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Yeast strains and appropriate hydrolysis conditions were selected for
efficient single cell protein (SCP) production from waste rapeseed meal.
High potential for effective biomass production was observed for Yarrowia
lipolytica LOCK0264 with 10 g of rapeseed meal at 4.9 x 108 + 1.5 x 108
(2.91 logarithmic units). The highest yeast multiplication rate was obtained
for Metschnikowia pulcherrima NCYC747 with 12.5 g of rapeseed meal
and with 15 g of rapeseed meal at 1.6 x 108 £ 3.8 x 107 and 4.5 x 108
4.0 x 107 (2.75 and 2.86 logarithmic units, respectively).
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INTRODUCTION

Rapeseed (Brassica napus) is widely used for oil production across the world.
Global production of rapeseed oil reached 27.3 million metric tons in 2019 and 2020. The
main provider of rapeseed meal was Canada, at 19 million metric tons. The second largest
producer was the European Union, at 16.8 million metric tons. The third was China at 7
million metric tons (Shahbandeh 2021). Rapeseed oil has a high content of vitamins and
unsaturated fatty acids and is especially valuable in the food and cosmetics industries.
Rapeseed oil may also be used as an additive in diesel fuel or as an independent fuel
(Zentkova and CvengroSova 2013; Paciorek-Sadowska et al. 2019).

The by-product from the production of rapeseed oils is pomace (sometimes referred
to as oil cake or rapeseed meal). Currently, the most important application of pomace is for
the production of animal feed. Rapeseed meal is a good source of nutritional components,
with a high content of methionine and lower content of lysine and isoleucine. Lysine is one
of the most important amino acids and is a growth-limiting factor. In comparison to
soybean meal, the essential amino acids present in rapeseed meals show lower digestibility.
Rapeseed meal contains about 31.6% of neutral detergent fiber, which is about three times
more than soybean meal (10.5%). Rapeseed oil contains far more acid detergent fiber
(20.7% vs. 5.7%) and lignin (9.7% vs. 0.4% of dry matter) than soybean meal (Table 5).
The digestibility of lignin is limited, and this can affect the digestive tract, energy release,
and animal growth. In broiler production, excessive ingestion of rapeseed meal produces
an off-fishy flavor in eggs. Another problem is increased cases of liver hemorrhaging.
Rapeseed meal contains many anti-nutritional substances, such as glucosinolates, phytates,
erucic acid, and alkaloids (Bau et al. 1994; Mandiki ef al. 2002). Generally, glucosinolates
are not toxic. However, their derivatives can have side effects on the liver, kidneys, and
thyroid. Damage to the thyroid gland occurs via disturbance of iodine metabolism (Grubb
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and Abel 2006; Yasumoto et al. 2010). Another anti-nutritional substance is phytic acid.
This antioxidant binds with macro elements, such as iron, calcium, magnesium, sodium,
and potassium, which are necessary for the health of humans and animals (Thompson
1990). Therefore, the use of rapeseed meal directly in animal nutrition must be limited.
Acceptable levels of rapeseed meal in boiler feed range from 5% to 20%, depending on the
glucosinolate concentration (Paciorek-Sadowska et al. 2019). New technologies are sought
to enrich rapeseed meal with higher doses of proteins.

A new avenue for both increasing the nutritional value of oil cake and managing
waste rapeseed material is the production of single cell protein (SCP) for use as animal
feed. Through selective use of microorganisms for fermentation, it is possible to increase
the nutritional value of waste biomass and enrich its amino acid profile (Fenwick and Curtis
1980; Ritala et al. 2017; Weindl et al. 2018; Goérka and Penner 2020). Yeast cells can be
used as a protein supplement in animal feed. They provide good nutritional value. This
type of protein is inexpensive and competitive with other protein sources. In addition to
the high protein content, which ranges between 60% and 82%, yeast SCP contains fats,
carbohydrates, vitamins, and minerals. It is also rich in essential amino acids, such as lysine
and methionine. Many yeasts are possible sources of SCP, including the genera of non-
conventional yeasts (except classical Saccharomyces cerevisiae): Candida, Cryptococcus,
Hansenula, Lipomyces, Pichia, Rhodotorula, Torulpsis, Yarrowia, etc. Suitable yeasts are
non-pathogenic strains, capable of synthesizing high yields of protein acceptable as feed.
High growth rates should not require special conditions and should be obtained in
inexpensive agricultural media (Obaida 2021).

