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Abstract: The aim of this study was to test rye straw, rye bran and oat bran hydrolysates as substrates
for growth of the yeast Yarrowia lipolytica, a microorganism known to have large biotechnological
potential. First, after the combined process of acid-enzymatic hydrolysis, the concentration and
composition of fermentable monosaccharides in the obtained hydrolysates were analyzed. Glucose
was the main sugar, followed by xylose and arabinose. Rye bran hydrolysate had the highest
sugar content—80.8 g/L. The results showed that this yeast was able to grow on low-cost medium
and produce biomass that could be used as a feed in the form of single cell protein. The biomass
of yeast grown in oat bran hydrolysate was over 9 g/L after 120 h, with the biomass total yield
and total productivity values of 0.141 g/g and 0.078 g/h, respectively. The protein contents in
yeast biomass were in the range of 30.5–44.5% of dry weight. Results obtained from Y. lipolytica
cultivated in rye bran showed high content of exogenous amino acid (leucine 3.38 g, lysine 2.93 g,
threonine 2.31 g/100 g of dry mass) and spectrum of unsaturated fatty acid with predominantly oleic
acid—59.28%. In conclusion, these results demonstrate that lignocellulosic agricultural waste, after
hydrolysis, could be efficiently converted to feed-related yeast biomass.

Keywords: Yarrowia lipolytica; biomass production; agricultural wastes

1. Introduction

According to the latest estimates by the Food and Agriculture Organization, global production
levels of rye and oat in 2018 were 11.27 × 106 and 23.05 × 106 tons, respectively. However, utilization
of agricultural wastes is infrequent. It can be assumed that they represent a notable proportion of
waste matter in industrialized countries. During food production, straw and bran are generated as
waste products and only part of these are utilized in other industries. Plant biomass constitutes a huge
reservoir of organic carbon that still is not used on a large scale. Nowadays, many efforts are made
to apply plant biomass as a substrate for biotechnological processes. Some microorganisms such as
Trichoderma sp. produce cellulases, and thus are able to degrade the plant cell wall [1]. However, many
microorganisms that are applied in biotechnology do not have this capability. The next disadvantage
of this feedstock is the presence of furfural and 5-hydroxymethylfurfural (5-HMF) that are formed
during acidic and thermal dehydration of sugars, and are highly toxic for some microorganisms [2].
In the non-detoxified wheat straw hydrolysates, furfural and HMF were detected at concentration

Sustainability 2020, 12, 7704; doi:10.3390/su12187704 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0003-1833-9304
https://orcid.org/0000-0003-1604-1635
https://orcid.org/0000-0001-8174-5829
http://www.mdpi.com/2071-1050/12/18/7704?type=check_update&version=1
http://dx.doi.org/10.3390/su12187704
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 7704 2 of 12

0.5 g/L [3]. Results indicate that both biomass of microorganisms and lipid content could drop when
furfural or HMF is present in hydrolysates used as a growth broth.

For this reason, still, pure sugars, especially glucose, are the fundamental substrates used by
the biotechnological industry. The utilization of renewable lignocellulosic biomass as a feedstock for
microbial bioprocess is an interesting option to increase the economic profitability of the biotechnological
production and sustainability of applied processes. The primary stock of lignocellulose originates from
plant secondary cell walls, the thick layer formed inside the cell after it is fully grown. Approximately
75% of lignocellulose can potentially be converted into monosaccharides [4]. Plant biomass contains
mainly glucose, xylose, galactose, arabinose and mannose [5]. Some previous research has shown
that hydrolyzed agricultural residues can be successfully used as a fermentation medium for yeast.
Lipomyces starkeyi and Rhodotorula babjevae were tested for growth in wheat straw hydrolysate and
the dry matter of both strains increased to 11 g/L [6]. Lignocellulosic hydrolysates derived from
corn stover was used for lipid production by Rhodosporidium toruloides [7]. Genetically engineered
Saccharomyces cerevisiae was used for fermentations on different liquor wheat straw hydrolysates [8].
Conversion of agave residues into liquid biofuels was a subject of research as well [9]. Moreover,
Y. lipolytica yeast grown in rice bran hydrolysate [10] or sugarcane bagasse hydrolysate was used for
fermentation [11]. Yeast Y. lipolytica was also cultivated on agricultural wastes and produced single cell
oil (SCO) from these substrates [12,13]. Lignocellulosic wastes possess considerable potential to be an
alternative low-cost and environmentally friendlier feedstock to produce high-added-value products.

