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Abstract
Oilseed plants such as cotton (Gossypium sp.) generate abundant biomass residues which contain significant levels of edible 
oil, crude proteins and other desirable biomolecules for the animal nutrition industry. The application of cottonseed cake in 
animal feed, a by-product of the cotton industry, is limited due to the natural presence of toxic free gossypol (FG), wherein 
efficient and cost-effective methods for FG detoxification are necessary. Herein, pretreatment methods for reducing FG in 
crushed whole cottonseed (CWCS) were compared, with residual FG quantified using a sensitive Ultra High-Performance 
Liquid Chromatography method for detection at trace levels in cottonseed materials. Physical treatment by autoclaving 
resulted in up to 96% detoxification of FG, without reduction in crude protein (CP) content. Chemical treatment with 1% 
and 2% Ca(OH)2 eliminated FG to as low as 0.04%, although a reduction in CP content was observed. Similarly, native 
fermentation, whilst reducing FG content by 99.66% after 6 days incubation, also reduced CP content. In combined physi-
cal and biological solid-state fermentation (SSF), basidiomycete fungi Ganoderma lucidum CC351, Panus lecomtei CC40, 
Pleurotus ostreatus CC389, Pleurotus sapidus CC28 and Pycnoporus sanguineus CC400 all degraded FG in autoclaved 
CWCS to trace levels often lower than obtained by individual treatments. A reduction in total lipids and increase in CP were 
also observed, improving nutritional quality. The most efficient fungi, P. ostreatus CC389 and P. lecomtei CC40, secreted 
considerable laccase and manganese peroxidase enzymes during SSF, potentially involved in FG detoxification. Cost effec-
tive, non-polluting, value-adding approaches for FG detoxification offer potential in animal feed industries.
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Statement of Novelty

Toxic free gossypol in cottonseed cake limits application 
in feed industries. This work reports combined treatments 
for free gossypol detoxification, based on autoclaving and 
solid-state fermentation.

Introduction

The processing of oilseed plants such as cotton (Gossyp-
ium sp.) generates abundant biomass residue containing 
significant levels of edible oil, crude proteins and other 
desirable biomolecules for industrial sectors devoted to 
animal nutrition. The application of whole cottonseed 

(WC) or cottonseed cake (CSC), a by-product of the cot-
ton fiber industry, in animal feed is limited due to the nat-
ural presence of toxic gossypol in the plant [1]. Gossypol 
is a terpenopolyphenol secondary metabolite produced 
in pigment glands in cotton plant leaves, flower buds, 
stems and seed, as a possible defense chemical against 
diverse pathogens and herbivore insects [2–4]. Gossypol 
exists in both free (FG) and bound (BG) forms, with the 
free form most common in intact whole seeds. Cottonseed 
processing has been reported to result in gossypol bind-
ing to proteins, specifically to the epsilon group of amino 
acids such as lysine, arginine and cysteine [5]. Once in 
the bound form, gossypol is considered to be non-toxic, 
as it is not absorbed in the digestive tract. However, a por-
tion of the gossypol that is bound may subsequently be 
released as FG during digestion, as reported in processed 
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WC [6] and cottonseed meal [7]. Greatest concentration 
of gossypol typically occurs in seed tissues in cotton, with 
values of up to 7000 mg/kg of FG documented [8, 9]. 
Officially considered an anti-nutritional factor, monogas-
tric livestock are sensitive to this polyphenol, with the 
European Union directive 2002L00032 limiting FG in 
cottonseed cake feedstuffs to 20 ppm for laying hens and 
piglets, 100 ppm for poultry and calves, and 500 ppm 
for cattle, goats and sheep. Toxicity is associated with 
reactions of the aldehyde groups of this metabolite with 
amino acids by cross linking resulting in inhibition of 
enzyme activities. Such linking of this phenolic group 
with amino acids and minerals can also result in the accu-
mulation of inert and indigestible complexes, which are 
detrimental to animal health. Decreased growth, reduced 
fertility and abnormalities in internal organs are all com-
mon symptoms in non-ruminant livestock [10–12].

