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Abstract: Solid-State fermentation (SSF) is a valuable process used for the enhancement of the
nutritional profile of agro-industrial by-products. The main objective of the present study concerns
the exploitation of a mixture consisting of Cottonseed Cake (CSC) and Lathyrus clymenum pericarp
(LCP) at a ratio of 80-20% w/w, which was utilized as substrate for the initiated by Pleurotus ostreatus
SSF process. The final goal is the improvement of their nutritional value and the parallel reduction
in their gossypol content. The obtained results revealed a statistically significant increase (p < 0.05)
in protein content by 34.91%, while 1,3-1,6 3-glucans exceeded a 5-fold statistically significant
increment (p < 0.05) at Day 11. Furthermore, lignin was reduced significantly (—26.71%) at Day 11.
Free gossypol’s presence was lowered by 12.45%, while SSF presented a profound effect concerning
the total gossypol level since the latter underwent a statistically significant reduction (p < 0.05)
that exceeded 9-fold at Day 11. The study herein highlights SSF’s efficiency as a potential means
to reduce free and total gossypol content with a parallel upgrade of its nutritional value. The
fermentation outcome reveals its potential as a feed supplement and contributes to the reduction in

the environmental footprint within the framework of a circular economy.

Keywords: nutritional upgrade; gossypol degradation; protein enrichment; bioconversion; feedstuff

1. Introduction

Cotton (Gossypium) is a globally cultivated annual non-edible crop. Its cultivation is
expansive, covering an area that exceeds 80 countries globally and accounts for 2.3% of
the world’s arable land [1,2]. Cotton is classified in the Gossypium genus, which belongs to
the Malvaceae family. It is distinguished into two main types, namely, the cultivated and
the wild, which are divided into the species G. hirsutum, G. herbaceum, G. barbadense, and
G. arboretum, comprising the four most common varieties that are cultivated worldwide [1,3].
Cotton bud forms the predominant part of the plant and is considered the most valuable
since it is used for the development of many products, such as textiles, edible oils, and
animal feedstuffs, while it is also useful for the pharmaceutical industries [1,4,5]. Cotton
fiber constitutes the major product derived from the cultivation of the respective plant
and is characterized as a valuable fiber source, initiating a growing global interest in the
production of increased volumes of cotton. This endeavor generates vast amounts of
by-products that are inadequately disposed of, burdening the nearby environment and
posing a significant environmental threat.

Legume crops belong to the Fabaceae family, which includes the Lathyrus species. They
are widely known for their rich nutritional value since their seeds contain a plethora of
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nutrients, proteins, minerals, and vitamins [6]. The Lathyrus genus includes 200 species and
subspecies that are primarily cultivated in temperate regions [7]. Among them, various
species, such as Lathyrus clymenum (LC), are being utilized for human and animal nutrition,
thus reaping their nutritional benefits [8]. LC is an annual plant that is mainly cultivated in
the Mediterranean basin countries and more specifically in the Aegean islands of Santorini,
Anafi, and Karpathos [9]. The predominant by-product of LC cultivation is the pericarp,
which is composed of a complex mixture of polysaccharides such as cellulose, hemicellulose,
and lignin. Despite the fact that Lathyrus clymenum pericarp (LCP) forms an energy source
for ruminants, it is not considered a suitable option for exploitation as animal feed due to
its inadequate nutritional profile [9,10].

Cottonseed Cake (CSC) constitutes one of the most significant by-products that is
generated during cottonseed’s oil extraction in order to be harnessed in various applications,
such as the production of biodiesel. CSC is highlighted for its rich nutritional profile
and specifically for its crude protein content, which accounts the 34.3-48.9% of CSC [11].
Primarily, CSC was used in animal nutrition as a cheap feedstuff of high nutritional value.
Soon, its wide utilization caused serious concerns for animal health because of the presence
of a toxic compound called gossypol. In specific, the administration of CSC as a feedstuff
with a high gossypol content led to various adverse effects in animals, including respiratory
problems, weight loss, gastrointestinal problems, etc. [12].

