in El-Katony et  al. (2019). The agro-residues 
used (peels of banana, pomegranate and orange, empty 
pea pods, and rice straw) were obtained from the local 
market at the ripe stage. Residues were washed twice 
with distilled water, left to dry in the shade and dried in 
a hot air oven at 50 ± 5 ℃. Since banana is a climacteric 
fruit, the chemical composition and the biological value 
of the peel are expected to vary with the ripening stage of 
the fruit (Vu et al. 2018). Therefore, banana peel was used 
at the golden-yellow stage of ripening. The dried residues 
were grinded into fine powder, passed through 1-mm 
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mesh and kept in air-tight containers until used in solid 
state fermentation.

Chemicals and equipment
The chemicals used in this study were 1, 1-diphenyl-
2-picrylhydrazyl (DPPH) obtained from Sigma-Aldrich, 
USA; 2,4-dichlorophenol (2,4-DCP), 4-aminoantipyrine, 
Folin-Ciocalteu phenol reagent, gallic acid, quercetin and 
trichloroacetic acid obtained from Fisher Scientific, UK. 
All other reagents and solvents used were of analytical 
grade. The equipment used were laboratory triple-walled 
vertical autoclave, Russia; WIS-10 bench top shaker incu-
bator, Korea; 3H24RI Intelligent high-speed refrigerated 
centrifuge, Herexi Instrument & Equipment Company, 
China; S/N  M0017053 Microcentrifuge, Denver Instru-
ment Company, USA and V-630 UV/VIS/NIR Spectro-
photometer, Jasco Company, Japan.

Solid state fermentation
The antioxidant activity of the SSFS was investigated by 
growing the four fungal species on the experimental pow-
dered agro-residues in 250-ml Erlenmeyer flasks. Water 
was added to the powdered residues at 90% (w/w) of the 
water-holding capacity of the substrates and the flasks 
were autoclaved at 120 ℃ for 15 min. The substrates were 
inoculated with two disks, each of 2 cm diameter from an 
established culture of the test fungi on PDA medium. The 
cultures were incubated at 25 ± 2 ℃ for 14  days for the 
basidiomycete fungi and 7 days for the ascomycete fungi.

Extraction of enzymes and non‑enzymatic antioxidants
For enzyme extraction, the whole culture was mixed 
thoroughly with 50  ml of phosphate buffer (0.1  M, pH 
7.0) and the mixture was incubated in a rotary shaker at 
180 rpm and 30 ℃ for 2 h. The mixture was then filtered 
through a wet muslin cloth, followed by centrifugation 
at 10,000×g for 15  min at 4 ℃ and the clear superna-
tant was used for enzyme assay. For estimation of non-
enzymatic antioxidants, 50 ml of 95% ethanol was added 
to the culture, and the mixture was incubated for 2 h at 
room temperature in the rotary shaker at 250  rpm. The 
mixture was then filtered through wet muslin cloth and 
the filtrate was centrifuged at 2800×g for 10 min at room 
temperature and the clear supernatant was used for assay 
of phenolics, flavonoids, RP and DPPH scavenging activ-
ity of the SSFS.

Assay of peroxidase activity
Peroxidase (POX, EC 1.11.1.x) activity was assayed 
according to the method described by Ramachandra 
et  al. (1988), using 2,4-dichlorophenol (2,4-DCP) as the 
substrate. The final reaction mixture (3  ml) contained 
0.6  ml of potassium phosphate buffer (0.1  M, pH 7.0), 

0.6  ml of 16  mM 4-aminoantipyrine, 0.6  ml of 25  mM 
2,4-DCP and 0.6 ml of the culture supernatant. The reac-
tion was initiated by the addition of 0.6  ml of 50  mM 
 H2O2. The mixture was then incubated at 50 °C for 1 min. 
The increase in absorbance as a result of the oxidation of 
4-aminoantipyrine was measured at 510  nm. One unit 
of enzyme activity was defined as the amount of enzyme 
required to increase absorbance by one unit  ml−1.

