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Abstract: Rapeseed meal (RM) is an important agroindustrial by-product produced in large quanti-
ties by oil extraction from seeds. However, the efficient utilization of RM as animal feed is limited
by its low metabolizable energy, poor palatability, and high levels of fiber and anti-nutritional com-
ponents. Here, we investigate the potential of enriching RM with single-cell protein by fermentation
with conventional and unconventional yeasts, to make a nutritionally improved feed component.
The process of simultaneous saccharification and fermentation improved the parameters of the
waste biomass, especially the protein content, the amount of crude fiber, and the degree of biotrans-
formation of isoflavone compounds present in the waste material. Fermentation yielded the highest
protein gain for the Saccharomyces cerevisiae Ethanol Red strain (AN=2.38%) at a biomass load of
12.5 g and for Scheffersomyces stipitis (AN=2.34%) at an enzyme dose of 0.125ml/10g DM. Crude fiber
content (CF) was reduced by 2.55-7.18%. The SSF process resulted in the conversion of isoflavones
to forms with fewer adverse effects and lower estrogenic activity.

Keywords: waste biomaterial; rapeseed meal; SCP; feed; component; valorization; protein; crude
fiber

1. Introduction

Rapeseed meal (RM) is an important agro-industrial by-product of oil extraction from
rapeseeds. Global rapeseed oil production has been increasing over recent years [1]. As
rapeseed oil production increases, so does the production of waste material. Based on oil
production data and market prices in the European Union, the estimated global value of
RM waste biomass alone, without additional processing, is in the order of €6.36 billion
[1,3]. Biomass enrichment can increase the nominal value of RM waste many times over.
The growing world population and sustainable development goals require the valoriza-
tion of waste by reusing, recycling, or composting and conversion into more useful mate-
rials, chemicals, fuels, or energy sources [2]. These activities fit perfectly into the definition
of a circular economy.

Rapeseed meal is normally used as organic fertilizer or as biofuel. It can also be dried
and used as feed additive for livestock and poultry, due to its high protein content. Rape-
seed meal is mainly composed of protein, fat, fibers (celluloses, hemicelluloses, and lig-
nins), pectin, and minerals with significant amounts of calcium, magnesium, zinc, and
copper [5]. Of particular interest is the group of isoflavone compounds in RM, which ex-
hibit a very broad spectrum of functionality. Notably, compounds such as daidzein, dai-
dzin, genistein, genistin, glycitein, and glycitin show estrogenic, neuroprotective, cyto-
static, and cytotoxic activity [10-12]. However, the efficient utilization of RM as animal
feed is limited by its low metabolizable energy, poor palatability, and high levels of fiber
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and anti-nutritional components, such as glucosinolates, phytic acids, and phenolic com-
pounds.

Agroresidues such as RM offer a cheap, eco-friendly substrate for the growth of mi-
croorganisms, as both a support matrix and a nutrient medium. An example is the pro-
duction of single-cell protein (SCP) by fermentation with microorganisms [4]. However,
the high contents of protein, carbohydrates, and minerals in RM cannot be assimilated by
the majority of microorganisms. These nutrients can be made accessible for microorgan-
isms by enzymatic hydrolysis. Microbial treatments can be used to detoxify RM and im-
prove its digestibility during fermentation processes, as well as its functional proper-
ties [6,7]. For example, supplementation with lactic acid bacteria (Lactobacillus plantarum
and Bacillus clausii) and yeasts (Saccharomyces cariocanus and Wickerhamomyces anomalus)
can degrade free gossypol, improving the utilization efficiency of this substrate in the fer-
mentation process [8]. Other studies show that fermentation with Saccharomyces cerevisiae
or Saccharomyces boulardii reduces the content of antinutritive factors and increases the
protein content of the RM, without having major adverse effects on its overall nutritional
value [9].

In this study, we investigate the enrichment of RM with SCP by fermentation with
conventional and unconventional yeasts, to make a nutritionally-improved feed compo-
nent. This research is a continuation of earlier work by Dygas et al. [13].