Gossypol (C30H3pOs) is a toxic compound that is classified into the phenols category.
It is generated by the pigment glands that are located in many parts of the plant, such
as stems, leaves, flower buds, and seeds. Gossypol displays the potential to act as a pest
resistance agent for the respective plant and is simultaneously capable of exerting a toxic
effect on vertebrates. Furthermore, pigment glands produce additional phenolic pigments,
in lower concentrations as compared to gossypol, without provoking any important toxico-
logical implications. Naturally, gossypol exists as two enantiomers, namely, (—) and (+)
gossypol. Among them, because of its biological activity, the molecule of (—)-gossypol is
removed at a lower rate, justifying its enhanced toxic profile as compared to the respective
(+)-enantiomer [13-16]. Within organisms, gossypol exists in two types: Free Gossypol
(FG) and Bound Gossypol (BG), both forming Total Gossypol (TG). BG is created through
the formation of covalent bonds among gossypol and the free epsilon-amino groups of the
amino acids lysine and arginine [16] in terms of browning or the Maillard reaction [13]. It
must be noted that this particular reaction results in the depletion of amino acids” avail-
ability, especially lysine’s, which is absorbed by animals [17]. Nevertheless, the volume of
total gossypol is affected by a plethora of factors, such as weather and cultivated cotton
variety [16]. Specifically, concerning the weather, it is observed that gossypol’s production
is increased with the elevated amounts of rainfall, while it is negatively correlated with the
temperature. Additionally, storage conditions decrease gossypol’s concentration, which
is reduced upon a long period of storage [16]. Finally, it must be noted that according to
the UN Food Agriculture Organization (FAO), the permitted concentration of FG must not
exceed 0.045% when it is used for human nutrition, whereas according to FSSAI guide-
lines, the maximum presence of TG and FG is 0.6% and 1.2%, respectively [2]. From the
abovementioned limitations emerge the necessity of applying specific strategies to monitor
gossypol’s presence. For this purpose, the application of the Solid-State Fermentation
(SSF) procedure can be considered an ideal candidate that exhibits the potential to act
as a suitable, valuable, and environmentally acceptable method to address the issue of
gossypol toxicity.

SSF is an eco-friendly and sustainable bioprocess that displays the ability to serve as
a potential gossypol degradation agent. Moreover, the application of this procedure can
be effectively employed to upgrade the nutritional value of agro-industrial by-products
with the participation of suitable microorganisms such as fungi. Fungi are characterized as
potent means because of their ability to deal with challenging conditions, anti-nutritional
factors, and toxicity issues raised during the exploitation of the original raw material [12].
On the other hand, Pleurotus species are capable of colonizing the generated lignocellulosic
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by-products by secreting lignin-modifying enzymes targeting lignin’s degradation in order
to upgrade their nutritional profile. Additionally, their diverse nature may exemplify
their potential to break down a plethora of organic environmental compounds such as
gossypol [18].

The main objective of the present study concerns the application of the SSF procedure
initiated by Pleurotus ostreatus on CSC and its mixture with LCP in a ratio of 80-20% w/w,
aiming to upgrade their nutritional value and simultaneously reduce their content with the
extremely toxic gossypol. The final goal is their transformation into a high-added-value
proteinaceous feedstuff.

2. Materials and Methods
2.1. Substrates Preparation, Inoculation, and Determination of Physicochemical Parameters

The P. ostreatus strain was utilized to achieve a successful performance of SSF on
the investigated substrates composed of CSC and LCP mixtures 80-20% w/w ratio. In
addition, the growth of P. ostreatus requires a high moisture content on the examined
substrate of approximately 60-70%, which was achieved with a daily addition of tap water.
All substrates were weighed to a final weight of 300 g, placed into glass test vessels, and
sterilized at 121 °C for 15 min. The commercial name of the employed P. ostreatus strain is
“White 2000 P67 LOTTO 1551 MN 01827” (Fungi SEM, La Rioja, Spain), and was obtained
in a solid form.