This study compared various non-conventional yeasts as candidates for efficient
SCP production in different rapeseed meal media after enzymatic hydrolysis. The study is
a part of a research project with the aim of developing an animal feed enriched with
microbial protein, based on waste biomass from the agro-food industry. The results will
enable determination of the proper yeast strain for application in the SCP production
process.

EXPERIMENTAL
Aim of study
The aim of this study was to investigate the effect of different portions of

rapeseed meal on the growth of yeast.

Yeast Strains
Table 1 lists the tested yeast strains (* = Marcq-en-Barceul, France).
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Table 1. List of Tested Yeast Strains

Yeast Strain Collection Number (City, Country)
Metschnikowia pulcherrima NCYC 2321 (Norwich, UK)
Scheffersomyces stipitis NCYC 1541 (Norwich, UK)
Kluyveromyces marxianus LOCK 0024 (Lodz, Poland)
Candida humicola LOCK 0013 (Lodz, Poland)
Candida utilis LOCK 0021 (Lodz, Poland)
Yarrowia lipolytica LOCK 0264 (Lodz, Poland)
Saccharomyces cerevisiae TT LOCK 0105 (Lodz, Poland)
Saccharomyces cerevisiae Tokay LOCK 0204 (Lodz, Poland)
Saccharomyces cerevisiae Ethanol Red Leaf/Lesaffre Advanced Fermentation (France, *)
Saccharomyces bayanus BC S103 Fermentis Lesaffre (France, *)

The yeasts were cultured in 50 mL of YPG broth (Yeast extract [1g/100mL],
Peptone K [2g/100mL], Glucose [2g/100mL]) (Merck, Darmstadt, Germany) at 25 °C for
24 h on a rotary shaker at 220 rpm.

Rapeseed Meal Biomass Hydrolysis and Yeast Cultivation

Portions containing 10 g (sample A), 12.5 g (sample B), and 15 g (sample C) of
rapeseed meal were put into three cylindrical flasks. Each flask was filled with 90 mL of
water. Each portion was tested with all yeast strains in three series. Flasks with hydrated
rapeseed meal were sterilized for 15 min at 121 °C. After sterilization, enzymatic
hydrolysis was performed. Two enzymes were used: Rohament® PL and Rohapect® PTE
(AB Enzyme, Darmstadt, Germany). Rohament® PL is a cellulolytic enzyme, produced
by AB Enzyme (Buntru et al. 2014) with activity in katals per mL of pectin lyase 2
nkat/mL, pectin methyl esterase 10 nkat/mL, and pectin methyl esterase 46957 nkat/mL
(Mieszczakowska-Frac et al. 2012). This enzyme causes enzymatic hydrolysis of the
cellulose contained in rapeseed meal and the release of monosaccharides. Monosaccharides
are a source of carbon required for yeast growth. Rohapect® PTE is a pectinolytic enzyme
produced by AB Enzyme (Buntru ez al. 2014). It is characterized by the following activity:
pectin lyase 1586 nkat/mL; pectin methyl esterase 131 nkat/mL; and pectin methyl esterase
160 nkat/mL (Mieszczakowska-Frac et al. 2012).

The enzyme dose required to perform enzymatic hydrolysis was calculated based
on the dry matter content. The optimal enzyme dose was determined from the liquefaction
level (0.5 mL, 0.25 mL, and 0.125 mL per 10 g of dry mass). Pre-hydrolysis was performed
for 4 h at 50 °C. However, the enzymes were not deactivated, and simultaneous
saccharification and fermentation (SSF) occurred.

To enable simple identification of the samples, the hydrolyzed samples were given
new symbols. The sample containing 10 g of waste biomass was labelled sample D. The
sample containing 12.5 g of waste biomass was labelled sample E. The sample containing
15 g of waste biomass was labelled sample F.