2. Materials and Methods
2.1 Waste material and sample preparation

The raw material for the research was rapeseed meal biomass after oil extraction. The
waste material was provided by a rapeseed oil producer in Kruszwica, Poland. The dry
material was hydrated before processing to achieve an optimal water content for enzy-
matic pre-hydrolysis and microbial growth. For this purpose, three different portions of
waste biomass (10 g (A), 12.5 g (B), 15 g (C)) were placed in conical flasks and filled with
90 ml of distilled water. The samples were sterilized at 121°C for 15 min.

2.2 Enzymatic pre-hydrolysis and simultaneous saccharification and fermentation (SSF)

The sterilized samples were prehydrolyzed with enzymatic preparations: Roham-
ent® and Rohapect® by AB Enzyme. The prehydrolysis process was performed at 50°C
for 4 h after adding 0.5 ml/ 10 grams of dry mass (DM) to each sample. Different doses of
enzymes (0.5 ml/10g DM (D); 0.25ml1/10g DM (E); 0.125 ml/10g DM (F)) were added to the
samples. To prevent the negative influence of ammonium sulfate, an alternative nitrogen
source was added after prehydrolysis (0.3 g per sample; 0.3% m/m). At this stage, the
samples were ready for inoculation and fermentation. To avoid enzyme inactivation, the
process was performed with simultaneous saccharification and fermentation (SSF). The
yeast strains used are listed in Table 1.

Table 1. List of tested yeast strains.

No. Yeast Collection name

1 Yarrowia lipolytica LOCK 0264
2 Metschnikowia pulcherrima NCYC 747
3 Scheffersomyces stipitis NCYC 1541
4 Kluyveromyces marxianus LOCK 0024
5 Candida humicola LOCK 0013
6 Saccharomyces bayanus BC 5103

7 Candida utilis LOCK 0021
8 Saccharomyces cerevisiae TT EOCK 0105
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9 Saccharomyces cerevisiae Ethanol Red Leaf/Lesaffre Advanced Fermentation
10 Saccharomyces cerevisiae Tokay LOCK 0204

The samples were inoculated with the strains listed in Table 1. Subsequently, SSF was
carried out for 48 h at an ambient temperature of approx. 21°C.

2.2 Determinantion of protein content

The Kjeldahl method was used to determine the protein fraction. For this purpose,
the solid fraction was separated from the post-culture liquid by centrifugation (3000 RCF).
The biomass samples were transferred to test tubes, filled with sulfuric acid (15 ml of a
solution of 95% m/v), and 4 grams of catalyst (3.5 g potassium sulfate, 0.5 g copper sulfate)
were added. The samples were heated at 550°C in a SpeedDigester K-425 for 2 h until a
transparent liquid was obtained. The samples were neutralized (30% NaOH) and steam
distilled in a KjelFlex K-360 instrument, then titrated automatically with 0.1 mol HCl so-
lution in a TitroLine®5000.

2.3 Determinantion of free amino nitroge (FAN)

The liquid was separated from the solid fraction after culture and transferred to a test
tube. Hydrolyzed unfermented rapeseed meal was used as a control sample. A detailed
description of the methodology can be found in the Eppendorf protocol [14].

2.4 Determinantion crude fiber (CF) content

Crude fiber content was determined using a FOSS Fibertec™ 8000. The samples were
prepared and the analysis was performed according to EN-ISO 6865:2000 [15].

2.5 Chromatographic analysis of flavonoids

Chromatographic analysis of flavonoid compounds was performed according to the
method described by Sulyok et al. [16] and Steglinska et al. [17].

2.6 Statistical analysis

Statistical analysis was performed by analysis of variance (one-way ANOVA) at a
significance level p <0.05 using STATISTICA 14.0 (StatSoft, Tulsa, OK, USA) to determine
differences. Post-hoc analysis was performed when a statistical difference was detected
(Tukey’ test, significance p < 0.05).