Subsequently, the substrates underwent an inoculation process in a vertical laminar
flow chamber with the addition of 5% w/w P. ostreatus strain to their surfaces. The glass test
vessels were capped by the respective caps that were not sealed, in order to permit access
to the atmospheric air as well as to preserve the moisture content intact in the examined
substrates. Then, the inoculated substrates were placed in an incubator at 25 °C in the dark
for 10 days.

The investigated substrates were subjected to freeze-drying to preserve their nutri-
tional and enzyme content. The samples were subsequently collected in order to evaluate
several physicochemical attributes, namely, proteins, total soluble sugars (TSS), reduc-
ing soluble sugars (RSS), fibers (crude fiber substances, cellulose, lignin, and ash), and
-glucan’s presence. Moisture levels and ash content were determined by applying AOAC
methods [19]. Proteins were assessed by performing the Kjeldahl method, which is AOAC’s
official method for the evaluation of total nitrogen [19]. The total protein content of the
examined substrates was calculated by multiplying the total nitrogen content (determined
by the Kjeldahl method) by a factor of 6.25. Total soluble sugars (TSS) were estimated
by performing the phenol-sulfuric acid method described by Dubois et al. [20], whereas
reducing soluble sugars (RSS) was determined by applying the 3,5-dinitrosalicylic acid
(DNS) method developed by Miller [21]. These sugar evaluations were conducted on
aqueous extracts of the samples and the results were expressed as g/100 g of glucose. The
presence of crude fiber substance (CFS) was determined according to the Weende method
(AOAC Official Method 978.10) [19]. Cellulose and lignin content were assessed through
the acid-detergent fiber (ADF) method (AOAC Official Method 973.18) [19].

Finally, the content of bioactive compounds of 1,3-1,6 -glucans was determined
according to the MEGAZYME enzymatic assay kit (3-Glucan Assay Kit Yeast & Mushroom,
Megazyme Product code: K-YBGL). All experiments were implemented in triplicates, and
the respective results are expressed as g/100 g of their dry weight.

2.2. Gossypol’s Extraction
2.2.1. Preparation of Solvents and Reagents

The complexing reagent was prepared by adding 4 mL of 3-amino-l-propanol and
20 mL of glacial acetic acid. Subsequently, the prepared mixture was cooled and diluted
with the addition of 200 mL of N,N,dimethylformamide (DMF). The mobile phase was
prepared by mixing methanol:water to an 87:13 v/v volume by adding 0.1% phosphoric
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acid of 7.8 pH value. Gossypol’s standard solution was prepared with the addition of 25 mg
from a standard solution of gossypol and acetic acid in 25 mL of complexing reagent.

2.2.2. Extraction of Total Gossypol (TG)

The investigated samples were milled to a particle size of 2 mm, an amountof 0.2 g
was weighed, placed in a conical flask of 200 mL volume, and 25 mL of complexing reagent
was added. The conical flask was placed in a water bath at 95-100 °C for a period of
30 min and then was allowed to reach room temperature. Then, 100 mL of the mobile phase
reagent was added and the sample was subsequently filtered twice through Whatman
No. 2 filters and a 0.45 um Millipore Millex-FGS filter, providing the sample used for the
HPLC analysis.

2.2.3. Extraction of Free Gossypol (FG)

One gram of each sample was placed in a 250 mL volume conical flask, equipped with
a screw cap, and 50 mL of 70% v/v acetone in water was added, and the resulting mixture
was stirred for 60 min. Then, the sample was filtered through Whatman No. 2 filters with
the first 5 mL being discarded, then 20 mL of the filtrate was separated into a 100 mL
volumetric flask, and 20 mL of the complexing reagent was added. The resulting mixture
was transferred into a water bath at 95 °C-100 °C for 30 min, cooled to room temperature,
and diluted by adding 100 mL of the mobile phase reagent. The resulting mixture was
filtrated through a 0.45 um Millipore Millex-FGS filter and subjected to HPLC analysis.

