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Abstract: Proteins are essential constituents of animal feeds, which comprise mainly vegetable
protein (e.g., soybean meal), which is produced and transported globally. The decoupling of
protein-production and livestock-growth areas results in protein deficiencies in certain parts
of the world, and in significant environmental stress. Alternative, more sustainable protein
feeds are necessary to meet the increasing needs, and to decrease the environmental footprint
of animal products. Yeast Single Cell Proteins (SCP), produced locally using various agro-industrial
by-product streams, have significant potential as alternative animal feed protein. Particularly, Yarrowia
lipolytica, an oleaginous, non-pathogenic microorganism has been characterized as a “workhorse” in
biotechnological studies, drawing the attention of many researchers. The present review summarizes
available resources on critical issues concerning the applicability and commercialization of Yarrowia
lipolytica as an environment-friendly protein source for animal feed. It discusses the sustainability
of the yeast SCP production process, it presents the recent advances concerning Yarrowia lipolytica
cultivation on low-cost agro-industrial by-products, and it stresses the effects on the health and welfare
of productive animals due to the inclusion of Yarrowia lipolytica in their diet. The data presented
in this study should facilitate relative research advancement and the commercialization of Yarrowia
lipolytica’s use as an alternative protein source/supplement for animal feeds.

Keywords: Single Cell Protein; Yarrowia lipolytica; sustainability; productive animal diet; fodder
supplement; agro-industrial wastes; by-products

1. Introduction

Animal product consumption is expected to continue growing in the following years; the World
Health Organization (WHO) estimations on per capita consumption of livestock products by 2030
is 134.8 kg per year, increased approx. 18% compared to 1999 [1]. Given also the increase in the
world population by approx. 2.5 billion people between 1999 and 2030 [2], the world feed supply for
livestock husbandry should increase by approx. 66%, given that feed efficiency/digestibility remains
the same [3].

Protein is a limiting ingredient in the production of animal feed, and vegetable protein is currently
used as the main protein source; 97% of the 334.56 million tons [4] of soybean meal produced globally
is used as animal feed [3]. The decoupling of protein-meals-production and livestock-growth areas,
results in protein deficiencies in animal feeds in certain parts of the world. For example, Europe,
where the agro-climatic conditions are not ideal for the cultivation of soybean crop (e.g., lower yields
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and longer growing time), has to import approx. two-thirds of the total protein feed demand [3].
However, this practice raises significant sustainability issues; it has been calculated that the production
of “1 kg of soybean meal produced in Argentina and delivered to Rotterdam Harbor” results in the
emission of 721 g CO2 eq. for global warming potential, 3.1 g SO2 eq. for acidification potential,
whereas the average farming area per 1 kg of soybean meal is approx. 3.6 m2 per year [5]. In China,
the self-sufficiency of soybean is projected to decrease to approx. 16%, till 2020 [3].

Rapeseed meal is another by-product from the oil industry with high content of vegetable protein.
Rapeseed has the advantage that it is produced locally to protein deficient areas (e.g., Europe) and
can substitute soybean meal in animal feeds. However, concerning sustainability, rapeseed meal can
result to equal or even higher environmental impacts. Lehuger et al. [6] compared the environmental
impacts of two feeds for dairy cows, which contained either soybean meal imported from Brazil,
or locally produced rapeseed meal. The Life Cycle Assessment (LCA) showed that soybean meal
is more environmentally efficient since—being a legume crop—it requires less nitrogen fertilizer,
reduced crop management, and produces lower direct emissions. The equivalent CO2 emissions for
1 kg of either soybean or rapeseed meal rations were 391 and 471 gr, respectively, whereas the land use
for soybean ration was approx. 36% lower.

The use of alternative, more sustainable protein feeds/supplements seems to be necessary to
replace, at least partly, the current supply chains, to meet the increasing needs, and ultimately to
decrease the environmental footprint of animal products [3]. Another reason for this transition arises
from the fact that traditional animal protein feeds compete with human food resources for the use of
agricultural land. Therefore, novel feed protein sources, such as insect meal, micro- and macro-algae,
protein-rich food industry by-products and Single Cell Protein (SCP), characterized by the fact that they
can be produced locally and that they have low agricultural land use requirements [7], have significant
potential as alternative animal feed proteins [3].

SCP was first mentioned by workers at MIT back in 1968 [8]; the term refers to production of
protein-rich food or feed from single cell microorganisms like yeast, bacteria or fungi, although some
of the microorganisms (fungi) may in true be multicellular [9]. Use of SCP for livestock feed dates back
to the start of 20th century in Germany; during World War I Saccharomyces cerevisiae (brewer’s yeast),
which is the second largest by-product from brewing, replaced up to 60% of the previously imported
feed protein [10]. British Petroleum (BP) developed a process for the cultivation of Yarrowia lipolytica
on waxy n-paraffins, a low-cost by-product of petroleum industry, for animal feed [11]. A pilot plant
of 100,000 tons per year capacity has been built; however, safety concerns given the substrate origin,
and its high price after the 1973 oil-crisis resulted in the cease of BP’s interest on SCP [9]. The Imperial
Chemical Industries (ICI) commercialized an SCP production method, using methanol as substrate
and Pseudomonas methylotrophus bacteria, to produce Pruteen®, a 72% protein-content product for
animal feed. However, the process could not operate economically at the present methanol price,
which represents approx. 50% of the total cost of the product. It is estimated that methanol-based SCP
in USA is two- to five-fold the cost of fishmeal [12].

The above-mentioned paradigms demonstrate two significant bottlenecks related to
commercialization of SCP processes: (a) the cost of substrate, and (b) safety concerns/public
acceptance. Yeasts were the first microorganisms that were used as animal feed supplements [10].
Their adoption is greatly facilitated by their high acceptability; Saccharomyces cerevisiae has been used
for centuries in various traditional food fermentation processes (e.g., bread, wine and beer production).
Yarrowia lipolytica strains have been found in the native biocommunity of various food products such
as meat, fish, dairy products (e.g., cheeses, yogurts, etc.) soy sauce and other high-lipids foods [11,13].
Yeast have various advantages including larger size, thus easier harvesting, lower nucleic acid content,
thus lower post-treatment cost, high lysine content, and the ability to grow at an acidic pH, thus lower
risk for spoilage [12]. Moreover, yeasts may grow on various substrates, including agro-industrial
wastes co- and by-products (AWCB), thus lowering the main production cost [9,12,14,15].
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Yarrowia lipolytica is a non-conventional ascomycetous yeast that has been extensively used for
various biotechnological applications and has been studied and engineered in numerous studies as a
model oleaginous yeast [13,16,17], being able to produce and store intracellular lipids in contents higher
than 20% w/w of its biomass [13,18]. Its genome has been sequenced, and there are many bioinformatics
tools, which allow setting-up different metabolic engineering strategies for this yeast. Therefore,
Yarrowia lipolytica has been characterized as a “workhorse” for biotechnological applications [19], e.g.,
mainly for production of single-cell oil and other valuable products using various industrial wastes as
substrate [20]. Moreover, Yarrowia lipolytica is classified as Generally Regarded As Safe (GRAS) for
citric acid production by the American Food and Drug Administration (FDA), and it is assumed to be
safe for feed and food applications, as non-pathogenic [11,21].