3. Results
3.1 Influence of different biomass loads on various parameters
3.1.1 Protein content increase with various biomass loads

The biomass was separated by centrifugation and the protein content was analyzed
according to the Kjeldahl method. Unfermented rapeseed meal used as a control sample.
Figure 1 presents the increase in protein content after fermentation with yeasts (1-10) un-
der various biomass loads (A,B,C) relative to the unfermented rapeseed meal.
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Figure 1. Protein increase for various loads of waste biomass AN (%); a, b, c—mean values for strains
with different letters are significantly different (p <0.05).

All the yeasts studied showed the ability to grow on RM biomass and increase its
protein content. The adopted conditions were favorable for cultivation for Saccharomyces
cerevisige. On the sample with 10 g (A) biomass load, the highest growth was recorded for
Saccharomyces cerevisiae Tokay (10) (AN = 2.12%). With higher biomass load (B), Saccharo-
myces cerevisize Ethanol Red (9) produced the highest amount of protein (AN = 2.38%).
Further increasing the biomass load up to 15 g (C) resulted in the highest biosynthesis of
proteins by Saccharomyces cerevisiae TT (8) (AN = 2.26%).

3.1.2 Free Amino Nitrogen content in sample of post-culture liquid

The centrifuged post-culture liquid was analyzed to determine FAN. The liquid frac-
tion of hydrolyzed, non-fermented RM was used as a control sample. The results showed
the remaining nitrogen compounds that were not assimilated by the yeasts. Figure 2
shows the results for each strain tested (1-10) under various biomass loads (A,B,C).

400.00
=
=T
£ 350.00
300.00 :[
250.00
200.00
o * N *
*
150.00 . . tx - T « . *
* x I * * % ¥ *
* * % T £ I
100.00 - ~ I * I - =
50.00 I I I
0.00
1 2 3 4 5 6 7 8 9 10 Control

A mB mC

Figure 2. Free amino nitrogen content in selected samples under various levels of biomass in the
sample; *—indicator of statistical difference relative to the control sample (p < 0.05).
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After the fermentation process, the available FAN was significantly reduced in all
tested samples. All the strains were able to significantly reduce nitrogen compounds com-
pared to the control sample.

3.2. Influence of different doses of enzymatic preparation on production of feeds
3.2.1 Control of yeast growth by measuring number of cells

As a continuation of previous studies, yeast growth on different doses of enzymes
was monitored using the pour plate method. An inoculated non-fermented sample (time
t=0h) was used as a control. Table 2 shows yeast growth (1-10) under different doses of
enzymes (D,E F) during the SSF process. The values in bold indicate a significant differ-
ence from the mean value of the control (p < 0.05).

All tested strains were able to grow on the hydrolyzed RM substrate. The highest cell
number at the highest enzyme dose (D) was obtained for Yarrowia lipolytica (4.92x108
CFU/mL). Reducing the enzyme dose by half (E) provided optimal conditions for Saccha-
romyces bayanus, resulting in a cell number of 2.92x108 CFU/mL. Further reducing the en-
zyme amount (F) led to a decrease in yeast growth, with Scheffersomyces stipitis producing
the highest number of cells.

Table 2. Numbers of cells produced by yeasts under influence of various enzyme doses (CFU/mL).