Following hydrolysis, 0.3 g of ammonium sulfate was added to each sample as a
mineral nitrogen source. Inoculation was performed with 2- to 5-day yeast cultures. From
each strain, 1 mL of culture suspension was transferred to the previously prepared samples.
Each of the flasks was placed on a shaker for 48 h, at room temperature with a shaking
speed of 200 to 300 rpm, depending on the density of the flask content.
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Liquefaction Level
The enzymatic effect of rapeseed meal hydrolysis (liquefication level) was
measured using the following formula:

LL (%) =Am/M (D

where LL is the liquefaction level (%), Am is the difference in the sample mass before and
after hydrolysis (g), and M is the primary sample mass (g).

Carbohydrate Content

The monosaccharide profiles of the obtained yeast lysates were analyzed using
a UV-spectrophotometer (Thermo Scientific Multiskan GO; Thermo Fisher Scientific,
Munich, Germany). Tests were carried out with Megazyme K-ARGA (l-arabinose, d-
galactose), K-XYLOSE (d-xylose), K-MANGL (d-mannose, d-fructose, d-glucose) Kits
(Bray, Ireland). The assays were conducted according to the manufacturer’s instructions
and as described in the literature (Bertowska et al. 2017). The content of sugars was
compared before and after pre-hydrolysis.

Efficiency of Yeast Biomass Synthesis

Dilutions were performed on each flask for subsequent analysis by the plate count
method. Petri dishes were incubated for 48 h at 30 °C. The numbers of colony-forming
units per 1 mL were determined for each of the tested strains at the beginning and end of
the bioprocess. Based on the results, microbial growth was calculated in CFU/mL
according to the following formula,

Alog N =log Na — log M (2)

where A log N is microbial growth presented on a logarithmic scale, Na is the number of
colony-forming units after 48 h of incubation (cfu/mL), and N is inoculum density
(cfu/mL).

Determination of Amino Acid Profiles

The free amino acids were extracted using hydrochloric acid. Simultaneously,
nitrogenous molecules were precipitated with sulfosalicylic acid and eliminated throughout
filtration. The filtrate was acidified to pH 2.2. Next, the amino acids were separated by ion
exchange chromatography (Shimadzu Corporation, Kyoto, Japan) and identified by
reaction with ninhydrin and photometric detection at a wavelength of 570 nm. For proline
detection, the wavelength was changed to 440 nm (EC 2009).

Statistics

The results from three independent experiments were averaged, and the standard
deviation (SD) was calculated in Microsoft Excel. In the same program, a one-way analysis
of variance (ANOVA) and t-test were performed (Microsoft Excel, Microsoft®,
v16.0.14827.20028, Redmond, WA, USA).

RESULTS AND DISCUSSION

Table 2 presents the content of carbohydrates in the rapeseed meal samples before
and after hydrolysis.
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During enzymatic hydrolyzation, polysaccharides are degraded into simple sugars,
which are metabolized by microorganisms. As a result of hydrolysis, increases in carbon
hydrates were noted for all concentrations of biomass: L-arabinose (A 1.184 to 1.957 g/L),
D-galactose (A 0.784 to 1.390 g/L), D-xylose (A 0.279 to 0.638 g/L), and D-glucose (A
1.289 to 1.833 g/L). Simultaneously, hydrolyzation led to decreases in two tested
carbohydrates: D-fructose (A 0.332 to 0.763 g/L) and D-mannose (A 0.141 to 0.206 g/L).
These results may be due to the continuous release of simple sugars during hydrolysis
under conditions of high-load of biomass (Xue et al. 2015).

However, the results of sugar determination do not reflect the actual concentrations
of sugars during fermentation. The application of SSF leads to continuous hydrolysis of
the substrate and the gradual release of simple sugars, which are subsequently consumed
by yeasts (Szambelan et al. 2018).