Yarrowia lipolytica has attracted the attention of many researchers and numerous studies due to its
favorable inherent characteristics for various biotechnological applications. More specifically, it can
grow under high salt, low temperature and low pH conditions [13]; the latter is highly important, since
it minimizes the risk for culture contamination and may eliminate the need for high energy-consuming
sterilization processes and expensive sterilization equipment. Yarrowia lipolytica can use as substrate a
variety of both hydrophilic (e.g., glucose, fructose, alcohols, organic acids and glycerol) and hydrophobic
substrates (e.g., fatty acids, lipids, n-acetates etc.) [13,18,22], and at the same time it accumulates
lipids in its cell at concentrations over 40% w/w of its dry cell weight [16]. It produces various useful
secondary metabolites such as citric acids, pyruvates, polyols, emulsifiers etc. [13,18,23]; and may
excrete various lipolytic and proteolytic enzymes [13,17,18]. Finally, Yarrowia lipolytica has high protein
content and contains rather high concentrations of essential amino acids like lysine [24,25].

Therefore, Yarrowia lipolytica seems a strong candidate for production of SCP, mainly for animal
feed, either as a stand-alone process or as a by-product of the biotechnological production of biolipids,
citric acid, lipases, and other high-value bio-based chemicals. Yarrowia lipolytica optimum growing
conditions are ambient temperatures (e.g., 28–30 ◦C) and mild acidic pH values (around 5.5), which
both favor process economics. Moreover, low doubling times, around 2.0 to 4.0 h, have been reported
in the literature [26,27]. Critical issues associated with the large-scale commercialization of the use of
Yarrowia lipolytica as SCP in animal feed comprise the use of low-cost substrates, mainly originating
as AWCB; the applicability and benefits of its use as SCP in animal feed; and the sustainability of its
production process compared to current vegetable proteins.

A recent search on Scopus® database has revealed a significant number of studies, more than one
hundred per year in the last three years (2016–2018) with the term “Yarrowia lipolytica” in their title.
The number of studies has steadily increased over the last ten years (Figure 1), and there have already
been 90 studies published in the current year (2019). In the last five years (2015–2019), many review
articles summarizing the main outcomes of this great number of studies have been released. Most
reviews focus on the recent advancements concerning the cellular and metabolic engineering of the
microorganism either to produce non-native high-value products [17,20,28–32] or to increase/improve
the productivity and yield of conventional products (e.g., citric acid, bio-lipids etc.) [13,19,33–38].
Comparatively, there are fewer reviews describing biotechnological applications of Yarrowia lipolytica
growing on alternative low-cost substrates that decrease its cultivation cost; the most recent reviews are
provided by Carsaba et al. [13] and Spangnuolo et al. [22] that summarize relevant studies published
till 2017. On the other hand, there is no review that focuses on the application of Yarrowia lipolytica
as SCP in productive animal feed, although there are many relative papers. Likewise, there are no
studies that assess the environmental sustainability of the cultivation of Yarrowia lipolytica, and only
few studies that assess sustainability of yeast SCP production for animal feed.
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base for future developments towards the commercialization of the cultivation of Yarrowia lipolytica 
on AWCB substrates for SCP uses. 
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Figure 1. Number of studies with the term “Yarrowia lipolytica” in their titles for the years 2009–2018,
according to Scopus® database.

The objective of the current review is to summarize the available resources on critical issues
concerning the applicability and commercialization of Yarrowia lipolytica as an environment-friendly
protein source/supplement for animal feed. This article first discusses the sustainability of SCP
production, with an emphasis on yeast-derived SCP for animal feed, compared to the base-case
scenario of vegetable protein. Next, it provides a recent update on the published data during the last
two years (2018–2019) concerning the growth of Yarrowia lipolytica on low-cost AWCB, which favors
the economic and environmental sustainability of the process. Finally, it provides an exclusive review
on the use of the microorganism in productive animal diet, stressing its effects on animals’ health and
welfare. This interdisciplinary approach aims to provide a spherical resource that would serve as a
base for future developments towards the commercialization of the cultivation of Yarrowia lipolytica on
AWCB substrates for SCP uses.

2. Sustainability Assessment of SCP Production

To evaluate the environmental impact of a system, process or a product, there are specific
life-cycle approaches and methodologies that can be used. LCA is a “cradle-to-grave” analysis that
assesses the environmental stresses imposed throughout all stages of the life-cycle of a product or
process, employing public available inventories and case-specific data concerning the materials and
energy used. There are widely accepted standard procedures for performing an LCA study (e.g.,
ISO 14040 and 14044), which focus on the methodology for conducting the LCA study, and—despite
the criticism concerning specific issues of the LCA methodology (e.g., quality of inventory, assumption
impacts etc.)—life-cycle tools are very useful for the comparison of the environmental sustainability of
competitive products/processes.

According to two recent studies, that used LCA methodology to compare the environmental
impacts of soybean meal against various alternative protein meals for salmon [39] and broiler feed [7],
yeast-based SCP is considered to be more environment-friendly compared to imported vegetable protein
(e.g., soybean meal). Couture et al. [39] assessed the environmental impact of salmon feeds formulated
and used in a salmon farm located in Norway. The main protein sources considered were soybean meal,
produced and imported from America, against bacteria protein meal (BPM), produced and imported
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from the USA, and yeast protein meal (YPM), produced locally in Norway. Wheat hydrolysate is used
as substrate for bioethanol production, and YPC is considered as a by-product of bioethanol production.
The yeast cells are harvested, condensed and dried for YPC production. Moreover, two salmon feed
formulations, FA1 (on an equal protein base) and FA2 (on an equal protein and lipid base) were also
assessed after the substitution of soybean meal with BPM and YPM. The different protein meals and
the two feed formulations were assessed based on the following impact indicators: Climate Change
(kg CO2 eq.), Acidification (kg SO2 eq.), Freshwater Consumption (m3), Freshwater Eutrophication (kg
P eq.), Land Occupation (m2 annually), Marine Eutrophication (kg N eq.) and Primary Production
Requirement (kg C).