Strain D E F Control sample
1 AV: 4.92x108 AV:1.38x108 AV:1.64x108 AV:6.02x10°
SD: 2.03x108 SD: 7.69x107 SD: 4.51x107 SD: 8.61x10*
5 AV: 1.64x108 AV:1.26x108 AV:9.32x107 AV:6.18x10°
SD: 8.14x107 SD: 2.07x107 SD: 4.62x107 SD: 1.09x10°
3 AV: 2.50x108 AV:2.30x108 AV:2.32x108 AV: 8.50x10°
SD: 1.50x108 SD: 1.53x108 SD: 1.46x108 SD: 5.83x10*
4 AV:2.20x107 AV:1.05x107 AV:9.06x10¢ AV:1.56x10°
SD: 6.44x106 SD: 1.45x10¢ SD: 7.33x10° SD: 5.35x10*
5 AV: 3.82x108 AV:2.16x108 AV:5.00x107 AV:5.18x10¢
SD: 1.79x107 SD: 7.54x107 SD: 1.22x107 SD: 5.45x10°
6 AV:2.62x108 AV:292x108 AV:1.96x108 AV:1.90x10¢
SD: 6.18x107 SD: 7.29x107 SD: 1.01x108 SD: 1.13x10¢
7 AV:9.20x107 AV:1.34x108 AV:8.80x107 AV:1.46x10¢
SD: 9.88x10¢ SD: 3.91x107 SD: 4.55x107 SD: 7.47x105
8 AV: 2.84x108 AV:1.50x108 AV: 8.20x107 AV: 3.78x10s
SD: 6.84x107 SD: 8.60x107 SD: 2.49x107 SD: 1.03x10¢
9 AV:2.40x108 AV:1.56x108 AV:1.03x108 AV: 6.78x10s
SD: 3.14x107 SD: 1.32x107 SD: 6.02x107 SD: 9.83x10°
10 AV: 1.56x108 AV:2.20x107 AV:2.72x107 AV:1.94x106
SD: 9.32x107 SD: 1.10x107 SD: 1.49x107 SD: 8.35x10°

3.2.2 Protein increase under different doses of enzymatic preparation

The next phase of the study tested the influence of different doses of enzymes on the
parameters of the final product. The protein content of the samples was also analyzed.
The control sample was unfermented RM biomass. Figure 3 shows the calculated protein
gain of the fermented samples with yeast (1-10) treated with different enzyme doses
(D,E F) and without enzyme treatment.
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Figure 3. Protein increase in solid fraction after fermentation (%); a, b, c—indicators of statistically
significant difference, mean values for strain with different letters are significantly different (p <
0.05).

The most effective production of protein with the highest dose of enzyme (D) was
noted for Saccharomyces cerevisiae Ethanol Red (AN =2.12%). Reducing the volume of the
enzyme dose by half (E) resulted in optimal environmental conditions for Scheffersomyces
stipitis (AN =1.57%). With the lowest enzyme concentration (F), Scheffersomyces stipitis
produced the highest protein increase (AN =2.34%). The combination of the lowest en-
zyme concentration with Scheffersomyces stipitis provided the best conditions for protein
biosynthesis.

3.2.3 Crude fiber content in samples with different biomass loads and enzyme doses

The crude fiber (CF) content was analyzed in samples with different biomass loads
and enzyme doses. The strains that produced the most favorable protein increases with
various biomass loads were analyzed. For easy comparison of the results, the same strains
at the variable enzyme dose stage were chosen. Figure 4 shows the CF content in the se-
lected samples (3,8,9,10) after yeast fermentation with different biomass loads (A,B,C) and
enzyme doses (D,E,F).
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Figure 4. Crude fiber content in sample solid fraction after fermentation (%); *—indicator of statis-
tical difference relative to the control sample (p < 0.05).

After fermentation, the biomass was separated from the liquid by centrifugation. The
content CF in the solid fraction was determined. Raw material was used as the control
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sample. All the samples showed a reduction in CF after the SSF process. The CF content
was in the range of 11.8-16.1% with different biomass loads and 11.9-15.9% with different
enzyme doses. Higher biomass loads had a positive effect on the efficiency of fiber degra-
dation. The lowest amounts of fiber were determined in the samples with biomass loads
of 15 g (C). The CF content was in the range of 11.8-15.8%, with the highest fiber degrada-
tion in Saccharomyces cerevisiae TT. The results for biomass load (C) were statistically dif-
ferent from the control. Decreasing the load of biomass led to a decrease in efficiency. The
results for the different enzyme doses ranged from 11.9% to 15.9%, with the lowest CF
content also obtained for Saccharomyces cerevisiae TT (E).

3.2.4 Flavonoid content after fermentation

Flavonoid content was analyzed according to the methodology described by Sulyok
et al. [13]. Two samples, Scheffersomyces stipitis with an enzyme dose of 0.125 ml/10 g DM
(8F) and Saccharomyces cerevisiae Ethanol Red with a 12.5 g biomass load (9B), produced
the greatest protein increases among all the sample variants. Untreated biomass, which is
regularly used as a feed component, was used as a control.