2.2.4. HPLC Analysis

All High-Performance Liquid Chromatography (HPLC) analyses were performed
using an Agilent 1200 series instrument equipped with a 4.6 mm x 250 mm, 5 um Zorbax
Eclipse XBD-C18 reverse-phase column. The column was eluted with an isocratic mobile
phase that consisted of methanol:water to an 87:13 v/v volume by adding 0.1% phosphoric
acid of 7.8 pH value with a flow rate of 1 mL/min, and the investigated samples were
injected using a manual injector (Rheodyne). A loop of 20 uL. Gossypol was detected at
254 nm using an Agilent 1200 Series Diode Array detector (Model G1315B) (Santa Clara,
CA, USA). The obtained data and the integration procedure were processed using the
Chemstation Rev. B.02.01-SR1 software 260. The calibration curve was prepared with the
addition of the following volumes of gossypol standard solution: 0.2, 0.5, 1.0, 2.0, 3.0, and
5.0 mL into 100 volumetric flasks by adding complexing reagent in order to adjust a total
volume of 20 mL, and then they were placed in a water bath with a stable temperature of
95 °C for 30 min. Subsequently, samples were cooled, and their final volume was adjusted
to 100 mL by adding the mobile phase solution. Ten ml of the respective samples were
filtered using a 0.45 um Millipore Millex-FGS filter (Merck, Boston, MA, USA) and then
injected into the HPLC system. The total program lasted for 10 min. Total and Free gossypol
were evaluated according to the equation that was obtained by the development of the
standard curve. The obtained concentrations that were within the linear part were accepted,
whereas the samples that displayed a concentration that was outside of the standard curve’s
linear part were diluted appropriately in order to be transferred into the linear part.

2.3. Statistical Analysis

All experiments were carried out in triplicate and the obtained results are expressed
as means =+ standard deviation (£5.D.). Kolmogorov-Smirnov and Shapiro-Wilk tests
were applied for the assessment of data normality. The differences among the exam-
ined groups were determined by performing independent and paired t-test (p < 0.05 was
considered significant).
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3. Results

In the present study, we exploited the feasibility of two substrates, both containing
CSC as the predominant constituent, for the application of the SSF process. In specific, the
investigated two substrates contained either 100% w/w of CSC or a CSC mixture with 20%
w/w LCP. According to the results obtained, the SSF procedure was not successful when
performed using 100% w/w CSC as substrate. This can be rationalized considering that the
employed microorganism (P. ostreatus) requires an energy source in order to perform the
biological processes. Therefore, for the successful implementation of SSF, it is essential to
include a proportion of 20% w/w of LCP, which acts as a natural external nitrogen source,
facilitating the growth of P. ostreatus and initiating the SSF process.

Figure 1 is a representative image of the substrates on which the SSF process was
applied. More specifically, the substrate on the left side is composed of 100% w/w of
CSC, while the substrate on the right is a CSC mixture with 20% w/w LCP. According to
Figure 1, SSF was not successfully applied to the 100% w/w CSC substrate, whereas the
latter procedure was successfully performed in the mixture by the addition of LCP.

Figure 1. Representative figure of the examined substrates at the end of the process.

Table 1 contains the outcome of the following physicochemical parameter assessments:
moisture, total and reducing soluble sugars, ash, proteins, and 1,3-1,6 3-glucans concen-
tration on the first (Day 0) and last day (Day 11) of fermentation. Results indicated that
moisture recorded a statistically significant increase (p < 0.05) by 15.83% during the SSF
process, while the number of soluble sugars ranged from 2.53% to 4.39% between Days 0
and 11, presenting a statistically significant increment (p < 0.05) at Day 11. A similar pattern
was observed for the reducing soluble sugars since they underwent a statistically significant
increase (p < 0.05) by 56.67% at the end of the SSF process. Ash concentration was increased
at Day 11, affording a statistically significant (p < 0.05) approximately two-fold increment.
Proteins displayed similar behavior since their content ranged from 17.67% to 23.84% on
Days 0 and 11, recording a statistically significant increase (p < 0.05) of 34.91%. Finally, the
concentration of 1,3-1,6 3-glucans underwent a statistically significant increment (p < 0.05),
which exceeded 5-fold.



Appl. Sci. 2024, 14, 5066

6 of 12

Table 1. SSF’s impact on the Physicochemical Profile of the investigated sample.