YPM impact on all categories compared to soy protein concentrate was drastically lower (Figure 2).
Most impacts were mainly associated with soy farming in soybean meal. Although, YPM production
is based on crop-based substrates, the allocation of farming impacts with high-value biofuels, renders
these impacts quite lower. YPM has considerably lower climate change impacts than soybean meal,
mainly due to soy farming that accounts for 64% of the climate change impact. Concerning the main
categories of atmospheric pollution, YPM has one order of magnitude lower impact (e.g., 0.206 kg
CO2 eq. and 0.001 kg SO2 eq. for climate change and acidification, respectively), compared to soymeal
and BPM which have similar climate change impact, i.e., 8.55 and 8.26 kg CO2 eq., respectively.
Another area for which both BPM and YPM have a significantly different impact over soybean is land
occupation, which was calculated as being equal to 0.148 and 0.243 m2 annually for BPM and YPM,
respectively; in contrast soymealrequired approx. 3.724 m2 annually for its production. On the other
hand, the differences in freshwater eutrophication impact was comparable, ranging from 0.00008 kg P
eq. for YPM to 0.00043 kg P eq. for soybean meal.
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Figure 2. Radar charts comparing the three (soy-based (gray), bacteria-based (blue), yeast-based (green))
meals (A) and salmon feeds (B, C) based on seven impact indicators. Axes for each of the impact
indicators: (from the top counterclockwise) climate change, acidification, freshwater eutrophication,
marine eutrophication, land occupation, water consumption, primary production requirement (PPR).
Results are scaled to the highest value for each indicator. Reprinted (adapted) with permission from
Environ. Sci. Technol. 2019, 53, 4, 1967–1975 [39]. Copyright 2019 American Chemical Society.

The same trend is also encountered for FA1 and FA2 feed formulations; however environmental
benefits of YPM are significantly reduced since protein meals comprise approx. only 20–25% of
the total salmon feed. Nonetheless, YPM-based FA1 has the lowest levels of impact concerning all
environmental indicators, apart from the primary production requirements index which is similar for
all feeds, ranging between 22.54 kg C for BPM and 22.62 kg C for soybean meal in the FA1 case, and
between 22.41 kg C for BPM and 22.62 kg C for soybean meal in the FA2 case. It should be noted that
the climate change indicator of YPM-based feed was approx. one-third (e.g., 1.05 and 1.04 kg CO2

eq. for FA1 and FA2, respectively) compared to conventional soybean-based feed (3.04 kg CO2 eq.
for both FA1 and FA2). Concerning the acidification potential, the difference of the impact between the
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YPM-based and the soybean-based meal is significantly lower, approx. 28.4% lower for FA1 and 15.4%
for FA2.

Given that each LCA model is based on a number of assumptions, Couture et al. [39] performed
sensitivity analyses to assess the effect of the production location and the allocation method that was
employed (e.g., economically-based vs. mass-based). While the results had small variations, the
relative results were the same. The authors also noted that there is lack of data concerning the effect of
the novel feeds on salmon growth efficiency; therefore, more research (e.g., feeding trials) is necessary
for a more detailed assessment of the sustainability of the alternative feeds. Moreover, they proposed
developments in the production of the SCP that would further decrease the environmental footprint of
the novel feeds. Bacterial SCP could use biomethane instead of methane for their growth, whereas yeast
SCP growth should be pursued using agro-industrial byproducts instead of food-related substrates.

Tallentire et al. [7] examined the environmental impacts of incorporating new protein sources into
broiler feeds, compared to the current (base-case) scenario of soybean meal. Diets were formulated
based on the specific nutritional profile of each protein-rich ingredient. Soybean meal was imported
in Europe, whereas yeast protein concentrate (YPC) was produced as a by-product from bioethanol
production with wheat hydrolysate as substrate. The main environmental indicators used were
greenhouse gas (GHG) emissions, agricultural land use (ALU), and the produced nutrients (N and P).
An amount of 1 kg of YPC was estimated to result in 1.08 CO2 eqv. kg, whereas the environmental
impact per kg of soybean meal was 3.05 CO2 eqv. kg. Moreover, the ALU for YPC was also significantly
reduced; 1.26 and 3.11 m2/kg for YPC and soymeal, respectively. Therefore, it is obvious that YPC
produced locally as a by-product from other agro-industrial processes is more sustainable than soybeans
cultivated in vast monocultures in South America over deforested Amazon land [40]. On the other
hand, YPC has higher total N and P content, e.g., 0.108 kg N/kg and 0.013 kg P/kg, compared to soymeal
(0.075 kg N/kg and 0.006 kg P/kg). This difference may be due to the high RNA content of yeast cells
compared to soymeal and resulted in higher total N and P excretion compared to conventional diet.
These results probably denote that the inclusion of the novel ingredients (e.g., YPC) at a maximum
inclusion rate may decrease the efficiency of protein conversion, and therefore more focus should be
placed on the inclusion rate of the novel protein source to obtain comparable/equal efficiencies.

Another point worth mentioning is that Tallentire et al. [7] considered that the inclusion of
the novel ingredients did not affect the bird growth rate or its health conditions. However, results
from the inclusion of Yarrowia lipolytica in other productive bird diets (e.g., turkey hens) have shown
that the incorporation of dry yeast in a dose of 3% to 6%, stimulates the body’s immune defense
mechanisms [41]. Therefore, it seems that further research is necessary on the effects of the novel
ingredients (e.g., SCP) on animals’ health, feed efficiency and overall productivity. Data concerning
the optimum inclusion dose of SCP in animals’ diet would decrease the uncertainty of the various
sustainability studies and would facilitate the commercialization of SCP, as well as of other alternative
protein ingredients, in animal feed.

3. Yarrowia Lipolytica Cultivation on Low-Cost AWCBs

The use of low-cost AWCB as substrate for cultivation of Yarrowia lipolytica yeast was first
documented by Scioli et al. [42], who used olive oil mill wastewater as substrate for the growth of
strain ATCC 20,255. The experiments in a 3.5 L fermenter showed that the yeast could grow on olive oil
mill wastewater, reducing the organic fraction by approx. 80% within 24 h, producing yeast biomass
(approx. 22.5 g/L) and lipases enzymes. This study demonstrated the versatile characteristics of
Yarrowia lipolytica and its ability to grow on low-cost agro-industrial wastes.

Given that economic viability of biotechnological processes is significantly affected by the substrate
cost, many studies demonstrate the growth of Yarrowia lipolytica on various low- or no-cost substrates,
either through the exploitation of the native ability of the yeast to use different carbon sources [19],
or after the biotechnological engineering of specific strains to expand the range of fermentable
substrates [35]. Numerous reviews [13,22,43–46], report the use of various AWCBs as substrate
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including: olive oil mill wastewater, palm oil mill effluent, soybean oil refinery waste, fishmeal waste,
tallow, crude glycerol, lignocellulosic hydrolysates, molasses, waste oils, etc. Till 2014, most studies on
the use of AWCB-based substrates for Yarrowia lipolytica were focused on hydrophobic (e.g., oily) waste
streams or upgrade of solid wastes (e.g., fishmeal, barley bran) [45,46]. However, the exponential
growth of biodiesel production, resulted in the increase of its by-product and waste streams. Therefore,
many studies demonstrate the use of crude glycerol (whose production rate has greatly surpassed its
demand) and other by-products of biodiesel production (e.g., fatty acids, degumming wastes, etc.) for
the growth of Yarrowia lipolytica yeast [13,43]. It is noted that the only reported case of commercial
production of Yarrowia lipolytica SCP is by the Skotan Company SA in Poland that produces SCP for
animal feed based on glycerol and degumming residues as a substrate.