Y. lipolytica is one of the most extensively studied “non-Saccharomyces” yeasts due to its metabolic
characteristics and prospective applications. It is considered as being generally recognized as safe
(GRAS) by the U.S. Food and Drug Administration (FDA, USA), which is crucial when microorganisms
are intended to be used in feed or food applications. Currently, the yeast Y. lipolytica is used in the
synthesis of organic acids [14,15], in the synthesis of sweeteners [16], fatty acids [17,18], enzymes [19]
and biomass [20]. Y. lipolytica is also used for production of single-cell protein [21]. Moreover,
the European Feed Manufacturers’ Federation authorized the usage of Y. lipolytica fodder yeast (catalog
number 00 575-EN) [22]. Nowadays, soybean meal is a crucial protein source used in livestock
production, but the inclusion of microbial biomass as a replacement in animal diets up to 100% is
suggested [23]. The protein and fat content of Y. lipolytica A101 biomass has been indicated as over
20% and 14%, respectively [22]. Biomass of yeast is characterized by a wide amino acid profile and
high protein-carbohydrate ratio, and it is particularly attractive and suitable for the food and feed
industries—the contents of some exogenous amino acids in the biomass were higher than those
observed in proteins from eggs [24]. Yeast is also a source of macroelements such as sodium or
calcium and micronutrients such as zinc or selenium [25]. Some studies indicate that certain yeast
species have the potential to reduce the transmission of prions—misfolded proteins that can cause
neurodegeneration, and whose transmission occurs in livestock farms [26]. Furthermore, microbial
products can be independent of farmland, water and changing climatic conditions.

The aim of this study was to investigate the possibility of using rye straw, rye bran and oat bran
hydrolysate as a carbon source for Y. lipolytica A101, a wild-type strain, for biomass production. As far
as we know, this is the first report about applying these types of substrates for Y. lipolytica.

2. Materials and Methods

2.1. Microorganisms

The strain used in this study was Y. lipolytica A101, isolated from polluted soil at a car wash [27,28].
The isolate is part of the strain collection belonging to the Department of Biotechnology and Food
Microbiology at Wrocław University of Environmental and Life Sciences, Poland.



Sustainability 2020, 12, 7704 3 of 12

2.2. Preparation of Hydrolysates from Agricultural Wastes

Rye straw, rye bran and oat bran were obtained from a commercial mill. The raw materials were
subjected to hydrolysis. Biomasses were ground to powder by a hand grinder and hydrolyzed. At the
first step, materials were diluted with 1% sulfuric acid (in the ratio 10% m/v) and left for an hour
under a pressure of 106 kPa (1 atm) and temperature of 121 ◦C. Subsequently, the acid was neutralized
with 20% NaOH to pH = 5.0 and after re-sterilization under standard conditions, an enzyme blend of
cellulases, β-glucosidases and hemicellulases (Sigma-Aldrich, Munich, Germany, cat. no.: SAE0020)
was added in excess of 2% volume. Hydrolysis processes were carried out in an incubator shaker
for 72 h (50 ◦C at 180 rpm). The products were then centrifuged and the supernatant was sterilized
by membrane filtration (Stericup Filter Units, 0.22 µm Durapore, Merck Millipore). The obtained
hydrolysates were kept in refrigerated conditions between the experiments.

2.3. Spot Test

The potential for hydrolysates to be used as a carbon source by yeast was initially verified by spot
test. 20 mL of hydrolysate enriched with a nitrogen source (6.7 g/L Yeast Nitrogen Base, Sigma-Aldrich)
was combined with liquefied agar (2%) and poured into a plastic petri dish. Droplets (2 µL) of serial
dilutions of yeast inoculum (OD600 = 1) were spotted on the surface of agar and then were incubated
at 28 ◦C for 48 h.