As a result of fermentation, the daidzein content increased around 1.5 times relative
to the control sample. A similar phenomenon was noticed for genistein, which increased
by between 1.4 and 2.1 ug/g. The content of daidzin, a precursor of daidzein, was drasti-
cally reduced, around 250460 times relative to the untreated biomass. A similar tendency
was observed for genistin, a precursor of genistein, which reduced by between 28 and 176
times relative to the control sample. Glycitein transformation was exceptional. Fermenta-
tion with 12.5 g of biomass and Saccharomyces cerevisiae Ethanol Red resulted in a decrease
of 206.1 ng/g; however, fermentation with 0.125 ml/10 g DM and Scheffersomyces stipitis
led to an increase in glycitein content of 283.2 ng/g. The content of glycitin after fermenta-
tion was beneath the detection threshold (1.4 ng/g was the limit of detection [LOD]), from
53 mg/g before the process.

Table 3. Concentration of flavonoids in biomass samples (ng/g).

Flavonoid compound Control 9B 3F
Daidzein 2019.5 3258.9 3740.7
Daidzin 12868.3 52.3 28.2
Genistein 2596.1 4020.9 4699.6
Genistin 15200.0 534.5 86.9
Glycitein 1108.3 901.4 1391.5
Glycitin 5377.561 <LOD <LOD
Sum 39169.8 8768.0 9946.9

4. Discussion

Rapeseed meal as a waste product of the oil extraction process. It is rich in proteins
and carbohydrates [18]. In this study, we investigated the possibility of enriching the
protein content of RM in the process of simultaneous saccharification and fermentation,
with different strains of yeast and doses of biomass. The greatest increase in protein con-
tent was observed in the samples fermented with Saccharomyces cerevisiae. This was due to
the adaptive and metabolic capabilities of the noble yeast, which also make it a common
ingredient used in brewing and distilling processes, as well as in the dairy industry [19].
The lower the protein content using unconventional strains was due to the limited adapt-
ability of the yeasts. Yarrowia lipolytica is able to metabolize different hydrophilic and hy-
drophobic carbon sources [20]. However, our results indicate that it does not excel in its
ability to increase the protein content of RM. Yeasts of the Candida genus also did not
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increase the protein content dramatically. Their productivity depends on the presence of
oxygen in the environment and the composition of the medium, which contains both sim-
ple sugars and polysaccharides [21,22]. A similar metabolism was demonstrated by the
yeast Metschnikowia sp. The use of Metschnikowia pulcherrima yeast, which inhibits the
growth of fungi, can improve the nutritional value of the feed, as well as increase its health
safety by ensuring microbiological stability [23].

Free Amino Nitrogen content was analyzed in the post-culture liquid. Controlling
the FAN content in the liquid fraction of the waste material after fermentation makes it
possible to control the efficiency of nitrogen assimilation and protein synthesis. The FAN
content showed statistically significant differences for all strains compared to the non-
fermented sample. It can be concluded that all strains are able to convert the inorganic
and organic form of nitrogen in the form of proteins at different rates. The amount of FAN
in wort is regularly monitored in the brewing industry. Depending on the FAN content
of the wort, the final product is characterized by a different flavor and aroma [24].

An identical procedure was used to study the effect of different enzyme dosages on
protein content. The cell count determined by the pour plate method indicated balanced
growth of both the conventional and unconventional yeasts. However, lowering the dos-
age of the enzyme preparation during pre-hydrolysis decreased the number of cells pro-
duced by the tested yeasts. This was due to the fact that a lower enzyme dose leads to a
lower rate of depolymerization of the compounds present in the RM. With a lower dosage
of enzyme, the rich composition of nutrients in RM are less available to microorganisms
[25]. The increase in protein content was not strongly correlated with a decreasing enzyme
dose. It can be assumed that the efficiency of nitrogen bioconversion is a strain-specific
property. Depending on the environmental conditions, the strains used in the study reach
their maxima of protein synthesis efficiency at different enzyme concentrations. As strains
originally isolated from the environment, unconventional yeasts show a greater ability to
grow in an environment that mimics natural conditions. Forced to degrade macromolec-
ular components themselves, they synthesize their own enzymes that initiate the hydrol-
ysis process [26].