Over the last couple of years, fifteen studies have reported the growth of Yarrowia lipolytica
yeast on AWCB substrates (Table 1). Most of these studies (e.g., seven) use hydrophobic/oily waste
streams [47–54], six refer to crude glycerol [48,51,53,55–57], four to agro-industrial and food waste
hydrolysates [58–61], and three to various agro-industrial waste streams including: mango wastes [62],
sugarcane molasses [63], and papaya [54]. Various wild and engineered yeast strains were tested
for the production of many different products including: SCP [47,50,53,56], biolipids [47–52,59,61],
organic acids (mainly citric and succinic) [47,55,56,58,60], and enzymes (mainly lipases) [48,53,54,62].
Although most of the studies are focused on other high-value products apart from SCP, the yeast
biomass, after recovery of the main product of interest (e.g., biolipids), would still contain high protein
content, rendering it useful as supplement in animal feed.

Louhasakul et al. [48], studied the production of biolipids from Yarrowia lipolytica yeast, and
optimized biolipids accumulation, thus achieving a maximum biolipids content of 52.7% ± 2.8%
w/w. At the same time, the biomass contained approx. 20% w/w protein. After biolipids extraction,
which account for approx. half of the initial biomass weight, the de-fatted biomass would contain
approx. 40% w/w of protein, which is very close to the content of soybean meal. In another study,
Juszczyk et al. [50] cultivated various strains of Yarrowia lipolytica on pure and raw glycerol, and other
linseed oil wastes. Lab-scale experiments on flasks resulted in biomass with approx. 19.4–48.2%
w/w protein and 7.3–30.5% w/w biolipids. The results were similar concerning protein content, with
strains growing on either pure or raw glycerol. This is very important, since raw glycerol is a low-cost
by-product of the biodiesel industry, whereas pure glycerol is used for pharmaceutical, food and
cosmetic purposes. The yeast protein was further analyzed and was found to contain all the Essential
Amino Acids (EAA) in significant quantities. The sum of EEA in the various samples ranged between
28.5 and 48.9 g/100 g of total protein, which is comparable to the standard amino acid content of whole
egg, which has a sum of EEA equal to 49 g/100 g. Moreover, the lysine content was 62.9% to 100% of
the lysine content of the whole egg protein. However, apart from protein, Yarrowia lipolytica biomass
contained significant quantities of biolipids which comprise high concentration of mono-unsaturated
fatty acids, mainly oleic, palmitic, and linoleic acids. The sum of these three mono-unsaturated fatty
acids varied from 52.6% to 81.8% of total biolipids, whereas the total unsaturated fatty acids were
between 78.2% and 88.5% of total biolipids.
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Table 1. Overview of studies on Yarrowia lipolytica growth on low-cost AWCBs.

Yeast Strain AWCB Targeted
Product/Application

Protein Content
(% w/w DW)

Biolipid Content
(% w/w DW) Culture Mode/Size Reference

ACA-DC 5029 Crude glycerol; Olive oil mill
wastewater

SCP; Biolipids; Citric acid;
Polyols − 10.6–20.0 Flask/50 mL Sarris et al. [47]

A101 (AJD
pADUTGut1/2) Crude glycerol Citric acid − − Flask/50 mL; Batch/2 L Rzechonek et al. [55]

PSA02004 Sugarcane bagasse
hydrolysate Succinic acid − − Batch/1 L Ong et al. [58]

TISTR 5151 Palm oil mill effluent; Crude
glycerol Biolipids 20.2 ± 0.5 52.7 ± 2.8 Flask/90 mL Louhasakul et al. [48]

W29 (ATCC 20460) Waste cooking oils Biolipids; Lipases − 9.8–47.8 Batch/2 L Lopes et al. [49]
Po1f

(pex10−mfe−leu+) Apple pomace hydrolysate Biolipds − max. 64.2 Fed-batch/− Liu et al. [59]

PGC202
Mixed food waste; Fruit and
vegetable waste; Agricultural

waste hydrolysates
Succinic acid − −

Flask/50 mL; Batch/1 L;
Fed-batch/1 L Li et al. [60]

S5, S6, S9, S10, S11,
S12, S17, A311, 1.31,

and K1
Lineseed oil wastes SCP; Biolipids 19.4–48.2 7.3–30.5 Flasks/75 mL; Batch/1.5 L Juszczyk et al. [50]

A101, AJD, AJD
pAD-DGA1 Crude glycerol Biolipids − max. 38.0 ± 0.8 Flasks/30 mL; Batch/2 L Dobrowolski et al. [51]

CBS6303 Vegetable oil refinery
wastewater Biolipids − max. 60.1 Flasks/50 mL; Batch/2.5 L Darvishi et al. [52]

IMUFRJ 50682 Mango wastes (peel,
tegument and kernel) Lipases − − Flasks/300 mL; Batch/3 L Pereira et al. [62]

YLY Sugarcane molasses; Waste
cooking oil; Crude glycerol SCP, Lipases 45.0–54.0 − Batch/4 L Yan et al. [53]

A-10 Crude glycerol, Fatty acids SCP, Keto-acids 32.8–50.5 13.4 Batch/2 L Krzysztof et al. [56]
DSM 8218 Food waste leachates Biolipids − 48.9 ± 1.5 Flasks/100 ml Johnravindar et al. [61]

Polg Papaya seed oil Recombinant antibody − − Flasks/− Han et al. [54]
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Yan et al. [53] engineered a Yarrowia lipolytica strain to enhance lipases and SCP production.
The engineered strains were grown on various AWCB substrates including, e.g., crude glycerol,
sugarcane molasses, and waste cooking oil. The protein content of the biomass ranged between 45.0%
w/w and 54% w/w and contained all the EAA. Except for cystine, the amino acid profile of Yarrowia
lipolytica covered between 93.9% (for phenylalanine) and 111.4% (for threonine) of the FAO reference
standard for EEA [63]. The Yarrowia lipolytica amino acid profile was only deficient to cystine, providing
47.9% of cystine according to FAO standard. Therefore, Yarrowia lipolytica SCP was considered suitable
for use as animal feed protein supplement. Krzysztof et al. [56] cultivated Yarrowia lipolytica under
various carbon substrates including AWCB like glycerol and fatty acids from biodiesel production.
The cultures were grown in a continuous stirred bioreactor, of 2 L operating volume, under aerobic
conditions and acidic pH (3.5–4.5). The biomass grown on fatty acids substrate contained 32.8% w/w
protein, whereas the protein content of biomass grown on glycerol contained approx. 50.5% w/w and
13.4% w/w of protein and biolipids, respectively. The majority of the biolipids were unsaturated fatty
acids (77.7%), rendering Yarrowia lipolytica biomass useful as protein supplement in animal feeds.