2.4. Growth of Y. lipolytica in Bioscreen C

YNB medium supplemented with glucose 20 g/L (Merck, Germany) was used for the yeast
inoculum preparation. The inoculation cultures were grown for 24 h in 0.1 L flask; afterwards,
the overnight cultures were spun down and washed with sterile water. The yeast strain was grown in
100-well plates in 250 µL of hydrolysate supplemented with 6.7 g/L Yeast Nitrogen Base (Sigma-Aldrich)
and in 250 µL of YNB medium with 2% of glucose as a control sample. Inoculation culture were
transferred in a volume of 5 µL to each well to an OD600 of 0.1. Experiments were performed
in quintuplicate at 28 ◦C under constant agitation with Bioscreen C (Oy Growth Curves Ab Ltd.).
Growth was monitored measuring optical density at 420–600 nm every 30 min during 48 h.

2.5. Shake-Flask Experiments

The growth medium used for the inoculum was the same as for Bioscreen C analysis. The biomass
production medium for the shake-flask experiment consisted of 50 mL of hydrolysate supplemented
with 6.7 g/L Yeast Nitrogen Base (Sigma-Aldrich). The cultures were grown in a 0.25 L flask on a rotary
shaker under constant conditions of 28 ◦C at shaking 180 rpm for 120 h. All cultures were conducted
in three biological replicates.

2.6. Analytical Methods

(I) The concentrations of glucose, xylose, galactose, arabinose and mannose in obtained
hydrolysates were determined by HPLC using a Carbohydrate Analysis Column Aminex HPX-87P
(Bio-Rad, Irvine, CA, USA) coupled to a UV (Dionex, Sunnyvale, CA, USA) and a refractive index (RI)
detector (Shodex, Tokyo, Japan). The column was eluted with sterile water at 65 ◦C and a flow rate of
0.6 mL/min. Sugars were identified and quantified by the comparison to standards material.

(II) 10 mL of samples from the shake-flask cultures were centrifuged (5 min; 5500× g), harvested by
filtration on 0.45 µm membranes—the biomass was determined gravimetrically after drying at 105 ◦C.

(III) The amino acid profile was examined by the Amino Acid Analytic Laboratory in the
Department of Animal Nutrition and Feed Management (University of Environmental and Life
Sciences, Wrocław, Poland). The determination of the crude protein was carried out by the method
AOAC 984.13 on FOSS Tecator Digestor 2508 and FOSS 2300 Kjeltec Analyzer Unit. Sulfur amino
acids were oxidized with a mixture of 30% hydrogen peroxide and formic acid, hydrolyzed with 6M
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hydrochloric acid and analyzed on AAA-400 instrument (INGOS, Czech Republic). Tryptophan was
determined spectrophotometrically (HALO DB-20 UV-vis Double beam Spectrophotometer, Dynamica,
United Kingdom). Other amino acids were hydrolyzed with 6M hydrochloric acid and analyzed on
AAA-400 instrument (INGOS, Czech Republic).

(IV) The lipid profile was examined by converting lipids into their methyl esters [17,29].
Fatty acids were identified and quantified with a Zebron ZB-FAME column installed in the Shimadzu
single quadrupole GCMS-QP2010SE system with hexane as a solvent and helium as a carrier gas
(linear velocity—35 cm/s). As a reference material, 37 FAME MIX (CRM47885, Sigma-Aldrich) was used.

2.7. Calculation of Fermentation Parameters

The biomass total yield was calculated using the formula: Yc = X/S. X is the total amount of
biomass at the end of the experiment, S is the amount of total sugars in the hydrolysate and is expressed
in g/g. The biomass total productivity (Qx) was calculated by: Qx = X/120 and is expressed in g/L × h.

3. Results and Discussion

3.1. Acid-Enzymatic Hydrolysis of Raw Material

In this study, hydrolysates were prepared using a combined methodology of acid and enzymatic
hydrolysis. Acid pretreatment with sulfuric acid, performed under increased pressure and high
temperature, allows for decomposition of hemicellulose and dissolution of lignin. Nonetheless, it could
present risks of release of toxic compounds, such as furfural or acetic acid [30]. Enzymatic hydrolysis
was performed with an enzyme blend of cellulases, ß-glucosidases and hemicellulases. The results
showed that the final concentration of total fermentable sugars was 28.1 g/L for rye straw hydrolysate,
80.8 g/L for rye bran hydrolysate and 66.2 g/L for oat bran; the percentage of sugars in hydrolysates is
shown in Table 1.