Assay of catalase activity
Catalase (CAT, EC 1.11.1.6) activity was assayed accord-
ing to the procedure described by Teranishi et al. (1974). 
An aliquot of 0.1 ml the culture supernatant was added 
to 1  ml of 2  mM  H2O2 and 1.9  ml of the phosphate 
buffer (0.1  M, pH 7.5). The mixture was incubated at 
30  °C for 5  min, then 4  ml of the titanium reagent was 
added to stop the reaction and the mixture was centri-
fuged at 3000×g for 10 min. Absorbance was measured at 
415 nm. The residual  H2O2 of the sample was calculated 
by reference to a standard curve in the range of 0–200 
µmole  H2O2. Enzyme activity was expressed as µmole 
 H2O2  ml−1. Titanium reagent was prepared by dissolving 
1 g of titanium oxide and 10 g of  K2SO4 in 150 ml of conc. 
 H2SO4 with heating for 2–3 h on a hot plate; the mixture 
was cooled and made up to 1.5 L with water.

Assay of total phenolics
The total phenolics content of the culture was assayed 
according to the method described by Luque-Rodríguez 
et al. (2007). An aliquot of 0.4 ml of the ethanolic extract 
was added to a mixture of 2 ml of 0.25 N Folin-Ciocalteu 
phenol reagent and 1.6 ml of 7.5%  Na2CO3. The mixture 
was heated in water bath at 50  °C for 5  min, cooled to 
room temperature in darkness and the absorbance was 
read at 760 nm. The content of total phenolics was esti-
mated with reference to a standard curve using gallic acid 
in the range of 0–100 µg ml−1; and the concentration was 
expressed as µg gallic acid equivalent  ml−1.

Assay of total flavonoids
The total flavonoids’ content of the culture was assayed 
according to the method described by Yang et al. (2009). 
An aliquot of 0.25 ml of the ethanolic extract was mixed 
with 1.25  ml of distilled water and 75  µl of 5%  NaNO2. 
After 6 min, 150 µl of 10%  AlCl3 was added and the mix-
ture was left for 5 min prior to addition of 0.5 ml of 1 M 
NaOH and 775  µl of distilled water. Absorbance was 
measured at 510 nm. The content of total flavonoids was 
estimated with reference to a standard curve of quercetin 
in the range of 0–500 µg ml−1; and the concentration was 
expressed as µg quercetin equivalent  ml−1.
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Estimation of the reducing power (RP)
The reduction potential of the culture was estimated 
according to the method of Oyaizu (1986). An aliquot 
of 1  ml of the ethanolic extract was mixed with 2.5  ml 
of phosphate buffer (0.2  M, pH 6.6) and 2.5  ml of 1% 
 K3Fe(CN)6. The mixture was incubated at 50  ℃ for 
20 min, and 2.5 ml of 10% trichloroacetic acid was added. 
The mixture was centrifuged for 10  min at 1000×g. An 
aliquot (2.5 ml) of the supernatant was mixed with 2.5 ml 
of distilled water and 0.5 ml of 0.1%  FeCl3. The absorb-
ance was measured at 700  nm. High absorbance of the 
reaction mixture indicates great RP.

DPPH scavenging activity
The capacity of the SSFS to scavenge the stable free radi-
cal 2,2-diphenyl-1-picrylhydrazyl (DPPH) was monitored 
according to the method of Hatano et al. (1988). An ali-
quot (0.3  ml) of the ethanolic extract was mixed with 
2.7 ml of DPPH solution (6 × 10−5 mol l−1). The mixture 
was shaken vigorously and left to stand for 60 min in the 
dark to attain stable absorbance. The reduction of the 
DPPH radical was measured by monitoring the decrease 
in absorbance at 517 nm. The DPPH scavenging activity 
was calculated as a percentage of DPPH discoloration 
using the equation:

where Ac is the absorbance of the sample and Ad the 
absorbance of the DPPH solution.

Statistical analysis
The experiment was factorial with two factors and three 
replicates in a completely randomized design. The two 

DPPH scavenging activity =
(Ad − Ac)

Ad
× 100

factors were (1) type of substrate with five levels: peels 
of banana, pomegranate and orange, empty pea pods, 
rice straw and orange peel; and (2) species of fungi with 
five levels: the four fungal species in addition to the non-
inoculated control. Data were subjected to two-way 
ANOVA using the SPSS program, version 22. Since the 
DPPH scavenging activity was expressed as percentage, 
the data were arcsine-transformed before performing 
ANOVA. Likewise, because of the wide variability in the 
magnitudes of phenolics’ and flavonoids’ contents among 
the different treatments, their data were log-transformed 
before performing ANOVA. ANOVA and mean sepa-
ration (using the Duncans’ multiple range test)  were 
applied to the transformed data to ensure homogeneity 
of variance.