Another low-cost substrate that has been used for the growth of Yarrowia lipolytica is the hydrolysate
of AWCBs or food wastes. Ong et al. [58] used sugarcane bagasse, which was alkaline pre-treated, and
employed enzymatic hydrolysis (Celluclast 1.5 L; 40 FPU/g sugarcane bagasse) to release fermentable
sugars. The PSA02004 strain was cultivated in a continuously stirred bioreactor of 1 L working volume,
under aerobic conditions and neutral pH (pH = 6.0). During the batch fermentation, the glucose in the
sugarcane hydrolysate (initial concentration approx. 48 g/L) was completely consumed within 80 h,
whereas the xylose (initial concentration approx. 20 g/L) was consumed by approx. 50% within 100 h.
The maximum dry cell mass (DCM) concentration of Yarrowia lipolytica was approx. 10 g/L, which was
achieved after 80 h of fermentation; afterwards, probably due to the concurrent exhaust of glucose, the
DCM concentration decreased to approx. 7.5 g/L at the end of the experiment. Liu et al. [59] used apple
pomace, which was pre-treated with the alkaline-hydrogen peroxide method to remove lignin, followed
by pectinase to remove pectin that cannot be fermented by Yarrowia lipolytica. Then, the pre-treated
pomace was enzymatically hydrolyzed with commercial cellulases (Cellic CTec2 and Cellic Htec2,
Novozymes, Switzerland). The hydrolysate sugar content comprised glucose (61.05%), arabinose
(17.1%), xylose (12.06%) and galactose (9.87%), and was used as substrate in a fed-batch bioreactor
operated under aerobic conditions (pO2 levels >20%) and pH = 5.5 with initial sugar concentration
of 80 g/L. The maximum DCM concentration with apple pomace hydrolysate was approx. 40.2 g/L,
after 144 h of fermentation, whereas the biolipids content reached 64.2%, on the sixth day of the test.
Surprisingly, the fermentation yield of the mixed sugars of apple pomace hydrolysate was higher than
a reference fermentation with glucose substrate, under the same conditions.

Li et al. [60] used mixed food wastes (MFW), fruit and vegetable wastes (FVW) and agricultural
wastes (AW) which were hydrolyzed for the release of fermentable sugars. MFW and FVW were
enzymatically hydrolyzed with commercial enzymes, whereas AW were first pre-treated with alkaline
hydrolysis (for lignin removal), followed by enzymatic hydrolysis. Each hydrolysate contained
different concentrations of glycose; 60.0 g/L, 56.7 g/L, and 44.8 g/L for MFW, FVW and AW hydrolysates,
respectively. During, batch fermentations in a bioreactor (1L volume) at 28 ◦C and with no pH control,
the glucose was depleted within 66h, 55h and 80h for MFW, FVW and AW hydrolysates, respectively.
The pH in all fermentations was acidic (between 4.0 and 5.0), and the DCM concentration at the
end of the batch fermentations was approx. 20.0 g/L, 19.7 g/L, and 24.2 g/L for MFW, FVW and AW
hydrolysates, respectively. Fed-batch fermentations were also employed in an in-situ fibrous bed
bioreactor with MFW hydrolysate, supplemented with 3% w/v tryptone, and no pH control. Fresh
substrate was added after glucose was nearly depleted (<10 g/L), and the pH dropped from the initial
value pH = 4.9 to pH = 2.9 after 180h of fermentation. The DCM concentration steadily increased to 45.5
g/L by the end of the fed-batch fermentation test. Johnravindar et al. [61] cultivated Yarrowia lipolytica
on anaerobic raw leachates/hydrolysates of MFW. The leachates (pH = 4.5) were sterilized and the pH
was adjusted to 6.0 using NaOH. The main carbon substrates were volatile fatty acids (VFA), mainly
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acetic and lactic acid that varied between 28.4 and 80.4 g/L, and carbohydrates, whose concentration
varied between 70.0 and 111.0 g/L. DSM 8218 strain was grown on diluted leachates (1:2–1:3), in flasks
for a period of 144 h. The maximum CDM concentration reached was 20.9 g/L and the biolipids content
ranged from approx. 26.2% to 48.9%. Although the experiments were performed in small scale (10 0mL
flasks), it was shown that the Yarrowia lipolytica strain can grow using mixed-carbon sources (mainly
sugars and organic acids) of food and agricultural waste hydrolysates.

Other researchers used hydrophobic AWCB streams to cultivate Yarrowia lipolytica yeast. Sarris
et al. [47] cultivated ACA-DC 5029 strain in various mixtures of crude glycerol with olive oil mill
wastewater. Although crude glycerol (with an initial concentration of 70 g/L) was the main carbon
source, olive mill wastewater was used instead of water for dilution of the crude glycerol. Interestingly,
the existence of polyphenols did not seem to negatively affect the growth of Yarrowia lipolytica, even
when the initial polyphenols concentration reached 3.5 g/L. On the contrary, the addition of the oily
AWCB seemed to promote the production of citric acid and biolipids, probably through triggering
specific lipogenic metabolic pathways. Lopes et al. [49] studied the use of waste cooking oil as the
sole carbon source for the growth of Yarrowia lipolytica. Waste cooking oil was selected as a low-cost
food waste that is currently under-utilized and/or wasted. Experiments were performed in a 2 L
bioreactor, operated in batch mode, with 10 g/L of initial concentration of waste cooking oil. Tween 80,
a commercial surfactant, was also added to promote dispersion of waste cooking oil in the bioreactor.
The oxygen transfer coefficient was found to have a positive effect on cellular growth. Since Yarrowia
lipolytica is an aerobic yeast, an approx. ten-fold increase in the oxygen transfer coefficient resulted in
the increase in the DCM concentration from 2.8 ± 0.3 to 9.8 ± 1.2 g/L, whereas the biolipids content
ranged between 9.8% and 47.8% w/w. Darvishi et al. [52] used vegetable oil wastewater, containing
approx. 3–4 g/L of oil and grease, as carbon source for the growth of Yarrowia lipolytica. Initially, the
substrate composition was optimized in flask experiments, followed by cultivation in a 2.5 L bioreactor,
under batch-mode operation with an initial vegetable oil wastewater content of 7.5% v/v. The maximum
DCM concentration was approx. 18.0 g/L after 14 h of growth, whereas after 20 h of cultivation the
vegetable oil substrate was totally consumed. Pereira et al. [62], given that 35–60% of the mango fruit is
discarded as waste during its processing, used various mango waste streams for the growth of Yarrowia
lipolytica. Mango peel, tegument and kernel—alone or in various mixtures—were used as substrates in
batch experiments for the growth of IMUFRJ 50,682 wild strain, aiming to lipases production. The
tegument showed promising results for Yarrowia lipolytica growth, and the cultivation conditions were
optimized following a fractional factorial design. The best conditions (e.g., approx. 1 g/L of mango
tegument, pH = 5.0, approx. 28.0 ◦C, and 2 g/L yeast extract) were tested in a batch operated bioreactor
for approx. 38 h.