Table 1. Sugar composition of each tested hydrolyzed agricultural residues. The hydrolysates were
obtained by acid and enzymatic hydrolysis. The concentrations of glucose, xylose, galactose, arabinose
and mannose in obtained hydrolysates were determined with HPLC.

Rye Straw Rye Bran Oat Bran

[g/L]

Σ sugar 28.1 80.8 66.2
glucose 7.79 67.06 62.74
xylose 17.19 7.56 1.23

galactose 0.42 0.44 0.47
arabinose 2.44 3.55 1.15
mannose 0.26 2.19 0.61

Typically, lignocellulosic hydrolysate (sourced from various types of straws or hardwood) usually
consists of up to 63% glucose and 36% xylose [31]. The majority of the carbohydrate in cereal is
starch—polysaccharide comprising glucose monomers. Oat bran hydrolysate was almost exclusively
composed of this monosaccharide. Rye bran hydrolysate, in addition to glucose, also contains
significant amounts of xylose (less than 10%) and less than 5% of arabinose. What is important to note,
is that the yeast Y. lipolytica can utilize both of these sugars, although pentose metabolism is poorly
understood [32] and the xylose utilization pathway has to be induced [33]. Similar to wood, straw
mainly consists of hemicelluloses—the main sugar found in this fraction is xylose [34]. Consequently,
rye straw hydrolysate contained the most diverse sugar composition—over 61% xylose, 27.74% glucose
and nearly 9% arabinose. Even though the wild strain of Y. lipolytica is unable to effectively utilize
xylose as a primary carbon source [35], glucose and xylose were found to be assimilated from the
medium simultaneously. However, arabinose was catabolized only after all available glucose had been
consumed [11]. Hydrolysates, after removal of plant residues and the sterilization process, consisted
of a translucent brown-colored solution. From the initial volume of 2 L, it was possible to obtain about
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75% of pure hydrolysate. Taking into account the composition of the hydrolysates, we started the
first growth experiments.

3.2. Growth of Y. lipolytica A101 on Hydrolysates

Prepared hydrolysates were rich in carbohydrates and could be regarded as a potential nutrient
source for yeast biomass production. First, to ensure that hydrolysates do not contain excessive
amounts of compounds potentially inhibiting yeast growth, YNB media containing various types of
hydrolysates were tested, and as a control, a medium with pure glucose was used. To test the growth
of Y. lipolytica, a microplate reader was used. As seen in Figure 1, Y. lipolytica was able to grow in all
media, both in various raw material-based media and the pure glucose control.
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Figure 1. Growth of Y. lipolytica A101 on YNB medium based on obtained hydrolysates—oat bran
(green line), rye bran (red line), rye straw (blue line), and YNB medium supplemented with 2%
of glucose—control (violet line) during the 48 h of fermentation.

Comparing the growth of yeast on hydrolysates with growth on medium containing 20 g/L
pure glucose, we noted a slightly longer lag phase. However, this slow delay of growth did not have
any significant influence of the final optimal density of the Y. lipolytica. The yeast achieved the highest
OD600 value after 24 h in the case of a medium with oat bran hydrolysate. Rye bran hydrolysate
allowed yeast to grow to a similar OD600 as the control. An exception was growth on rye straw
hydrolysate where a noticeably lower OD600 value was observed. Probably a lower concentration of
easily accessible glucose and high concentration of nonpreferred xylose and, presumably, the high
quantities of furfural impurities from hemicelluloses might have a negative effect on yeast growth.
Figure 1 shows that all types of tested plant-based hydrolysates are efficiently utilized by Y. lipolytica
and can be used as a substrate. Subsequently, to test the growth of yeast of the solid-state fermentation,
spot tests with hydrolysates-based medium supplemented with a nitrogen source and agar were
performed. For the spot test experiment, the exponentially growing cells were also spotted onto plates
and incubated for 48 h at 28 ◦C. As seen in Figure 2, after this period, a fast growth on all hydrolysates
has been observed. The growth on oat bran and rye bran was slightly better than on rye straw, which
is in line with results obtained in the microplate reader growth experiment. Similar to results obtained
from the microplate reader, the growth on rye straw was slightly slower, probably, as mentioned above,
due to low glucose and high xylose concentration. Moreover, in this experiment, a toxic influence of
inhibitors was almost unnoticeable.
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3.3. Shake-Flask Experiments with Agricultural Waste Medium