The SSF process successively led to the decomposition of the crude fiber contained in
the biomass, as a result of the action of enzymes present in applied enzymatic prepara-
tions and yeast enzymes. The reduction of the CF content increased the potential for use
as an animal feed component. One of the most important parameters for the use of a waste
material as a feed component is the CF content. Crude fiber content determines the use of
material as feed for a particular animal. According to the life stage of the animal, it re-
quires a feed different composition, including a specific CF content. A fibrous diet possi-
bility reduces the feeding motivation of sows. However, it simultaneously extends the
feeding time [27,28]. In the case of cattle, feed additives resulted in increased daily milk
yield and improved milk quality [29].

The nutritional value of the feed can be improved not only by increasing the protein
content but also by changing the content of key isoflavones. Genistein, daidzein, and
glycitein show interesting biological activities in animals. They reside as glycosides with
low estrogenic activity compared to their deglycosylated form, also referred to as agly-
cone. Upon ingestion, these compounds are metabolically hydrolyzed by the intestinal
microbiota to their aglycones [30]. However, several different factors may influence the
biokinetics and bioavailability of isoflavones, such as the kind of animal, intestinal micro-
flora, age, composition of feed, and duration of feed consumption [31]. The phenolic hy-
droxyl group in isoflavones can react with free radicals. The literature data show that
eliminating soybean isoflavones from the diet decreased body weight and antioxidant ca-
pacity. Replenishing soybean isoflavones prevents a decrease in these parameters, indi-
cating that isoflavones are beneficial for pig growth and play an essential role in antioxi-
dation [32]. These isoflavones have also been shown to prevent atherosclerotic cardiovas-
cular diseases in hyper-tensive rats [33].
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After yeast fermentation daidzein and genistein content increased, indicating posi-
tive isoflavone conversion processes. Glycitein remained rather constant. Ho and co-
workers showed that dietary supplementation with glycitein in sows during late preg-
nancy and lactation can elevate antioxidative indices, improving milk composition and
enhancing the growth performance of sucking piglets [34]. The results for total isoflavone
content before and after yeast fermentation are also interesting. The content of these com-
pounds was reduced about fourfold. Reducing the amount of flavonoids and changing
the proportions of glycolsides and aglycones is therefore more beneficial in terms of nu-
trition. After yeast fermentation, the ratios of glycosides : genistein and of daidzein : dai-
dzin and genistin changed. Daidzein has lower estrogenic activity compared to its degly-
cosylated forms. Glycitin content was reduced after fermentation to below detection limit.
This is of nutritional importance, because excessive isoflavones in the diet can have nega-
tive effects animal reproduction. There are reports of negative outcomes after the high
consumption of isoflavones, including enhanced rate of endometriosis, the inability to be-
come pregnant, and miscarriages [30]. Discrepancies between the content of isoflavone
compounds in the control sample and the samples after fermentation were due to the fact
that intermediate forms of flavonoids, such as dihydrodaidzein or dihydrogenistein, were
not determined in the analysis [35].

5. Conclusions

Rapeseed meal is a very valuable waste product of oil production, with high man-
agement potential. Using a simple technology, it is possible to obtain a full-value product
and increase profit many times over. The process of simultaneous saccharification and
fermentation makes it possible to improve the parameters of the waste biomass, especially
the protein content, the amount of crude fiber, and the biotransformation of isoflavone
compounds present in the waste material. As a result of the experiments, the protein con-
tent of the biomass increased, and the nutrient content also increased. The amount of
crude fiber was reduced, increasing the availability of the compounds and making the
material easier to use as a feed component. At the same time, processing the biomass en-
ables the bioconversion of inorganic nitrogen into organic forms of proteins, as well as the
conversion of flavonoids into derivatives with health-promoting properties required for
feed additives.
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