Physicochemical Parameters (%) Day 0 Day 11
Moisture 58.86 + 0.89 2 68.18 £ 1.05°
Total Soluble Sugars 253 £0.19°¢ 4.39 +£0.024
Reducing Soluble Sugars 0.68 £0.10 ¢ 1.57 +£0.04f
Ash 4.72 +0.06 8 8.03+0.65h
Proteins 17.67 £ 0.91 23.84 + 0.42
1,3-1,6 B-glucans 0.38 £0.12k 216 +£0.251

Different superscripts indicate statistical significance p < 0.05.

Table 2 demonstrates SSF’s impact on fibers’ profile at the examined substrate. In
particular, crude fiber substances were elevated by 7.57% at Day 11, whereas cellulose
content remained almost intact presenting a slight increase by 4.10% at the end of the
process. On the other hand, lignin content underwent a statistically significant reduction
(p < 0.05) by 26.71% at the end of the SSF procedure.

Table 2. Assessment of the Fiber Substances’ concentration on the investigated sample.

Fibers’ Profile (%) Day 0 Day 11
Crude Fiber Substances 3513 £1.23 37.79 £1.04
Cellulose 30.64 £ 0.96 31.95 £+ 0.93
Lignin 19.20 + 0.86 2 14.07 £ 0.46°

Different superscripts indicate statistical significance p < 0.05.

Table 3 presents the impact of the SSF process initiated by P. ostreatus on gossypol’s
profile between Days 0 and 11. In specific, the amount of TG displayed a statistically
significant reduction by approximately 9-fold at Day 11, whereas FG’s content was slightly
decreased at the end of the process, ranging from 2.73 to 2.39 ppm.

Table 3. SSF’s impact on gossypol’s profile at the investigated substrate.

Gossypol (ppm) Day 0 Day 11
Total 628.72 +£11.09 2 66.50 + 4.63 °
Free 2.73+£0.23 2.39 £+ 0.34

Different superscripts indicate statistical significance p < 0.05.

Figure 2 displays the concentration of TG on Days 0 and 11 of the SSF process. In the
abovementioned chromatogram, the blue peak with a Retention Time of 10.102 represents
the concentration of TG at the beginning of the procedure (Day 0). The orange peak with
a Retention Time of 10.125 depicts the concentration of TG at the end of the SSF process
(Day 11). It is evident that the concentration of TG in the fermentation outcome has
been reduced, highlighting the effectiveness of the SSF process as a potent means for the
degradation of gossypol.
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Figure 2. Representative chromatogram of Total Gossypol (R.T. ~ 10.1) at Day 0 (chrom. A) and at
the end of the SSF procedure (Day 11) (chrom. B).

4. Discussion

The main objective of the present study concerned the application of a biotechnological
procedure suitable to utilize CSC, targeting the reduction of gossypol. According to some
preliminary experiments that we performed, and in accordance with the existing literature,
it was shown that the addition of LCP, which is a by-product rich in nitrogen, promotes
the conditions that facilitate mycelium'’s colonization and, therefore, the application of
the SSF process. Therefore, according to the latter, a substrate was prepared by adding
LCP at a ratio of 20% w/w since the specific addition displayed the best results. The final
goal concerned the evaluation of SSF’s technique on a substrate consisting of a CSC-LCP
(80-20% w/w) mixture, focusing on the reduction of its gossypol content and the parallel
enhancement of its nutritional value in order to be transformed into a suitable material that
could potentially be used as a feed supplement in animals’ diets.

The nutritional value of the examined substrate was improved after employing the SSF
procedure, which is attested by the evaluation of its physicochemical parameters, especially
for its proteins and 1,3-1,6 3-glucans content.