The next step in the study was growth of Y. lipolytica in the shake-flask experiment with
hydrolysates as a substrate. Each hydrolysate was supplemented with yeast nitrogen base containing
5 g/L ammonium sulfate. In contrast to the previous experiment, Y. lipolytica was grown in a larger
volume, and oxygen supply in the medium was better. Previously, it was shown that providing a high
level of dissolved oxygen is crucial for efficient growth of Y. lipolytica [36]. The fermentation process
took 120 h, and the obtained results of biomass production are shown in Figure 3 and Table 2.
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Figure 3. Parameters of biomass production by Y. lipolytica A101 grown on hydrolysates-based medium
supplemented by YNB. The results were statistically analyzed with the Statistica 13.3 software package
(TIBCO Software Inc.). One-way ANOVA at p≤ 0.05 was calculated and homogeneous groups according
to the Duncan test were estimated. Mean values over the bars that are not significantly different from
each other (p > 0.05) are represented by the same letter.
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Table 2. The biomass total yield and productivity.

Hydrolysates
Biomass Yc x/s Qx

[g/L] [g/g] [g/L·h]

Rye straw 3.35 ± 0.25 0.119 ± 0.009 0.028 ± 0.002
Rye bran 8.40 ± 0.60 0.104 ± 0.007 0.070 ± 0.005
Oat bran 9.35 ± 0.55 0.141 ± 0.008 0.078 ± 0.005

Yc x/s—the biomass total yield; Qx—the biomass total productivity. Values are means ± SD of three determinations.

As seen, the yeast grown in oat bran hydrolysate achieved the highest biomass level of—9.35 g/L.
By contrast, for rye straw hydrolysate, the biomass reached only 3.35 g/L. This result confirmed the
Bioscreen C experiment, where a higher cell density was noted for oat bran and a lower value for straw.
Surprisingly, oat bran hydrolysate was the best substrate for production of biomass, despite having a
lower total sugar content than rye bran. However, other studies have also shown the non-obvious
dependence of biomass increase on the amount of sugars in the medium. The maximum biomass of
Trichosporon fermentans was attained at 15% sugar concentration, and an increase of up to 30% did
not bring a further increase in biomass [37]. The same trend was observed for Y. lipolytica—increased
sugar content from 30 g/L to 40 g/L resulted in lowering of cell growth [10]. Too high concentration
of sugar can cause higher osmotic stress, then, instead of biomass erythritol produced, to protect the
cell against unfavorable conditions [16]. In this study, the biomass total yield (Yc) and the biomass
total productivity (Qx) had the highest values for oat bran-based medium—0.141 g/g and 0.078 g/h,
respectively. It clearly shows that Y. lipolytica is able to convert agricultural wastes for growth and
biomass production, as well as other waste substrates from other industries [12,13]. This is a good
starting point for further optimization of the process. Biomass of Y. lipolytica can be used not only as
a fodder, but potentially eventually as a host for production of other value-added products such as
lipids or organic acids. The process optimization might include not only medium or fermentation
conditions’ optimization, but mainly metabolic engineering of the yeast that helps to achieve better
utilization of the natural potential of this microorganism for growth on untypical substrates, despite the
toxic impurities. However, it is important to note that, in the context of food applications, attention
should be paid to the use of non-genetically modified microorganisms. The employment of agriculture
wastes as a substrate for biotechnologically interesting microorganisms is not only beneficial from the
economical point of view, but is also important in view of the climate changes, and the necessity to find
new resources for the growing human population. The search for a low-cost substrate that can be used
for lipid (biofuel) production is also crucial in the face of limitation of fossils fuels. The first attempts to
use xylose as a substrate for lipid production in Y. lipolytica have already been made [38,39].