A number of physical and chemical methods have been 
described for detoxification of FG in CSC to permissible 
levels for feed [13, 14]. Solvent-based chemical treatment, 
although able to significantly reduce FG content in CSC, 
is typically costly, and, requiring considerable volumes 
of water for neutralization, generates contaminated efflu-
ents. Solvents may also alter the organoleptic characteris-
tics of feed products, as observed with anhydrous acetone 
[14, 15]. Additional methods of FG detoxification involv-
ing mineral application or extrusion processes have also 
been employed for different cotton co-products [16–18]. 
While offering varying efficiencies in FG degradation, 
such methods, however, can be unsuitable because of del-
eterious effects on CSC. Treatment with iron sulphate, for 
example, causes discoloration and reduces palatability of 
animal feed [17]. Similarly, Ca(OH)2, while reducing FG 
levels, also reduces protein and vitamin content in CSC.

Given such limitations, research has also examined the 
potential for microbial biodetoxification of FG in cotton-
seed residues through solid-state fermentation (SSF). A 
number of fungi have been reported to efficiently detoxify 
FG, including the ascomycetes Aspergillus niger, Asper-
gillus oryzae, Candida tropicalis and Saccharomyces cer-
evisiae [19–21]. Macro-basidiomycetes, such as the white 
rot fungi (WRF), are well known degraders of complex 
carbon sources such as lignocelluloses and xenobiotic 
compounds [22]. In this context, a number of species have 
also been shown to detoxify both pure gossypol and FG 
in cottonseed [23, 24].

The objective of this study was to develop and evaluate 
the efficiency of physical, chemical, biological or com-
bined (physical and biological) methods for the detoxifi-
cation of FG in crushed whole cottonseed (CWCS).

Materials and Methods

Cottonseed

Cottonseed was obtained from FARMOTEC®, Buritis, MG, 
Brazil. Material was crushed in a commercial forage crusher 
(Trapp TRF400 super, SC, Brazil) using a sieve for 5 mm 
particle size. CWCS samples were stored at room tempera-
ture prior to treatment.

Physical Treatment

CWCS samples (20  g dry matter) were transferred to 
250 mL Erlenmeyer flasks and moisture content adjusted 
to 60% using sterile distilled water. Samples were subjected 
to different autoclaving time periods at 121 °C: for 15, 30 
or 60 min. Autoclaved samples were stored at − 20 °C until 
further analysis. Physical treatment experiments were per-
formed in triplicate.

Chemical Treatment

CWCS samples (100 g dry matter) were mixed with 100 mL 
of 1% and 2% (m/v) solutions of Ca(OH)2 in 1000 mL 
Erlenmeyer flasks. Material was agitated at 120 rpm for 
14 h at 30 °C, filtered using cotton gauze and filtrate stored 
at − 20 °C. Chemical treatment experiments were performed 
in triplicate.

Biological Native Fermentation Treatment

A total of 120 kg of cottonseed was crushed in a com-
mercial forage crusher (Trapp TRF400 super, SC, Brazil) 
using a sieve for 5 mm particle size. Resultant CWCS was 
then transferred to a commercial mixer (Maqtron M-400, 
SC, Brazil), 60 L of water added and the material mixed 
for 15 min. The moistened CWCS was transferred to 0.6m3 
metal bin composting structures. Triplicate native fermen-
tation samples were disassembled at three time points (2, 4 
and 6 days), with 6-day old samples of native fermentation 
also autoclaved at 121 °C for 60 min, to evaluate potential 
further detoxification of FG. For each sample, the tempera-
ture at the center of the pile was monitored. Sample material 
was dried in a hot air oven at 60 °C for 2 days, then stored 
at − 20 °C.

Combined Physical and Biological (SSF) Treatments

Macro-basidiomycete fungi were selected for evaluation 
in detoxification of FG by SSF. Five fungal isolates were 
selected as candidate biodetoxifiers from a local collection 
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of microorganisms, based on previous investigations by the 
research group [25]. A total of 70 g (dry matter) of CWCS, 
previously moistened to 60% with sterile distilled water, 
was autoclaved at 121 °C for 15 min (physical treatment). 
After cooling, substrate was inoculated with 5 mm discs 
containing mycelial plugs of each fungal isolate (CC389, 
CC40, CC351, CC400, CC28), previously grown for 7 days 
on potato dextrose agar. SSF cultures were then incubated 
for 15 days at 28 °C. All experiments were conducted in 
triplicate.