Table 2. Content of Carbohydrates in Rapeseed Meal Samples Before and After

Hydrolysis
Sugar (g/L) Portion of Rapeseed Meal
A B C D E F
Control for D Control for E Control for F

L-arabinose 0.262 0.077 0.104 1.944 1.261 2.061
D-galactose 0.324 0.069 0.137 1.565 0.853 1.527
D-xylose 0.089 0.047 0.025 0.441 0.326 0.663
D-mannose 0.155 0.194 0.220 0.014 0.019 0.014
D-fructose 0.353 0.674 0.796 0.021 0.039 0.033
D-glucose 0.388 0.664 0.596 2.221 1.953 1.998

A: non-hydrolyzed sample with 10 g of waste material dispersed in 90 mL of water; B: non-
hydrolyzed sample with 12.5 g of waste material dispersed in 90 mL of water; C: non-hydrolyzed
sample with 15 g of waste material dispersed in 90 mL of water; D: hydrolyzed sample with 10 g
of waste material dispersed in 90 mL of water; E: hydrolyzed sample with 12.5 g of waste material
dispersed in 90 mL of water; and F: hydrolyzed sample with 15 g of waste material dispersed in
90 mL of water

Table 3. Liquefaction of Rapeseed Meal at Different Concentrations

Sample Liquefaction Level (%)
A—D 23.7
B->E 7.2
C—>F 0.3
D: Sample containing 10 g of waste biomass; E: Sample with 12.5 g waste biomass; and
F: Sample containing 15 g waste biomass

To evaluate the effectiveness of the enzymatic process, the liquefaction level (LL)
of the waste material was measured (Table 3). The highest liquefaction level was obtained
for a biomass concentration of 10 g, with an LL value of 23.7%. The LL for 12.5 g of
biomass was 7.2%. The LL for 15 g of biomass was 0.3%. Increasing the amount of waste
material led to lower liquefaction after 4 h of hydrolysis. However, the liquefaction level
changed throughout the fermentation process. This is because in the SSF process in the
study, enzymatic hydrolysis occurs during fermentation with yeast (Szambelan et al. 2018).
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Table 4. Proliferation of Yeast Cells (CFU/mL) in Culture Medium with
Hydrolyzed Rapeseed Meal (Sample D)

Yeast Strain CFU/mL Alog N
Saccharomyces cerevisiae Tokay £t OCK 0204 1.5%x108+0.7 x 108 1.91
Saccharomyces cerevisiae TT £t OCK 0105 2.8 x 108+ 0.5 x 108 1.88
Saccharomyces cerevisiae Ethanol Red - 2.4 x10%+2.2x 108 1.56
Leaf/Lesaffre Advanced Fermentation
Saccharomyces bayanus BC S103 2.6 x 108 £ 0.5 x 108 2.14
Yarrowia lipolytica t OCK0264 49x108+15x 108 2.91
Metschnikowia pulcherrima NCYC747 2.0 x 108 £ 4.8 x 10° 2.50
Scheffersomyces stipitis NCYC1541 2.5x10%+0.1 x 108 2.47
Kluyveromyces marxianus £ OCK0024 2.2 %107 +0.5 x 107 2.15
Candida humicola t OCK0013 43x10"+1.6 x 107 0.92
Candida utilis tOCK0021/2 1.1x108+0.7 x 108 1.88

All the tested yeast strains showed the ability to grow on the tested rapeseed meal
hydrolysates (Table 4). The highest yeast growth rate was observed on 10 g of rapeseed
meal (A log N ranged from 0.92 to 2.91 logarithmic units). Yeast growth with 10 g of
rapeseed meal was highest for the strain Yarrowia lipolytica LOCKO0264 (2.91 logarithmic
units). The lowest yeast growth was observed for the strain Candida humicola LtOCKO0013
(0.92 logarithmic units). Saccharomyces strains are capable of metabolizing hexoses,
which enables them to grow on rapeseed meal. When combining with strains capable of
processing pentoses, they are able to completely utilize carbohydrates present in rapeseed
waste (Tomas et al. 2013). Yarrowia lipolytica is an oleaginous yeast, capable of the
internal accumulation of up to 20% w/w lipids and with high adaptability to various
environmental conditions, which may stimulate its growth in rapeseed meal hydrolysate as
a culture medium (Carsanba et al. 2018; Patsios et al. 2020). Metschnikowia pulcherrima
is also capable of growing on rapeseed meal-based media. It is able to easily metabolize
the fiber structure of rapeseed to make it fit for animal consumption (Santomauro et al.
2018). Scheffersomyces stipitis is adapted to the presence of hemicellulose, a biopolymer
that appears in most plants, especially rapeseed. These results were thus consistent with
data published in the literature (Nigam 2001). Kluyveromyces marxianus can be used for
modification of fiber present in rapeseed. According to Wang et al. (2020), this yeast strain
can be used to modify insoluble dietary fiber, increasing its possible uses as a functional
ingredient. Candida utilis is characterized by the ability to increase protein content.