Moisture is a very important attribute that affects SSF’s efficiency, since it is closely as-
sociated with nutrient availability [22]. In specific, a reasonable presence of moisture exerts
a beneficial effect on SSF by promoting fungal growth, nutrient transfer, and enzymatic
activity, whereas a high moisture content is capable of mitigating the substrate’s porosity,
limiting oxygen’s transfer, and facilitating possible contamination, since the employed
substrate forms an ideal environment for the growth of unfavorable microorganisms. On
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the other hand, a low moisture content is an aggravating factor for the successful imple-
mentation of the SSF process since accessibility and solubility are confined. Hence, the
employed microorganism is not able to absorb the required amounts of the necessary
nutrients, resulting in poor fungal growth [23]. It must be noted however that at the end
of the SSF procedure, moisture content was found to be increased. This can be rational-
ized considering that during SSF implementation, the water balance is affected by several
factors such as the presence of required water, which is essential for starch’s hydrolysis,
the production of metabolic water, the absorption of intracellular water through biomass
synthesis, and the evaporation of water assisted by the metabolic heat [24]. According to
Fan et al. [25], a moisture content of 60% is considered the optimum value for a successful
SSF application. Our results are in line with previous literature reports, since herein the
moisture content reached 68% at the end of the SSF procedure.

One of the most common strategies adopted for the efficient utilization of lignocel-
lulosic materials includes the application of SSF by employing suitable microorganisms,
namely, white-rot fungi. The latter is capable of consuming the available nutrients included
in the respective materials, targeting the production of new organic compounds that can be
transferred to the whole biomass through fungal activity, thus enhancing their nutritional
value [26]. P. ostreatus displays the capability to act as a lignocellulosic degradation agent
since it is composed of extracellular enzymes that can modify the lignocellulosic materials.
In the present work, the amount of Crude Fiber Substances (CFS) was increased during
the process implementation. A possible explanation that justifies the increased level of
CFS is connected with the parallel increase in cellulose content [10]. Furthermore, CFS’s
elevated presence could probably be rationalized by microbial activity. In specific, during
the SSF procedure, the employed microorganisms display the ability to convert into as-
similable forms the substrate’s molecules in order to fulfill their biological requirements.
Peptidoglycan, which is included among these assimilable molecules, is a polysaccharide
that is considered one of the main components of the bacterial wall. At the end of the SSF
procedure, the respective microorganism is not separated from the biomass, affording a
possible increase in CFS content as a consequence of the respective molecules’ conversion
into peptidoglycan via the biological action of involved microorganism [27,28].

The observed reduction in cellulose content is presumably justified considering the
different ratios of fiber fractions that are present in the initial raw materials. Additionally,
cellulose’s reduction is possibly associated with the nutritional composition of the studied
substrate since the latter displays the potential to provide the participating microorganism
with the required nutrients such as N, P, and K, leading to an extensive degradation [29].

The enzymatic activity of P. ostreatus is responsible for the reduction of the unwanted
lignin content, probably due to the action of lignin-modifying enzymes [30]. Furthermore,
according to Ritota and Manzi [30], Pleurotus spp. can be characterized as selective
degraders since they degrade lignin more efficiently as compared to cellulose. TSS and
RSS constitute an energy source for the employed microorganism. They observed that the
content at Day 11 was possibly correlated to the excessed secretion of enzymes that are
used to facilitate the degradation process [31].

According to Rajesh et al. [32], the elevated ash content during the SSF process is
presumably connected with the enzymatic activity of P. ostreatus, which facilitates the
reduction of organic matter on the investigated substrate. Moreover, it must be noted
that the increased ash presence is of high importance since it can be considered a marker
indicating a significant mineral content [33].

The nutritional value of mushrooms is highlighted by the presence of various bioactive
compounds, including 1,3-1,6 3-glucans, which are well known for their health-beneficial
effects on both humans and animals. Herein, the concentration of 1,3-1,6 3-glucans in-
creased considerably at the end of the procedure; an outcome connected with P. ostreatus’
biochemical activity that transforms a substrate’s nutrients into organic compounds.