Molecular Identification of Fungi

For molecular-based identification of each fungal isolate 
screened, genomic DNA was extracted from 150 mg of 
mycelium using an Ultra Clean Gel Spin DNA Extrac-
tion kit (MoBio Laboratories, CA, USA), according to the 
manufacturer’s recommendations. For accurate species level 
identification, sequence data was analyzed for the nuclear 
ribosomal DNA Internal Transcribed spacers (rDNA ITS), 
using the primers ITS1 and ITS4 [26], together with par-
tial sequences of the Large Subunit (LSU) of the nuclear 
ribosomal RNA gene, amplified using the primers LROR 
and LR5 [27]. Where necessary, the RNA polymerase II 
gene (RPB2) was also employed for improved species reso-
lution, following amplification with primers fRPB2-5F and 
bRPB2-7.12 [28, 29]. PCR products were enzymatically 
purified with ExoSAP-IT® (USB, Cleveland, Ohio, USA) 
and sequenced on a Genetic Analyzer 3500xL capillary 
sequencer (Thermo Fisher Scientific, Waltham, MA, USA), 
according to the manufacturer’s guidelines. Sequences were 
compared against the NCBI nucleotide database (https ://
www.ncbi.nlm.nih.gov/) using the BLAST algorithm. Phy-
logenetic analysis was conducted by the Maximum Likeli-
hood method using the program MEGA, version 6.06 [30].

Enzymatic Assays

Based upon FG biodetoxification data following combined 
physical (autoclaving) and SSF, fungal isolates CC40 and 
CC389 were selected for further evaluation of their enzy-
matic activities during SSF periods. Repeat cultures were 
prepared as described previously, with samples taken from 
colonized and control non-colonized substrate at 5, 10 and 
15 days after inoculation. Crude extracts were obtained from 
homogenized samples (40 g) and 200 mL distilled water 
added (4 °C). Samples were vortexed at 100 rpm for 30 min, 
centrifuged for 10 min at 10,000×g and the supernatant 
filtered using Whatman filter paper no.1. The supernatant 
was denominated as crude extract (CE) and stored at 4 °C 
until evaluation of enzymatic activities. Laccase (Lac, EC 
1.10.3.2) activity was determined based on oxidation of 
ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) following mixing of 180 μL of crude extract in 180 μL 
of 0.2 M sodium acetate buffer (pH 5, 25 °C). The oxidation 
of ABTS was monitored for 90 s at 25 °C using a spectro-
photometer at an absorbance of 420 nm (ε420:36,000 L/
mol/cm) [31]. Mn-peroxidase (MnP EC.1.11.1.13) activities 
were determined by spectrophotometric measurement of the 
oxidation of phenol red at 610 nm (ε610 = 460 L/mol/cm) 
[32]. For this, 0.5 mL CE was mixed with 0.1 mL phenol 
red (1%), 0.05 mL  MnSO4⋅(2 mM), 0.02 mL  H2O2⋅(2 mM), 
0.1 mL sodium lactate (250 mM), 0.2 mL serum albumin 
(0.5%) and sodium succinate buffer (pH 4.5) and incubated 
for 5 min at 30 °C. The reaction was interrupted by the addi-
tion of 40 μL 2 M NaOH. All enzymatic activities were 
expressed in international units as UI mL−1, defined as the 
amount of enzyme required to convert 1 μmol of substrate or 
to produce 1 μmol of product per minute of reaction (µmol 
 min−1). All enzymatic assays were performed in triplicate.