However, it is not efficient at consuming glucosinolates (Wang ef al. 2012). Strains
with multiplication efficiency exceeding 100% were chosen for further analysis. Candida
humicola was also included to test its multiplication efficiency with higher doses of
biomass. The selected yeast strains were cultivated with larger portions of hydrolyzed
rapeseed meal. The results of CFU measurements are presented in Table 5.
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Table 5. Proliferation of Yeast Cells (CFU/mL) in Culture Media with Hydrolyzed
Rapeseed Meal (Sample E and Sample F)

Yeast Strain

Rapeseed Meal Concentration

E

F

Saccharomyces bayanus BC S1039

2.7 x10%+1.2 x 108

1.0 x 108 + 3.8 x 107

Yarrowia lipolytica t OCK0264%#df

2.7 x108+7.8 x 107

1.5x108+4.1 x 107

Metschnikowia pulcherrima NCYC747#df

3.5x10%+1.3 x 108

4.5x10%+4.0 x 107

Scheffersomyces stipitis NCYC1541

1.6 x 108+ 3.8 x 107

1.8 x 108+ 4.0 x 107

Kluyveromyces marxianus £ OCK0024#de.df

8.3 x10°+3.4 x10°

7.6 x 10°+ 3.8 x 10°

Candida humicola t OCK0013#de.f

22x108+2.2x107

28x108+6.4 x 107

E: Sample containing 12.5 g of waste material in 90 mL of water and F: sample containing 15 g
of waste material in 90 mL of water; # - significant variation between the number of
microorganisms samples D, E, F (ANOVA test, a=0.05); 9 9 ¢f _ indicator of significant
difference between individual samples D, E and F (t-test, a=0.05)

The highest yeast growth in the 12.5% rapeseed meal hydrolysates was noted for
Metschnikowia pulcherrima NCYC747 (3.5 x 103/mL). The lowest yeast growth was noted
for Kluyveromyces marxianus LOCK0024 (8.3 x 10%mL). Yeast growth on the 15%
hydrolysates was also the highest for the Metschnikowia pulcherrima NCYC747 strain
(CFU 4.5 x 10%/mL). It was lowest for Saccharomyces bayanus BC S103 (1.0 x 10%/mL).
To compare microbial growth on media with different waste concentrations, multiplication
efficiency was calculated (Fig. 1).
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Fig. 1. Increase in logarithmic units of living yeast cells in various portions of rapeseed meal
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Inhibitory compounds present in rapeseed meal can have a negative effect on yeast
growth. Rapeseed meal contains antinutritional compounds including glucosinolates,
sinapine, sinapic acid, tannin, phytic acid, and crude fiber (Dingyuan et al. 2007).
According to the literature, glucosinolates decrease the microbial growth of fungi (Calmes
et al. 2015). The phenolic derivatives sinapine and sinapic acid are capable of reducing
yeast growth (Camara ef al. 2019). Similar reduction of yeast growth has been noticed for
tannins (Ishida et al. 2006). There is currently no data on the direct influence of
antinutritional compounds on the tested yeast species. This may be the focus of future
work.