4. Yarrowia Lipolytica as Supplement in Productive Animal Feed

Currently, the most commonly used yeast in animal feed is Saccharomyces cerevisiae [24].
Comparison of the nutrition values of Yarrowia lipolytica, Saccharomyces cerevisiae, soybean meal
and rapeseed meal shows that there are no great differences on the main nutrition parameters (Table 2).
Soybean meal presents the highest protein content with a mean value equal to 51.8% w/w DM, followed
by Yarrowia lipolytica with 43.5% w/w DM. Dry matter and ash content are comparable for the four
protein sources, with mean values ranging from 87.9% w/w (soybean meal) to 96.5% w/w (Yarrowia
lipolytica) and 7.1% w/w DM (soybean meal) to 8.0% w/w DM (Yarrowia lipolytica, Saccharomyces cerevisiae),
respectively. Concerning crude fat, soybean and rapeseed meal have higher fat contents (i.e., 2.0% and
2.7% w/w DM, respectively) than SCP. However, Yarrowia lipolytica, under specific operating conditions,
can maximize its biolipids content at concentrations higher than 20% w/w DM; in fact biolipid contents
as high as 60.1% w/w DM have been reported [52].
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Table 2. Nutrients concentration of Yarrowia lipolytica, Saccharomyces cerevisiae, soybean meal and
rapeseed meal [24,64,65].

Parameter
Y. Lipolytica S. Cerevisiae Soybean Meal Rapeseed Meal

Min Max Mean Min Max Mean Min Max Mean Min Max Mean

Crude protein
(% w/w DM) 39.0 48.0 43.5 31.1 49.0 40.1 45.2 56.1 51.8 34.8 41.9 38.3

Dry matter
(% w/w) 95.0 98.0 96.5 89.8 96.2 93.0 85.0 92.1 87.9 85.3 92.3 88.8

Crude ash
(% w/w DM) 7.8 8.3 8.0 7.4 8.6 8.0 6.1 9.4 7.1 6.6 9.1 7.8

Crude fat
(% w/w DM) 0.5 2.5 1.5 0.4 0.6 0.5 0.6 4.4 2.0 0.6 5.4 2.7

Comparative studies concerning the chemical composition and nutritive value between
Saccharomyces cerevisiae and Yarrowia lipolytica yeasts have shown that although the raw protein
content is similar in both species, Yarrowia lipolytica contains much more extract of ether (Table 2) and
polyunsaturated fatty acids [24,25], (Table 3) and more essential amino acids such as lysine [24,25].
However, differences are also observed in the levels of mineral and vitamin content [24]. The interesting
chemical composition of Yarrowia lipolytica, namely its high protein content (43.5%), essential amino
acids, crude fat (2.5%), B complex vitamins and inorganic salts, can offer an alternative to its use in
animal nutrition instead of yeast Saccharomyces cerevisiae [24,25].

Table 3. Yarrowia lipolytica’s fatty acid profile compared to Saccharomyces cerevisiae (% w/w, DM
basis) 1 [25].

Item Yarrowia Lipolytica Saccharomyces Cerevisiae

C18:1 55.69 ± 0.13 29.41 ± 0.10
C18:2 26.66 ± 0.09 8.89 ± 0.13

C18:3n–3 5.85 ± 0.17 0.38 ± 0.06
C16:0 5.71 ± 0.06 17.78 ± 0.12
C16:1 1.99 ± 0.18 31.98 ± 0.09
C18:0 1.45 ± 0.14 4.60 ± 0.11
SFAs 1 8.32 ± 0.17 28.12 ± 0.02

MUFAs 1 57.68 ± 0.26 62.49 ± 0.23
PUFAs 1 34.11 ± 0.17 9.71 ± 0.13

1 Data are mean and standard deviation of two observations per treatment per each yeast; SFAs, MUFAs, PUFAs,
saturated, monounsaturated, polyunsaturated fatty acids, respectively.

The American Food and Drug Administration, examining the safety issues of yeast Yarrowia
lipolytica, has characterized both the yeast and its various fermentation products as being generally
safe to use (GRAS) [11]. In 2010 and 2016, the European Feed Manufacturers’ Federation authorized
the Yarrowia lipolytica yeast (catalog number 00575-EN) and selenium enriched Yarrowia lipolytica yeast
(catalog number 06113-EN) to be sold in the European Union as a feedstuff. As characteristically
mentioned for Yarrowia lipolytica: “This strain converts the glycerol fraction formed during biofuel
production into a yeast biomass with beneficial nutrient properties, such as a high content of easily
digestible protein and vitamins. Thanks to these properties, biomass can be used as a high-value
feedstuff”. The list of feed materials in accordance with European Commission Regulation (EU)
2017/1017 also includes Yarrowia lipolytica yeast from biodiesel process by-products. More specifically,
the list considers Yarrowia lipolytica yeasts and their parts, grown in vegetable oils, degumming
by-product streams, and glycerol fractions, formed during the production of biofuels [66]. Since 2009,
the Polish Skotan Company SA introduced a new process for the SCP production of Yarrowia lipolytica,
grown on a mixture of crude glycerol and degumming residues from biodiesel production. The annual
production of SCP reaches 1200 tons with a protein content between 41% and 45% [67]. Recently,
the European Food and Safety Authority (EFSA) declared the Yarrowia lipolytica yeast biomass as a
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Novel Food (NF) safe for use pursuant to Regulation (EU) 2015/2283 on dietary supplements intended
for the general population over 3 years of age [21]. According to the above report, the maximum
proposed daily use levels are 3 g/day for children aged from 3 to less than 10 years of age and 6 g/day
thereafter. Moreover, EFSA Panel concludes that considering the composition of NF and the proposed
use levels, the consumption of the NF is not nutritionally disadvantageous.

The use of Yarrowia lipolytica yeast in animal feed is rather new and has not been studied extensively.
There are research evidence indicating that the protein of Yarrowia lipolytica growing on industrial
glycerol can perfectly complement the protein of wheat, barley and triticale in animal diets, upgrading
their protein nutritional value [68]. Previous research using this strain of yeast as a dietary supplement
has been carried out on turkeys [41,69,70], piglets [24,71,72], calves [73] and fish such as Atlantic
salmon [74,75], Pacific red snapper [76] and Cynoglossus semilaevis [53].

4.1. Effects of Yarrowia Lipolytica as Feed for Turkeys

The addition of dry Yarrowia lipolytica to the diets of turkey hens aged 1–16 weeks old, at the
doses of 3% and 6%, replacing an equal amount of soybean meal, reduced the percentage of abdominal
fat in their carcasses without having any adverse effect on birds’ health, as demonstrated by their
ordinary increase in body weight and with the hematological indices of blood which remained within
the reference range [70]. However, better results on birds’ body weight at week 16 of the experiment
were achieved using Yarrowia lipolytica yeast at a dose of 3%. Moreover, the application of the yeast in a
dose of 3% increased the number of red cells, while a dose of 6% increased hemoglobin levels in the
blood of the birds, denoting the positive impact of Yarrowia lipolytica on the erythropoietic process.
These findings were attributed to the high content of Yarrowia lipolytica on iron and copper, which are
components of red blood cells [70].