Estimation of FG

Residual FG in untreated and treated CWCS samples was 
accurately measured by reversed phase Ultra High-Per-
formance Liquid Chromatography (UHPLC), according 
to [25]. Briefly, 1 g of dried and ground sample material 
was placed into 15 mL centrifuge tubes and extracted with 
10 mL of 70% aqueous acetone. Extraction was followed by 
ultra-sonication and centrifugation at 9000 rpm for 5 min at 
8 °C. Supernatant was evaporated by speed vacuum at room 
temperature and re-suspended with 200 μL of 70% aque-
ous acetone solution. FG detection was conducted using an 
ACQUITY UPLC H-Class system (Waters, Milford, USA) 
and photodiode array detector, with gradient elution per-
formed using a Phenomenex Kinetex™ reversed phase C18 
column. This method developed by our group enables analy-
sis of trace levels of FG in cottonseed materials, with a limit 
of detection at 0.2 μg/mL.

Bromatological Analysis

Untreated and treated CWCS samples were dried for 48 h 
using a hot air circulation drying oven (± 25 °C) and ground 
with a Wiley mill with a 60-mesh sieve screen. The dry 
matter was determined following drying at 105 °C for 12 h, 
while the mineral matter (ash) was determined following 
heating in a muffle furnace at 600 °C for 3 h. Analysis of 
cell wall components was conducted according to [33], with 
ethereal extracts, total lipids and crude protein (CP) deter-
mined according to [34].

Statistical Analysis

Gossypol trace values, crude protein and enzymatic activi-
ties were all expressed as mean values ± standard error of 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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the mean. Analysis of variance with multiple comparisons 
(ANOVA) was conducted, followed by the Tukey post-test. 
Differences at p < 0.05 were considered as significant.

Results and Discussion

Efficient methods for detoxification of FG are essential for 
application of CSC in animal feed industries. The objective 
of this study was to develop and compare the efficiency of 
different physical, chemical, biological and combined meth-
ods for FG detoxification. CWCS was selected as substrate 
for accurate evaluation of efficiency of FG detoxification 
treatments given the higher concentrations of gossypol at 
this stage, prior to oil extraction. In addition, although not 
appropriate for monogastric animal feed prior to detoxifica-
tion, whole cotton seed is widely employed in ruminant feed 
in Brazil [35], comprising up to 15% of the daily diet.

Fungal Molecular Identification

Molecular identification of the evaluated macro-basidio-
mycete fungi was based upon sequence analysis of rDNA 
ITS regions, and where increased resolution was necessary, 
based on analysis of LSU regions and RPB2 gene sequences. 
Following comparison against the nucleotide database NCBI 
using BLASTn (data not shown), together with clustering in 
a consensus phylogenetic tree based on alignment of rDNA 
ITS sequences (Supplementary Fig. 1), the fungi screened in 
this study were identified as: Ganoderma lucidum CC351; 
Panus lecomtei CC40; Pleurotus ostreatus CC389; Pycnopo-
rus sanguineus CC400 and Pleurotus sapidus CC28. For 
these respective fungi, sequences enabling molecular identi-
fication were deposited in GenBank (https ://www.ncbi.nlm.
nih.gov) under accession numbers MK603977, MK603978, 
MK603976, MK603979 and MK603975.

Physical and Chemical Treatments

Physical treatment through autoclaving resulted in signifi-
cant decreases in FG content according to exposure time. In 
comparison to non-autoclaved controls, a 60-min period of 
autoclaving reduced FG content by 96.35%, from 2446.93 
to 89.26 μg/g (Fig. 1; Table 1). Although shorter autoclav-
ing times also resulted in detoxification of FG, percentage 
reductions were lower, with 15- and 30-min reducing FG in 
CWCS by 86.64 and 91.33%, respectively. Such efficiency 
in autoclaving for FG detoxification has been described pre-
viously [36]. Heat treatment without autoclaving has also 
been widely employed in FG detoxification [37, 38] with 
efficiency increasing according to exposure time and temper-
ature. Whether volatilization and/or transformation of gos-
sypol are responsible for the reduction in FG has also been 