Results
The effects of the main factors (type of substrate and fun-
gal species) and their interaction on the enzymatic and 
non-enzymatic antioxidant activities of the SSFS were 
very highly significant (P < 0.001), with stronger effect of 
substrate (greater F ratio) than the fungal species, except 
with CAT where the reverse was true (Table  1). POX 
activity of the SSF system was higher in the basidiomy-
cete fungi, particularly on orange peel, than in the asco-
mycetes. In addition, POX activity was not detected in all 
the tested fungi on pomegranate peel, in the two ascomy-
cetes on orange peel and in A. fumigatus on all substrates 
(Table 2). By contrast, CAT activity was markedly high in 
the ascomycete fungi versus a general very low activity 
in the basidiomycetes which exhibited no enzyme activ-
ity on rice straw, pomegranate peels and empty pea pods 
(Table 2). 

Table 1 Two-way ANOVA showing the  effect of  the  main factors (type of  substrate and  fungus) and  their interaction 
on the antioxidant activity of the SSFS

Variable and source 
of variation

df F P Variable and source 
of variation

df F P

Peroxidase Flavonoids

 Substrate 4 21,627 0.000  Substrate 4 17,630 0.000

 Fungus 4 14,722 0.000  Fungus 4 979 0.000

 Substrate × fungus 16 10,035 0.000  Substrate × fungus 16 350 0.000

Catalase Reducing power (RP)

 Substrate 4 7270 0.000  Substrate 4 412.9 0.000

 Fungus 4 24,459 0.000  Fungus 4 2.934 0.030

 Substrate × fungus 16 2467 0.000  Substrate × fungus 16 3.129 0.001

Phenolics DPPH scavenging activity

 Substrate 4 14,453 0.000  Substrate 4 336,933 0.000

 Fungus 4 2194 0.000  Fungus 4 26,608 0.000

 Substrate × fungus 16 643 0.000  Substrate × fungus 16 25,165 0.000
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The phenolics’ content of the native pomegranate 
and orange peels and empty pea pods was twice its 
level in rice straw and banana peel (Fig. 1). The pheno-
lics’ content of the SSFS was differentially affected by 
the action of test fungi. In general, the basidiomycete 
fungi exhibited marked consumption of the substrate 
phenolics versus mild production or no effect by the 
ascomycete fungi. This differential effect was most evi-
dent on rice straw but very weak on pomegranate and 
orange peels (Fig.  1). The phenolics-consuming activ-
ity was comparable in the two basidiomycetes, with an 
average of 75%, 33% and 1% on rice straw, banana peel 
and pomegranate peel, respectively; but it was in favor 
of P. floridanus on empty pea pods and P. columbinus 
on orange peel. Despite of the overall mild effect of the 
ascomycete fungi on phenolics’ content of the different 

substrates, A. fumigatus exerted a pronounced effect, 
manifested as 57% increase on rice straw versus 24% 
decrease on banana peel.

The variability in flavonoids’ content among the native 
substrates was drastic compared with that in phenolics, 
being 30 times higher in pomegranate peel above orange 
peel. The fungal action on substrate flavonoids followed 
a pattern similar to that of phenolics (Fig. 2). The flavo-
noid-consuming activity of the basidiomycetes was most 
aggressive on rice straw, with almost complete depletion 
of the substrate flavonoids. By contrast, the consum-
ing ability was moderate or mild and amounted to 34% 
and 8% of the substrate flavonoids by P. floridanus and 
P. columbinus, respectively, on banana and pomegranate 
peels and empty pea pods. The action of the two asco-
mycete fungi on substrate flavonoids was marginal in rice 
straw, banana peel and pomegranate peel. By contrast, 
the action of the two fungi on the flavonoid content of 
the remaining substrates was marked and differed from 
43% consumption in empty pea pods to tenfold increase 
in orange peel (Fig. 2).