The protein content of the investigated substrate constitutes the most significant
attribute. SSF has the potential to act as a valuable procedure since its efficacy can be attested
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by the bioconversion of the examined substrate into protein-enriched material. Considering
our results, protein content increases during the SSF procedure, presumably as a result of the
excessed nitrogen assimilation in terms of the aerobic fermentation initiated by P. ostreatus,
which is the employed microorganism [34]. An additional reason justifying the increased
protein profile concerns the secretion of various proteinaceous extracellular enzymes that
display the ability to facilitate degradation during the procedure [35]. According to Fanchini
Terrasan and Carmona [36], the elevated protein concentration could possibly be connected
with the fungal growth and colonization of the employed microorganism [37]

As has already been pointed out, CSC is a by-product with serious constraints and
obstacles with respect to it being exploited as a feed supplement, especially for non-
ruminants, all connected to gossypol’s presence. This has initiated the implementation of
various research endeavors toward the development of effective practices for the reduction
of the contained FG and TG in order to be suitable for utilization in the animal sector. For
this purpose, various strategies have been considered, among which the SSF presents an
intriguing case, since it was determined as one of the most efficient. Du et al. [17] reported
that the performance of the SSF process on cottonseed hulls initiated by the Pleurotus
species reduced the presence of FG. Grewal et al. [12] stated that the fermentation by P.
chrysosporium, T. reesei, A. niger, and their consortium displayed a significant reduction of
gossypol in the CSC, which could be presumably explained by the interaction between the
secreted enzymes of the used consortium. The latter enzymes could be a potent means for
the degradation and transformation of highly polymerized carbohydrates and proteins
in CSC. Additionally, according to Zhang et al. [38], the application of the SSF process
on cottonseed meal by B. coagulans S17 revealed a significant reduction in FG’s presence.
Wang et al. [39] described that L. agilis WWK129, which was firstly isolated from the
rumen contents, could be characterized as a potential gossypol degradation agent since
the latter decreased gossypol’s levels in cottonseed meal up to 80% by applying anaerobic
fermentation for 5 days. Mageshwaran et al. [40] reported that the performance of the SSF
procedure initiated by a mixed fungal culture consisting of C. tropicalis and S. cerevisiae on
CSC displayed a reduced gossypol profile, including FG and BG, with a parallel upgrade
of the latter’s physicochemical properties.

In our study, the amount of unwanted FG and TG was reduced as a consequence of
SSEF utilization, since P. ostreatus secretes various specific enzymes (cellulolytic, amylases,
proteases, lipolytic) that are capable of releasing BG and breaking down the FG, resulting
in the reduction of both FG and TG [40,41]. Another possible explanation that could
justify the observed reduction in the FG level is connected with microbial activity, since
the utilized microorganism has the potential to degrade FG or convert FG into BG [42].
Additionally, it has been reported that this conversion of FG to BG facilitates the reduction
in overall toxicity, probably due to the microbial processes that are carried out during
SSE. The observed significant reduction in the TG level at the end of the procedure can be
rationalized considering that FG is consumed by P. ostreatus since it constitutes a carbon
source that supports its biochemical activities [43]. It must be noted however that several
literature reports indicate that BG does not have a direct impact on animals” health since it
is not assimilable by the animals through the digestive tract. Nevertheless, Soares Neto
et al. [44] stated that although BG is considered a non-toxic compound, its presence poses a
significant threat, especially in high concentrations since during the digestion period where
it can be transformed into its free form. Therefore, our study is of high significance since
our results reveal a significant reduction in TG levels, exceeding 9-fold at the end of the
process, which also results in BG’s depletion.

5. Conclusions

The present study highlights the significance of the SSF procedure as a sustainable,
environmentally friendly, and efficient process revealing the latter’s potential to deplete
the presence of the anti-nutritional factors of the CSC-LCP (80-20% w/w) mixture. Notably,
SSF’s application enhanced the nutritional value of the examined substrate since proteins
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were found to be significantly increased by 34.91%, whereas the amount of their 1,3-1,6
B-glucans exceeded the 5-fold increment. Additionally, the SSF procedure resulted in
the reduction of the substrate’s anti-nutritional factors such as lignin and FG by 26.71%
and 12.45%, respectively, while the amount of TG was also reduced significantly (9-fold).
Overall, the SSF procedure can be considered a viable tool for the bioconversion of CSC-LCP
(80-20% w/w) by-products mixture into a novel proteinaceous animal feed supplement,
evading the toxicity constraints that are caused by the gossypol’s presence with a parallel
contribution to the reduction in the environmental footprint in terms of a circular economy.
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