investigated [38, 39], with detection of molecules related to 
gossypol indicative of transformation after 1 h at 260 °C. 
Gossypol has a molecular weight of 518 Daltons and a boil-
ing point of 707 °C. As such, volatilization under the condi-
tions tested would not be possible. Transformation products 
detected have been reported to include mainly gossypolone, 
with other products also present, though less abundant. 
Other studies, however, have also reported that heat treat-
ment can transform FG into bound gossypol, involving 
links between gossypol and amino acids, mainly lysine [11, 
16]. Temperature-based treatment has also been reported 
to significantly negatively affect the quality of cottonseed, 
decreasing protein value and reducing amino acid content, 
mainly for lysine and arginine [37, 38, 40]. Although auto-
claving did not significantly affect protein content in CWCS 
in our study, such reports highlight that reliance exclusively 
on heat treatment for FG elimination may not be appropriate 
for feed applications.

Chemical treatment using Ca(OH)2 also resulted in effi-
cient detoxification of FG in CWCS, with a 1% Ca(OH)2 
solution reducing FG content by 98.9% and a 2% solution by 
99.6% (Fig. 1). Phenolic oxidative coupling of hemigossy-
pol is known to occur during the biosynthesis of gossypol. 
Chemical conversion of gossypol, by contrast, can result 
in decoupling and accumulation of hemigossypol, together 
with additional products such as gossypolone, apogossypol 
and apogossypolone [41–43]. In our study, chemical treat-
ment with calcium hydroxide using concentrations up to 
2.0% resulted in an almost total detoxification of FG. Pre-
vious reports using calcium hydroxide, by contrast, have 

Fig. 1  Free gossypol content in crushed whole cottonseed following 
physical and chemical treatments. Treatments: physical (autoclav-
ing at 121  °C for 15, 30 or 60  min); chemical (1 and 2% solutions 
of Ca(OH)2); control: untreated CWCS 100%. Bars for FG values 
followed by the same letter do not differ statistically from each other 
(Tukey test, differences at p < 0.05 were considered significant)

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
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achieved reductions of up to only 40% [17]. While a combi-
nation of 1.5% calcium hydroxide and 0.2% ferrous sulphate 
has also been shown to reduce FG levels to 0.04%, resultant 
meal can be inappropriate as feed [39, 44]. Previously, [44] 
reported that, although no benefits could be observed fol-
lowing incorporation of calcium hydroxide-treated CWCS 
into feed, no adverse effects were noted in blood parameters 
or animal performance. Such chemical treatment, however, 
can reduce both CP and total lipid (ethereal extract) con-
tent in meal, as observed in our study, with 2% Ca(OH)2 
significantly reducing both protein and ethereal content in 
CWCS. Although potentially a negative effect, widespread 
availability of Ca(OH)2 at the farmer level in cotton growing 
countries, together with the absence of residue problems, 
continues to make this approach for FG detoxification an 
attractive alternative.

Biological Treatment: Native Fermentation

Biological treatment of CWCS by means of native fermenta-
tion was evaluated after 2, 4- and 6-days of incubation. Prior 
to native fermentation (control), FG was detected at a con-
centration of 2446.93 μg/g, whereas after 6 days incubation 
only 8.26 μg/g of FG remained, representing detoxification 
in excess of 99%. Following the six-day native fermenta-
tion period, samples were autoclaved for 60 min at 121 °C, 
resulting in a slight further increase in FG degradation, to 

99.88% (Fig. 2; Table 1). Native fermentation of biological 
material involves the addition of water to organic substrate, 
followed by the appropriate stacking of material to favor 
growth of naturally present mesophilic and thermophilic 
microorganisms. Although the process does not require the 
addition of specific microorganisms, water content, aeration 

Table 1  Comparison of 
physical, chemical, biological 
and combined treatments for 
detoxification of free gossypol 
in crushed whole cottonseed

Treatment for detoxification of Free Gossypol (FG) Residual FG (µg/g) Percentage 
detoxification 
of FG

Control CWCS 2446.93 ± 10.19 –
Physical (Autoclave)
 15 min 326.76 ± 3.15 86.64
 30 min 212.13 ± 2.42 91.33
 60 min 89.26 ± 1.75 96.35