The RP of the native substrates was lowest in rice straw, 
intermediate in empty pea pods, banana peel and orange 
peel but highest in pomegranate peel. The fungal effect 
on the RP of the substrate was generally independent of 
the fungal taxonomic group and was relatively mild on 
peels of banana, pomegranate and orange (Fig.  3). The 
RP of empty pea pods was reduced by an average of 22% 
due to the basidiomycete P. columbinus and the asco-
mycete A. fumigatus and by an average of 55% due to P. 
floridanus and P. variotii. The fungal action on the reduc-
ing power of rice straw varied from doubling the native 
content by P. columbinus, through a mild effect of P. vari-
otii and A. fumigatus to 60% reduction by P. floridanus 
(Fig. 3).

The DPPH scavenging activity of the native substrates 
was high in the peels of banana, orange and pomegran-
ate, intermediate in rice straw and negligible in empty pea 
pods (Fig. 4). The effect of fungi on the DPPH scaveng-
ing activity was generally mild on the three active sub-
strates (peels of banana, orange and pomegranate). On 
rice straw, the ascomycete fungi appreciably increased 
DPPH scavenging activity, particularly P. variotii which 
led to 230% increase, versus 60% reduction due to the 
two basidiomycetes. The fungal action raised the negligi-
bly low DPPH scavenging activity of empty pea pods to 
levels slightly lower or comparable to that of rice straw, 
with apparent magnification of the positive effect of the 
fungal action (Fig. 4).

Table 2 The activity of POX and CAT in an SSFS employing 
two basidiomycete fungi: P. columbinus and  P. floridanus 
and two ascomycetes: A. fumigatus and P. variotii on peels 
of banana, pomegranate and orange, empty pods of pea, 
and rice straw

Each value is the mean of three replicates ± SE. Means with common letters are 
not significantly different at P < 0.05

ND not detected

Substrate and fungus Peroxidase 
activity(U  ml−1)

Catalase activity 
(µmol  H2O2 
 ml−1)

Banana peel

 P. columbinus 0.098 ± 0.003e 2.834 ± 0.027d

 P. floridanus 0.063 ± 0.002c 3.412 ± 0.014f

 A. fumigatus ND 16.91 ± 0.009kl

 P. variotii 0.060 ± 0.005c 18.53 ± 0.009m

Pomegranate peel

 P. columbinus ND ND

 P. floridanus ND ND

 A. fumigatus ND 2.08 ± 0.041b

 P. variotii ND 2.94 ± 0.169de

Empty pea pods

 P. columbinus 0.078 ± 0.002d ND

 P. floridanus 0.052 ± 0.000bc ND

 A. fumigatus ND 10.81 ± 0.018i

 P. variotii 0.042 ± 0.001b 16.85 ± 0.074k

Orange peel

 P. columbinus 1.15 ± 0.013h 2.46 ± 0.287c

 P. floridanus 2.29 ± 0.017i ND

 A. fumigatus ND 6.88 ± 0.115g

 P. variotii ND 7.97 ± 0.057h

Rice straw

 P. columbinus 0.178 ± 0.000f ND

 P. floridanus 0.273 ± 0.000g ND

 A. fumigatus ND 0.319 ± 0.000a

 P. variotii 0.028 ± 0.000a 12.96 ± 0.000j
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Fig. 1 Phenolic content of an SSFS employing two basidiomycete fungi: P. columbinus and P. floridanus and two ascomycetes: A. fumigatus and P. 
variotii on peels of banana, pomegranate and orange, empty pods of pea and rice straw. Each column represents the mean of three replicates ± SE. 
Columns with common letters are not significantly different at P < 0.05