In a later study, Merska et al. [69] revealed that the administration of dried Yarrowia lipolytica
yeast in turkey hens’ diet at an inclusion level of 3% or 6% did not cause oxidation reactions in birds’
bodies. According to their findings, this yeast activates the enzymatic response of birds’ antioxidant
system. In particular, they observed that it increases catalase activity (CAT) and decreases plasma
concentrations of lipid peroxidation products such as hydroperoxide (LOOH) and malondialdehyde
(MDA), mostly by raising the iron blood levels.

Similar studies have shown that the incorporation of dry Yarrowia lipolytica yeast in turkey hens’
diet at 3%, but mostly at 6%, activates body’s immune defense mechanisms [41]. This activation
was demonstrated by an elevation in plasma levels of lysozyme concentration, of the percentage of
phagocytic cells (% PC), and of the phagocytic index (PI). Moreover, a reduction in the monocyte
ratio (H/L) in turkey hens’ blood, which is considered a stress indicator in birds, was also observed.
An additional positive effect of using Yarrowia lipolytica in the nutrition of turkey hens, at the
above-mentioned percentages, was the decrease in blood levels of cholesterol, triglycerides and
LDL-cholesterol fraction, which are consider indexes of lipid peroxidation, and the elevation in the
percentage of HDL-cholesterol fraction. Finally, the fluctuation of biochemical parameters within the
reference range, confirmed the findings of Merska et al. [70] on the non-adverse effect of the dietary
use of Yarrowia lipolytica on birds’ health.

4.2. Effects of Yarrowia Lipolytica as Feed for Dairy Calves

Stefanska et al. [73] investigated the nutritional impact of Yarrowia lipolytica culture supplementation
to the colostrum or the milk replacer on the ruminal fermentation, on certain blood biochemical
parameters and on the performance of Holstein-Friesian calves. Yarrowia lipolytica was added into
colostrum or calf milk replacer at a dose of 30 g/day, (15 g/feeding; 108 CFU/g) during the first 56 days
of the calves’ lives. The addition to the liquid feed of calves resulted in increased consumption of the
starter feed, increased growth rates and increased body capacity (as evaluated by measuring body
length, hip width and heart girth). Furthermore, calves that received Yarrowia lipolytica yeast culture in
their diet showed improved metabolic status and better early function of the rumen. These findings
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were indicated by higher counts of the protozoa Holotricha and Entodiniomorphida, as well as of the total
number of bacteria in reticuloruminal fluid, and by the increased serum levels of β-hydroxybutyrate
(BHBA), non-esterified fatty acids (NEFA), blood urea nitrogen (BUN) and the total calcium in the
animal’s blood, compared to controls at both days 14 and 42 of the experiment.

The exact mechanism that has led to better rumen function in calves fed Yarrowia lipolytica remains
unclear. Stefanska et al. [73] did not exclude that Yarrowia lipolytica culture may act by altering the
digestion at the intestines, which could indirectly have an effect on rumen development. In their
study, at the calves fed Yarrowia lipolytica, blood BHBA concentration was increased. Previous
reports demonstrate that serum BHBA is a good indicator for ruminal wall development and
metabolic activity [77]. Yarrowia lipolytica cultures could indirectly improve reticulorumen development,
thereby leading to increased starter feed intake and, thus, to alterations in the ruminal microbiota
population [73].

Despite that the total number of ruminal bacteria and protozoa of genus Holotricha and
Entodiniomorphida was increased in calves fed with Yarrowia lipolytica yeast, some fermentation
markers such as pH of reticuloruminal fluid, ammonia nitrogen and volatile fatty acids concentrations
remained unaffected [73]. This finding possibly indicates that Yarrowia lipolytica treated calves have
improved capacity of absorbing fermentation products in blood circulation. This hypothesis can be
supported by the increased serum concentrations of BHBA, NEFA and BUN recorded on days 14
and 42 of experimental period, in Yarrowia lipolytica treated group. Plasma BHBA concentration in
calves is considered as an indicator of ruminal fermentation and function of ruminal epithelial cells,
which convert the highest amount of butyrate produced in the rumen into BHBA [78]. Serum NEFA
concentration is an indicator of lipid mobilization from the adipose tissue and, consequently, of negative
energy in dairy cows and possibly in calves. However, the higher NEFA values observed in calves
could be also due to the consumption of a high fat content diet [79]. According to Stefanska et al. [73],
greater fat intake in animals that received Yarrowia lipolytica cultures may also be attributed to the
consumption of a diet complemented with fat-rich yeasts. The increased BUN levels in calves may
reflect an increased dietary nitrogen intake and possibly a more effective function of forestomaches [80].
Overall, the higher observed levels of blood biochemical parameters noticed in calves supplemented
with Yarrowia lipolytica yeast culture could indicate an increased metabolic status due to the increased
feed intake. Finally, serum total calcium concentration in calves receiving Yarrowia lipolytica in their
feed was higher in comparison with the control group, which was translated to some extent into
improved body development, as it was indicated by the increased length, hip width and heart girth
measurements [73].

4.3. Effects of Yarrowia Lipolytica as Feed for Piglets

Comparative studies performed by Czech et al. [24] revealed that the chemical composition and
nutritional value of Saccharomyces cerevisiae—that is currently considered the most commonly used
fodder yeast—is not superior compared to Yarrowia lipolytica. In addition, the content of crude fat in
Yarrowia lipolytica is three times the content in S. cerevisiae whereas Yarrowia lipolytica has about 30%
higher lysine and tryptophan content as well as 50% higher alanine content than S. cerevisiae yeast
(Table 4). Furthermore, Yarrowia lipolytica has a higher content of Ca, Mn, Mg, B2 and B12 and a lower
content of P, vitamin E and B1 compared to S. cerevisiae (Table 4).



Sustainability 2020, 12, 1398 14 of 23

Table 4. Amino acids (g kg−1 DM basis), minerals (g kg−1 DM basis), and vitamins (mg kg−1 DM basis)
of Yarrowia lipolytica compared to Saccharomyces cerevisiae [24].