Chemical (Ca(OH)2)
 Ca(OH)2 1% 24.33 ± 0.82 99.00
 Ca(OH)2 2% 0.74 ± 0.07 99.96

Biological (native fermentation)
 2 days 562.80 ± 0.22 76.99
 4 days 60.80 ± 0.05 97.51
 6 days 8.2 ± 0.04 99.66

Biological + Physical
 Native fermentation (6 days) + 60 min autoclave 2.91 ± 0.01 99.88
 Physical (15 min autoclaving) + Biological (basidiomycete 

fungi)
 Pleurotus ostreatus CC389 12.83 ± 0.06 99.47
 Panus lecomtei CC40 13.73 ± 0.05 99.43
 Ganoderma lucidum CC351 19.08 ± 0.31 99.22
 Pycnoporus sanguineus CC400 25.69 ± 0.12 98.95
 Pleurotus sapidus CC28 26.98 ± 0.57 98.89

Fig. 2  Free gossypol content in crushed whole cottonseed following 
native fermentation and following combined native fermentation and 
physical treatment. Bars for FG values followed by the same letter 
do not differ statistically from each other (Tukey test, differences at 
p < 0.05 were considered significant)
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and temperature must be optimized for microbial growth 
[45]. Aerobic composting of cotton residue biomass has 
been employed in the detoxification of chemical toxins and 
for the control of phytopathogens [45–47]. To date, however, 
this approach has not been tested for detoxification of FG in 
CWSC or CSC. Whilst recognizing that complete compost-
ing will only be achieved after C/N ratios become constant, 
native fermentation over a shorter time period may theoreti-
cally be sufficient for FG degradation. Here, detoxification 
of FG by more than 99.6% was achieved after only 6 days of 
native fermentation. It is likely that FG detoxification occurs 
as a result of the combined effect of the elevated temperature 
and the ecological succession of the thermophilic micro-
biota, secreting extracellular enzymes capable of gossypol 
conversion and degradation of components of the plant cell 
wall. The action of fungal enzymes in the detoxification of 
gossypol has been reported previously, for example in Pleu-
rotus florida [23], with laccase production correlating with 
gossypol degradation. Further investigation into the potential 
in native fermentation for FG detoxification is necessary, 
involving analysis of the influence of physical factors on 
FG degradation, such as pH, temperature, and  CO2 and  O2 
concentrations. Analysis of the microbial ecology during 
native fermentation of CWCS is also warranted, as described 
on non-autoclaved cottonseed meal [40]. Although these 
authors observed a variable bacterial community, mostly 
comprising Acinotobacter sp., Enterobacter sp. and Bacil-
lus sp., there have been no reports on the presence of fungi in 
such composting, despite their widely documented ability to 
degrade FG [21, 23, 48–51]. The employment of promising 
fungi or their enzymes in native fermentation offers com-
mercial potential in FG detoxification associated with gains 
in the degradability of organic matter for animal nutrition.

Combined Physical and Biological (SSF) Treatments

Certain macro-basidiomycete fungi are able to colonize 
diverse agro-industrial residues [52–55]. G. lucidum, P. san-
guineus and Pleurotus sp. for example, have been employed 
in the bioremediation of toxic heavy metals and other xeno-
biotic compounds in effluents and soils [22, 56–58]. Such 
fungi secrete ligninolytic extracellular enzymes and other 
oxidative enzymes, capable of degrading complex aromatic 
pollutants through catalytic oxidation–reduction reactions 
[59, 60]. A number of macro-basidiomycetes have also been 
applied in the detoxification of toxic and/or anti-nutritional 
factors in plant biomass, such as phorbol esters in jatropha 
cake, with detoxification occurring during lignocellulose 
decomposition [57, 61, 62]. Here, combined physical (auto-
claving for 15 min) and biological (15-day axenic SSF cul-
tures) treatment with the tested macro-basidiomycete fungi 
reduced FG in CWCS to levels lower than those obtained 
exclusively through autoclaving. The five fungi were able to 

further reduce FG residue levels remaining after autoclav-
ing for 15 min (Fig. 3). P. lecomtei CC40 and P. ostreatus 
CC389 were the most efficient in FG detoxification through 
SSF, reducing concentrations by 99.47 and 99.43%, respec-
tively. Ongoing toxicological analysis of the biomass after 
each of these combined treatments on arthropods (Artemia 
salina) and rats (data not presented) has also confirmed 
detoxification to levels safe for application in monogastric 
nutrition.