Fig. 2 Flavonoid content of an SSFS employing two basidiomycete fungi: P. columbinus and P. floridanus and two ascomycetes: A. fumigatus and P. 
variotii on peels of banana, pomegranate and orange, empty pods of pea and rice straw. Each column represents the mean of three replicates ± SE. 
Columns with common letters are not significantly different at P < 0.05
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Discussion
Although the role of fungi in the antioxidant activity of 
SSF systems has been appreciated (Sadh et al. 2017), the 
present findings suggest that for constructing an SSFS 
the choice of the substrate is more important than the 
choice of fungal species. The complete absence of POX 
activity by the four tested fungi and of CAT by the two 
basidiomycetes, along with the low CAT activity by the 
two ascomycetes, on pomegranate peel suggests that this 
agro-residue is not the proper substrate for the produc-
tion of fungal CAT and POX. Rather, it seems more suita-
ble for the production of the non-enzymatic antioxidants, 
namely phenolics and flavonoids. By contrast, orange 
peel seems more appropriate for the production of both 
fungal POX and CAT while banana peel is more suitable 
for CAT. While the basidiomycete fungi possess higher 
POX activity compared with the ascomycetes, the reverse 
was true for CAT. It seems also that the two enzymes are 
mutually exclusive since high POX activity was associ-
ated with low CAT activity and vice versa (Fig.  5a). In 
agreement with the present findings, El-Katony et  al. 
(2019), using different basidiomycetes and ascomycetes 
on orange peel as a substrate, demonstrated POX activity 

only by the basidiomycete fungi, particularly P. columbi-
nus versus a favorite activity of CAT by the ascomycetes, 
particularly P. variotii and A. fumigatus.

The lower phenolic content of banana peel and rice 
straw relative to pomegranate and orange peels is in 
agreement with the findings of Babbar et al. (2011) that, 
among several plant residues, banana peel exhibited low 
phenolic content with low antioxidant activity. Rather, 
pomegranate peel has been reported to contain high con-
tents of phenolics and flavonoids, with predominance of 
gallic, chlorogenic and caffeic acids (Souleman and Ibra-
him 2016). The phenolic content of the tested substrates 
was subjected to substantial fungal influence, which is 
related to the taxonomic group of the fungus. It seems 
that growth of the basidiomycete fungi was associated 
with consumption of the substrate phenolics versus mild 
production or no effect by the ascomycete fungi. This 
pattern was, however, more evident in the low-phenolic 
substrate (rice straw) than in the high-phenolic substrates 
(peels of pomegranate and orange). The potentiality of 
basidiomycete fungi for consumption of orange peel 
phenolics versus the producing ability of the ascomy-
cetes has been demonstrated by El-Katony et al. (2019). 

Fig. 3 Reducing power of an SSFS employing two basidiomycete fungi: P. columbinus and Pl. floridanus and two ascomycetes: A. fumigatus and P. 
variotii on peels of banana, pomegranate and orange, empty pods of pea and rice straw. Each column represents the mean of three replicates ± SE. 
Columns with common letters are not significantly different at P < 0.05
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In addition, growth of the ascomycete Trichoderma har-
zianum on soybean increased the contents of phenolics 
and flavonoids of the SSFS, and this was associated with 
greater antioxidant activity and significant protection 
against oxidative DNA and protein damage caused by 
hydroxyl radicals (Singh et al. 2010).

The present findings reveal significant correla-
tion between the contents of phenolics and flavonoids 
(Fig. 5b) as well as between RP versus phenolics’ and fla-
vonoids’ contents (Fig. 6a); but such a correlation did not 
exist between phenolics and DPPH scavenging activity 
(Fig. 6b). Thus, it seems that the RP and the DPPH scav-
enging activity may have different mechanisms, since the 
former is dependent on the substrate phenolics but the 
latter is not. In agreement with our findings, Sulaiman 
et  al. (2011) demonstrated significant correlation of 
the phenolics’ content with ferric reducing antioxidant 
activity of the SSFS but not with the DPPH scavenging 
activity. Nevertheless, Babbar et al. (2011) demonstrated 
positive correlation between phenolics content, RP and 
DPPH scavenging activity of several plant residues in 
an SSFS. The pivotal role of phenolics in the antioxidant 
activity of SSFS has been documented by Rebello et  al. 
(2014) who claimed that the high-phenolics’ content of 

banana peel is responsible for its high antioxidant activ-
ity, which justifies the use of banana peel as a profitable 
source of bioactive phenolic compounds. The antioxidant 
activity of an SSFS employing rice seeds and Aspergillus 
spp. is related to the phenolics’ content (Sadh et al. 2017). 
Likewise, the enhancement of DPPH scavenging activity 
of chokeberry (Aronia melanocarpa) pomace inoculated 
with various filamentous fungi including Aspergillus and 
Rhizopus spp. was associated with increasing levels of 
phenolics and flavonoids (Dulf et  al. 2018). The greater 
DPPH scavenging activity and RP of chickpea upon inoc-
ulation with Cordyceps militaris had been related to the 
higher total phenolic and saponin contents of the SSFS 
(Xiao et al. 2014).