3.4. Composition of Y. lipolytica Dried Biomass

Protein obtained from microbial biomass is referred to as “Single Cell Protein” (SCP).
Environment-friendly production, reducing the pollution and which utilizes waste lignocellulosic
materials, makes yeast biomass particularly attractive as a feed substitute. A mixture of citrus molasses
and expired food was used to SCP production by S. cerevisiae [40]. 8.4 g/L dry SCP could be produced
by Candida intermedia from miscanthus straw [41]. Rice straw was also treated as bioresource for
microbial protein production—Candida arborea reached 59.0% crude protein content [42]. Likewise,
Y. lipolytica was treated as a subject of research on SCP. Modified Y. lipolytica was tested for growth
and production of SCP on waste cooking oil, sugarcane molasses, and crude glycerol [19]. However,
the main goal of this research was to investigate the possibility to use the wild-type yeast strain
cultivated on agroindustrial wastes as an SCP source. The total protein content in the dry biomass
ranged from 30.5 g/100 g to 45 g/100 g, in rye straw or in rye and oat brans, respectively. The reference
of protein content for usage of biomass for nutritional application is a whole egg, which contains 48.1%
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protein. The employment of microbial biomass depends on the amino acids composition. The obtained
profile of amino acids is shown in Table 3.

Table 3. Comparison of amino acid profile of Y. lipolytica biomass obtained on hydrolysates-based
medium supplemented by YNB.

Yeast Biomass
Whole Egg

Rye Straw Rye Bran Oat Bran

Protein [g/100 g DM] 30.5 ± 0.26 44.53 ± 1.24 44.45 ± 0.65 48.1

Essential amino acid

Arg 1.27 ± 0.02 1.99 ± 0.04 2.06 ± 0.01 3.07
Phe 1.38 ± 0.06 1.80 ± 0.07 1.79 ± 0.02 2.53
His 0.85 ± 0.05 1.06 ± 0.04 1.10 ± 0.01 1.20
Ile 1.39 ± 0.04 1.91 ± 0.09 1.91 ± 0.02 2.43

Leu 3.40 ± 0.07 3.38 ± 0.10 3.45 ± 0.10 4.15
Lys 1.83 ± 0.06 2.93 ± 0.16 3.10 ± 0.06 3.34

MetS 0.47 ± 0.03 0.87 ± 0.07 0.52 ± 0.02 1.50
Thr 2.08 ± 0.11 2.31 ± 0.10 1.89 ± 0.04 2.13
Trp nm 0.35 ± 0.03 0.43 ± 0.02 0.78∑
EAA 12.67 16.60 16.25 21.13
Val 1.77 ± 0.04 2.36 ± 0.10 2.25 ± 0.07 2.99

Dispensable amino acid

Ala 1.78 ± 0.04 2.71 ± 0.08 2.75 ± 0.04 2.70
Cysh 0.35 ± 0.02 0.59 ± 0.05 0.59 ± 0.02 1.07
Gly 1.44 ± 0.03 2.18 ± 0.10 2.01 ± 0.03 1.62
Asp 3.18 ± 0.06 4.54 ± 0.27 4.29 ± 0.08 5.02
Glu 4.02 ± 0.17 6.48 ± 0.40 5.37 ± 0.04 6.39
Pro 1.30 ± 0.07 1.91 ± 0.41 1.57 ± 0.07 1.83
Ser 1.56 ± 0.05 2.07 ± 0.12 2.02 ± 0.04 3.77
Tyr 0.81 ± 0.04 1.50 ± 0.02 1.46 ± 0.01 1.44

nm—not measured; EAA—essential amino acids. Values are means ± SD of three determinations.

Previously, it was shown that the Y. lipolytica A101 strain is able to produce up to 49% protein in
dry biomass during fermentation on SK medium (a mix of vegetable oils, degumming and glycerol
fractions formed during biofuel) [21]. In another study, Y. lipolytica strain S6 achieved 45% protein in
biomass obtained during fermentation on crude glycerol [20]. In this study, in the analyzed samples,
the content of essential amino acids (EAA) was similar to the whole dried egg amino acids profile.
The most similar values to reference results were obtained for oat bran-based medium. The only
exception was the content of methionine since its content in the tested biomasses was significantly
limited. However, these observations are in accordance with the previous reports that Y. lipolytica is
poor in sulfur-containing amino acids [20]. The lowest EAA content was observed for rye straw-based
media, because of the low level of protein in the dry biomass.