Bromatological Analysis

Bromatological analysis revealed an increase in dry matter 
(with the exception of calcium hydroxide treatment) and ash 
following all treatments, which can be considered as an indi-
cator of mineralization. A significant increase in CP content 
was also apparent after autoclaving and SSF for P. lecomtei, 
G. lucidum, P. sanguineus and P. sapidus (Table 2). This is 
likely due to an increase in proteinaceous microbial biomass 
following fungal growth. Together with the deconstruction of 
plant biomass, liberation of soluble proteins and metabolites, 

Fig. 3  Free gossypol content in crushed whole cottonseed following 
combined physical and biological solid-state fermentation treatment 
with macro-basidiomycete fungi. Bars for FG values followed by the 
same letter do not differ statistically from each other (Tukey test, dif-
ferences at p < 0.05 were considered significant)
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species-specific SSF can be an effective approach for increas-
ing nutritional value and digestibility of lignocellulosic mate-
rial [63–66]. Single-cell protein derived from such fungal bio-
mass has also been applied as animal feed [67, 68].

Enzymatic Activities

Laccase and manganese peroxidase enzyme activities were 
evaluated over the 15-day time course of SSF of CWCS with 
the two most efficient species observed for FG detoxification. 
P. lecomtei CC40 and P. ostreatus CC389 both secreted these 
oxidases throughout the time period during which FG concen-
trations declined, highlighting their potential involvement in 
detoxification. (Fig. 4). Previous studies have highlighted the 
potential of Pleurotus spp. and employment of crude enzy-
matic extracts for efficient biodetoxification of FG in rice straw 
[23]. Whilst manganese peroxidase activities were similar in 
both fungi, peaking at 10 days, laccase activities were greater 
in P. lecomtei CC40, with highest activity at 2.222,21 IU/mL 
after five days SSF (Fig. 4). Such phenol oxidases, which are 
involved in the ligninolytic system of white rot fungi, offer 
potential in the treatment of industry residues and in soil biore-
mediation. To date, the characterization of enzyme activities 
for species within the genus Panus has been limited [60]. 
reported an ability of Panus tigrinus to discolor textile dyes, 
with [63] reporting this species for detoxification of a mixture 
of 2,4-dichlorophenol, 2,4,6-TCP, and pentachlorophenol, 
attributed to manganese peroxidase activity. Although mech-
anisms responsible for gossypol biodetoxification are poorly 
understood, analysis of upregulation and silencing of genes 
encoding cytochrome P450 monooxygenases in the Lepidop-
teran pests of cotton, Helicoverpa armigera and Heliothis vire-
scens, has clearly linked this family of monooxygenases with 
detoxification of gossypol [69, 70]. Considering their recog-
nized role in metabolism of xenobiotic compounds, including 
in macro-basidiomycete fungi such as Phanerochaete sp.[71], 
the potential involvement of this superfamily of monooxyge-
nases in gossypol biodetoxification in the fungi tested here 
warrants further investigation. Similarly, [72] reported laccase 
activities in mixed ascomycete and basidiomycete fungal cul-
tures responsible for biotransformation and biodegradation of 
gossypol into non-toxic metabolites. The observed secretion 
of such oxidases in P. lecomtei CC40 and P. ostreatus CC389 
in SSF, together with FG content reduction, provides further 
support for their role in detoxification of FG.