The variability in flavonoid content among the tested 
substrates, as well as the fungal action on the substrate 
flavonoids, was drastic compared with that in phenolic 
content. The highest flavonoid content in pomegran-
ate peel was 30-fold the minimum level of orange peel. 
In addition, the fungal action varied from consumption 
to the point of depletion to production up to several 
folds of the native flavonoid content. The flavonoid-con-
suming activity was most expressed by the two basidi-
omycetes on rice straw while the producing activity was 

Fig. 4 DPPH scavenging activity of an SSFS employing two basidiomycete fungi: P. columbinus and P. floridanus and two ascomycetes: A. fumigatus 
and P. variotii on peels of banana, pomegranate and orange, empty pods of pea and rice straw. Each column represents the mean of three 
replicates ± SE. Columns with common letters are not significantly different at P < 0.05
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most evident by the two ascomycetes on orange peel. 
Although the antioxidant activity, in terms of the DPPH 
scavenging activity and RP, of the extracts of four Pleu-
rotus species (including P. columbinus) was attributed 
to the contents of phenolics and flavonoids (Irshad et al. 
2017), the present work presented a different pattern. The 
higher positive linear correlation of reducing power and 
DPPH scavenging activity with flavonoid content of the 
SSFS than with the phenolic content (Fig. 6a, b) suggests 

Fig. 5 Correlation of CAT versus POX (a), flavonoids versus phenolics 
(b) and DPPH scavenging activity versus RP (c) of an SSFS employing 
two basidiomycete fungi: P. columbinus and P. floridanus and two 
ascomycetes: As. fumigatus and P. variotii on peels of banana, 
pomegranate and orange, empty pods of pea and rice straw

Fig. 6 Correlation of RP and DPPH scavenging activity versus 
flavonoids (a) and phenolics (b) of an SSFS employing two 
basidiomycete fungi: P. columbinus and P. floridanus and two 
ascomycetes: A. fumigatus and P. variotii on peels of banana, 
pomegranate and orange, empty pea pods and rice straw. The values 
of R with (*), (***) and (ns) refer to significant, very highly significant 
and non‑significant correlation, respectively
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greater participation of flavonoids than phenolics in the 
RP and DPPH scavenging activity of the SSF system.

The fungal effect on RP of the SSFS was generally lim-
ited and independent of the fungal taxonomic group, 
being negligible on pomegranate peel and mild on 
banana peel. The different ranks of the DPPH scavenging 
activity and RP among the tested substrates were tinged 
with a common pattern of higher activities of peels of 
pomegranate, banana and orange than those of rice 
straw and empty pea pods. This might signify that the 
two activities (the DPPH scavenging activity and RP) are 
performed partially via a common mechanism but with 
different details. The reducing power was highly signifi-
cantly correlated with flavonoids (R = 0.767, Fig. 6a) and 
phenolics (R = 0.638, Fig.  6b), whereas the DPPH scav-
enging activity exhibited just significant correlation with 
flavonoids (R = 0.266, Fig.  6a) but was non-significantly 
correlated with phenolics (Fig. 6b). In addition, the pre-
sent work suggests that the fungal effect on the RP and 
DPPH scavenging activity of the SSFS was more related 
to the substrate than to the fungal taxonomic group; 
since the fungal action was moderate on peels of pome-
granate, banana and orange but marked on the empty pea 
pods and rice straw.

Conclusions
The present study demonstrated greater role of substrate 
than the fungal species in the antioxidant activity of the 
SSFS. Orange peel is the appropriate substrate for the 
production of fungal CAT and POX, banana peel is more 
suitable for CAT and pomegranate peel is suitable for the 
production of phenolics and flavonoids. The basidiomy-
cete fungi possess higher POX activity compared with the 
ascomycetes, but the reverse was true for CAT. It seems 
that high POX activity is associated with low CAT activ-
ity and vice versa. The basidiomycete fungi have higher 
consuming ability of substrate phenolics and flavonoids 
than the ascomycetes. The RP of the SSFS rather than its 
DPPH scavenging activity is correlated to its phenolics 
and particularly flavonoids’ contents.
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