The biomass of yeast Y. lipolytica possesses a very good fatty acid profile; it includes many
polyunsaturated fatty acids (PUFA) [43], which are essential in the balanced human diet. For this
reason, the fatty acid profile of lipids in the obtained biomasses was analyzed (Table 4). It was found
that metabolic engineering of Y. lipolytica allows for considerable increase of fatty acid production and
accumulation [38,44,45]. However, the wild-type yeast strain, which has been granted GRAS status,
might be easily introduced as a microbial product into food and feed industries.
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Table 4. Fatty acid composition (percent of Total Cellular Lipids; TCL) of Y. lipolytica biomass obtained
on hydrolysates-based medium supplemented by YNB.

Yeast Biomass
Whole Egg

Rye Straw Rye Bran Oat Bran

Lipids [g/100 g DM] 8.28 11.22 11.13 40.10

Saturated [%TCL]

14:0 0.0 0.0 2.41 ± 1.74 0.34
15:0 2.65 ± 0.51 2.31 ± 0.24 2.39 ± 0.31 0.0
16:0 11.61 ± 1.44 8.58 ± 0.57 8.68 ± 0.69 26.95
18:0 5.84 ± 0.04 6.13 ± 0.62 6.35 ± 0.76 9.90
24:0 14.85 ± 1.91 2.81 ± 0.05 9.26 ± 1.23 0.0

Σ 34.95 19.83 29.09 37.19

Unsaturated [% TCL]

16:1 2.56 ± 0.04 3.29 ± 0.20 3.53 ± 0.21 2.09
17:1 1.38 ± 0.54 3.56 ± 0.19 3.38 ± 0.25 0.00
18:1 37.74 ± 2.82 59.28 ± 4.09 50.82 ± 4.25 39.20
18:2 19.52 ± 2.20 12.81 ± 0.66 11.91 ± 0.16 17.58
18:3 0.0 0.0 0.0 0.62
20:1 0.0 0.0 0.0 0.25
20:4 0.0 0.0 0.0 1.77
22:1 3.86 ± 0.91 0.0 0.0 0.0
22:6 0.0 0.0 0.0 0.50

Σ 65.06 78.94 69.64 62.01

Values are means ± SD of three determinations.

Despite the fact that the content of lipids in biomass was at a lower level than in whole egg,
the fatty acid profile was significantly enriched in unsaturated fatty acids (UFA) content. In addition,
also in the saturated fatty acid pool, differences were observed. In all tested biomasses, the presence of
pentadecanoic acid, which is absent in egg, was noted. Moreover, the palmitic acid content was reduced.
Interestingly, a long-chain lignoceric acid was detected in the yeast biomass, and the highest level was
observed for rye straw-based medium. The highest concentration of UFA was achieved in the medium
with rye bran hydrolysate. The content of both isomers of C18:2 (linoleic acid and linolelaidic acid)
ranged from 11.91 to 19.52 in the total lipid pool for oat bran and rye straw hydrolysate, respectively.
Oleic acid was the most abundant fatty acid in the total cellular lipid pool, which confirms the previous
reports—Y. lipolytica biomass produced with media containing 25 g/L of raw glycerol consisted of
more than 50% of this acid [20]. Different Y. lipolytica strains isolated from soil and cheese reached
values between 35.5% and 53.5% oleic acid content in the biomass [24]. For the rye and oat bran-based
media, oleic acid achieved 59.28% and 50.82% TCL, respectively, which is significantly higher than in
whole egg.

4. Conclusions

The vast amounts of agricultural wastes impose an obligation on modern society to follow the
sustainable development approach. One of the key elements is development of biotechnology processes
for enabling reuse of waste. The present study shows that lignocellulosic materials such as rye straw,
rye bran and oat bran can be hydrolyzed to release carbon sources for growing feed-related yeast
biomass. The achieved level of biomass growth does not differ significantly from the value of production
in other similar processes using other waste materials. In future research, the production scale should
be increased by using fed-batch bioreactor processes or combined with use of a cheaper, potentially
also waste, nitrogen source. In conclusion, Y. lipolytica A101 is a future-oriented microorganism for
producing microbial feed-related biomass from lignocellulosic agricultural waste. Rye bran and oat
bran were found to be efficient base media for cultivating Y. lipolytica.
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