The highest multiplication rate in the presence of 10% of hydrolyzed waste material
was noted for Yarrowia lipolytica (2.91 logarithmic units). Supplementation of larger
biomass portions of substrate led to improvement of microbial growth expressed in
logarithmic units for Metschnikowia pulcherrima NCYC747 (2.86 logarithmic units). The
lowest microbial growth among all the tested strains was observed for Candida humicola
LOCKO0013. Increasing the concentration of waste material led to lower growth of all four
tested strains: Saccharomyces bayanus, Yarrowia lipolytica, Kluyveromyces marxianus,
and Scheffersomyces stipitis. This effect was especially noticeable for Yarrowia lipolytica.
However, two tested strains, Metschnikowia pulcherrima and Candida humicola, were
characterized by good adaptation to higher rapeseed meal concentrations. Metschnikowia
pulcherrima is usually isolated from fruits or vegetables, and can be used as SCP producers
in waste biomass valorization (Abeln et al. 2020; Némcova et al. 2021). This strain was
characterized by a wide spectrum of enzymatic activity. In addition, Metschnikowia
pulcherrima showed strong biocontrol activity against various microorganisms
(Pawlikowska et al. 2019). This quality may be an added advantage for SCP production in
waste plant materials. In turn, C. humicola is known for its high proteolytic activity, which
may contribute to produce SCP with better feed qualities (Ray et al. 1992).

Table 6 presents the amino acid profiles of waste material samples cultivated with
the industrial yeast strain Saccharomyces cerevisiae Ethanol Red (Leaf/Lesaffre Advanced
Fermentation). The authors compared the results with standards for Ajinomoto Eurolysine,
a commercial animal feed (Table 6).
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Table 6. Amino Acid Profiles of Samples Cultivated with Saccharomyces
cerevisiae Ethanol Red

Amino Acid Calculated Content per Ajinomoto Eurolysine
88% of Dry Mass (g/kg) (a/kg)
Histidine 9.81 8.7
Serine 17.4 14.4
Arginine 22.2 19.5
Glycine 204 17.1
Aspartic acid 27.8 24.2
Glutamic 66.1 55.2
Threonine 18.2 14.9
Alanine 18.8 15.0
Proline 245 19.5
Lysine 21.9 18.9
Tyrosine 11.2 104
Valine 20.9 17.4
Isoleucine 144 13.3
Leucine 28.2 23.3
Phenylalanine 16.1 13.3
Cysteine 9.40 7.8
Methionine 8.32 6.6
Tryptophan 4.88 4.6
TOTAL PROTEIN 424 339
Essential amino acids are marked in bold

Humans and animals cannot synthesize all amino acids required for normal
functioning. Some, called essential amino acids, are delivered with food. Essential amino
acids are marked in bold in Table 6 (Hou ef al. 2015). Cultivation increased the amounts
of essential amino acids and enriched the total amino acid profile. Comparison with the
standards for Ajinomoto Eurolysine demonstrated the effectiveness of the revalorization of
waste material for animal feed purposes. The levels of amino acids, also lysine and
isoleucine, in rapeseed meal hydrolysates after yeast cultivation were higher than the
standards for Ajinomoto Eurolysine.

Yeasts are among the most important groups of biotechnological microorganisms.
The traditional industrial attributes of classical yeasts include primary roles in the
fermentation of various foods, such as beers, cider, wines, and bakery products. More
recently, non-Saccharomyces yeasts have been considered as industrial organisms for a
variety of biotechnological roles, including SCP production (Johnson 2013). Their good
adaptation abilities, wide spectra of enzymatic activity, assimilation profiles, and
biocontrol features make them suitable candidates for use in SCP production from rapeseed
meal.

In this study, hydrolyzed rapeseed meal was shown to be a suitable feedstock for
both conventional and unconventional yeasts. The results pave the way for future research
on (1) the valorization of waste biomass with the use of selected yeast and carefully chosen
mixed populations; (2) techno-economic analysis of microbial protein production on a
larger scale.
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CONCLUSIONS

1. Simultaneous saccharification and fermentation enables a gradual release of
carbohydrates metabolized by yeast.

2. The liquefaction level of rapeseed meal depends on its concentration in the hydrolyzed
mixture.

3. The tested yeast strains showed different abilities to grow on rapeseed meal
hydrolysates.

4. The highest growth on medium with 10 g of rapeseed meal was noted for Yarrowia
lipolytica. With higher portions of waste biomass, the highest efficiency was observed
for Metschnikowia pulcherrima.
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