Conclusions

Although different physical and chemical methods are appro-
priate for detoxification of FG, the reduction in final crude 
protein content in treated cottonseed residues limits the appli-
cability of these approaches for animal feed industries. The 

Table 2  Bromatological analyses of CWCS samples following bio-
logical, chemical and combined physical and biological treatments

Treatment Results

Dry matter content (%)
 94.56 ± 0.14 A
 Native fermentation 2 days 93.44 ± 0.03 C
 Native fermentation 6 days 92.76 ± 0.22 C
 Chemical Ca(OH)2 1% 97.62 ± 0.07 D
 Chemical Ca(OH)2 2% 97.76 ± 0.03 D
 Physical (Autoclave 15 min.) 94.49 ± 0.01 A
 Autoclave + SSF_CC389 P. ostreatus 91.54 ± 0.00 B
 Autoclave + SSF_CC40 P. lecomtei 89.08 ± 0.00 B
 Autoclave + SSF_CC351 G. lucidum 90.21 ± 0.00 B
 Autoclave + SSF_CC400 P. sanguineus 91.33 ± 0.03 B
 Autoclave + SSF_CC28 P. sapidus 91.74 ± 0.12 B

Ash content (%)
 Control (in natura) 4.00 ± 0.19 A
 Native fermentation 2 days 4.09 ± 0.07 A
 Native fermentation 6 days 6.36 ± 0.33 B
 Chemical Ca(OH)2 1% 3.86 ± 0.24 A
 Chemical Ca(OH)2 2% 4.49 ± 0.09 C
 Physical (autoclave 15 min.) 3.79 ± 0.09 A
 Autoclave + SSF_CC389 P. ostreatus 4.61 ± 0.02 A
 Autoclave + SSF_CC40 P. lecomtei 5.23 ± 0.13 B
 Autoclave + SSF_CC351 G. lucidum 4.75 ± 0.06 A
 Autoclave + SSF_CC400 P. sanguineus 4.78 ± 0.16 A
 Autoclave + SSF_CC28 P. sapidus 4.40 ± 0.06 A

Crude protein (%)
 Control (in natura) 23.62 ± 0.09 A
 Native fermentation 2 days 23.01 ± 1.09 A
 Native fermentation 6 days 21.04 ± 0.49 B
 Chemical Ca(OH)2 1% 20.62 ± 1.09 C
 Chemical Ca(OH)2 2% 20.82 ± 2.28 C
 Physical (autoclave 15 min.) 26.46 ± 1.47 A
 Autoclave + SSF_CC389 P. ostreatus 25.82 ± 0.54 A
 Autoclave + SSF_CC40 P. lecomtei 32.52 ± 0.46 B
 Autoclave + SSF_CC351 G. lucidum 29.99 ± 1.29 C
 Autoclave + SSF_CC400 P. sanguineus 31.98 ± 0.54 B
 Autoclave + SSF_CC28 P. sapidus 27.89 ± 0.54 C

Ethereal extract (%)
 Control (in natura) 16.32 ± 0.57 A
 Native fermentation 2 days 17.81 ± 0.65 A
 Native fermentation 6 days 12.81 ± 0.39 B
 Chemical Ca(OH)2 1% 17.61 ± 0.63 A
 Chemical Ca(OH)2 2% 12.57 ± 0.49 C
 Physical (autoclave 15 min.) 10.02 ± 0.29 A
 Autoclave + SSF_CC389 P. ostreatus 8.75 ± 0.21 B
 Autoclave + SSF_CC40 P. lecomtei 7.59 ± 0.24 C
 Autoclave + SSF_CC351 G. lucidum 8.18 ± 0.24 B
 Autoclave + SSF_CC400 P. sanguineus 8.69 ± 0.09 B
 Autoclave + SSF_CC28 P. sapidus 6.21 ± 0.42 D
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results of this study clearly showed that combined physical 
and SSF approaches can enable both efficient FG biodetoxifi-
cation and concomitant gains in organic matter degradability 
for animal feedstuff. Given their potential in detoxification of 
xenobiotic compounds, supported by ongoing toxicological 
analysis, further screening of candidate macro-basidiomycete 
species is recommended, together with investigation of FG 
and BG levels remaining after each combined treatment. 
Future transcriptomic and proteomic approaches for elucida-
tion of genes and cellular mechanisms controlling the fungal 
enzymatic detoxification of FG will also permit downstream 
targeted genetic modification in microorganisms for efficient 
FG detoxification in this important residue for animal feed 
industries.
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