Parameter
Yarrowia Lipolytica Saccharomyces Cerevisiae

Min. Max. MEAN Min. Max. Mean

Amino Acids

Aspartic acid 25.39 46.21 35.80 30.02 38.88 34.45
Threonine 10.22 29.98 20.10 15.85 18.77 17.31
Serine 16.68 19.68 18.18 18.44 21.26 19.85
Glutamic acid 49.81 71.56 60.68 a 45.87 53.35 49.61 b

Proline 14.70 19.62 17.16 b 20.09 28.45 24.27 a

Glycine 15.52 23.74 19.63 a 14.64 18.00 16.32b

Alanine 32.63 40.05 36.34 A 22.65 25.63 24.14 B

Valine 22.33 25.47 23.90 a 16.87 20.45 18.66 b

Isoleucine 18.67 21.07 19.87 a 12.63 17.05 14.84 b

Leucine 29.91 32.15 31.03 a 21.79 27.15 24.47 b

Tyrosine 13.52 16.42 14.97 a 11.09 14.53 12.81 b

Phenylalanine 15.44 18.98 15.44 12.49 19.05 15.77
Histidine 8.93 10.23 9.58 8.01 10.29 9.15
Lysine 27.27 38.41 32.84A 23.62 26.84 25.23 B

Arginine 12.31 23.89 18.10 b 19.05 23.29 21.17 a

Cystine 2.55 6.21 4.38 4.38 5.08 4.73
Methionine 4.73 9.69 7.21 5.99 7.71 6.85
Tryptophan 5.99 7.04 6.51 a 4.03 5.67 4.85 b

Minerals

Sodium 12.81 19.38 16.11 A 7.87 8.93 8.40 B

Potassium 19.10 25.14 22.12 a 16.41 18.27 17.34 b

Sulphur 3.53 6.21 4.87 a 3.33 4.07 3.70 b

Calcium 3.04 5.48 4.26 A 1.99 2.47 2.24 B

Phosphorus 3.40 5.28 4.34 B 8.00 12.04 10.02 A

Magnesium 1.82 2.04 1.93 a 1.30 1.66 1.48 b

Manganese (mg kg−1) 12.03 18.21 15.12 A 3.35 4.33 3.84 B

Zinc (mg kg−1) 57.97 82.57 70.47 a 55 66.86 60.93 b

Iron (mg kg−1) 76.88 143.00 109.94 98.9 103.24 101.07

Vitamins

Vitamin E 6.04 7.52 6.78 B 37.9 52.1 45.00 A

Vitamin B1 80.76 115.24 98.00 B 100.8 136.8 118.8 A

Vitamin B2 11.01 21.47 16.24 A 5.83 6.37 6.10 B

Vitamin B6 25.43 31.41 28.42 19.3 33.7 26.50
Vitamin B12 (µg kg−1) 52.80 60.00 56.40 A 3.52 5.44 4.48 B

a,b average values with different letters differ significantly at p ≤ 0.05; A,B average values with different letters differ
significantly at p ≤ 0.01.

Czech et al. [24] also evaluated the impact of a Yarrowia lipolytica-enriched diet on piglets.
In particular, the A-101 yeast strain was incorporated into 46-day-old piglets’ rations at doses of 3%
and of 6% in place of equal amounts of soybean meal. Following a 39-day-long experimental trial,
it emerged that the piglets which received 3% Yarrowia lipolytica yeast in their diets were heavier on
the 39th day of the study compared to the control group and to the group that received the yeast at a
rate of 6%. Moreover, the piglets fed Yarrowia lipolytica yeast in the amount of 3% had higher growth
rates and better feed efficiency than the control and the group receiving feed containing 6% Yarrowia
lipolytica. Finally, throughout the whole experimental period, the piglets fed the mixture with 3% of
Yarrowia lipolytica presented the lowest frequency of diarrhea. In contrast, in the group of piglets fed
the highest percentage of Yarrowia lipolytica yeast, the observed diarrhea was more frequent and lasted
longer. The reduced performance and the higher frequency of diarrhea noted in the piglets fed with
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6% Yarrowia lipolytica yeast could be attributed to an adaptation of their organism to a higher amount
of a supplement that not only contains essential nutrients but is also rich in many bioactive substances.
Furthermore, this type of reaction could result from an excess dose of the yeast that could stimulate
uncontrolled fermentation procedures in young piglets [24].

Recently, Czech et al. [72] compared the dietary effect of Yarrowia lipolytica and Saccharomyces
cerevisiae yeasts on some hematological parameters and the gut microorganisms in growing piglets
with or without the simultaneous use of probiotic additives. The 56-day-long feeding trial was carried
out on 360, 28-day-old, weaned piglets, divided into six dietary groups. Piglets from groups C (control)
and P were fed typical feed mixtures without yeast supplements, while in group P a probiotic (a
mixture of Bacillus licheniformis and Bacillus subtilis) was also included to the ration at a dose of 2 × 109

CFU/kg of feed. Piglets in group Y were fed typical feed mixtures with dried Yarrowia lipolytica yeast,
and group YP dried Yarrowia lipolytica and probiotics. Animals from groups S and SP were fed with
typical feed mixtures with dried yeast of the species S. cerevisiae, while the piglets in the SP group also
received a probiotic. The chosen dose of the yeasts (3%) was based on the outcomes of a previous
study [24].

According to the findings of the trial, Yarrowia lipolytica yeast may be used interchangeably in
weaned piglets’ diets instead of S. cerevisiae. It was also revealed that Yarrowia lipolytica does not
adversely affect the health of piglets, as the number of white cells remained within the reference range.
Moreover, Yarrowia lipolytica appears to activate the immune system as manifested by the increased
number of lymphocytes and IgG serum levels but also promotes erythropoiesis, as indicated by elevated
hematocrit, hemoglobin content and erythrocyte count in the blood of piglets fed Yarrowia lipolytica
yeast. The nutritional impact of Yarrowia lipolytica on the immune system and blood parameters of
the piglets confirms the results of similar studies carried out in turkeys [41,70]. The supplementation
of only yeast (Yarrowia lipolytica or S. cerevisiae) or probiotic alone to the piglets’ ration reduced the
total count of coliform bacteria in the intestinal contents as compared to the control. However, it was
found that the combined application of Yarrowia lipolytica or S. cerevisiae yeast with a probiotic had a
more favorable impact on the gut microflora than the use of yeast alone. It is worth mentioning, that
supplementing piglets’ diet with Yarrowia lipolytica together with a probiotic reduced the proliferation
of coliform bacteria and Escherichia coli in the enteric contents; whereas supplementation with the
mixture containing S. cerevisiae together with a probiotic did not. According to Czech et al. [72] the
positive effect of Yarrowia lipolytica on hematological parameters and the microorganisms colonizing
the intestinal truck of the piglets was found to be more beneficial than the impact of S. cerevisiae yeast.
Consequently, the above-mentioned researchers concluded that Yarrowia lipolytica, when combined
with a probiotic (a mixture of Bacillus licheniformis and Bacillus subtilis), is considerably appropriate for
feeding piglets.

In another comparative study, Czech et al. [71] investigated the impact of dietary enrichment with
Yarrowia lipolytica and S. cerevisiae yeasts with or without the simultaneous use of a probiotic on the
performance, basic nutrients digestibility and some biochemical parameters in piglets. The experimental
design of this study was the same as the previous work [72]. Throughout the experimental period,
higher weight gain was recorded in the piglets that received Yarrowia lipolytica with their feed than the
control and the group of piglets that received the S. cerevisiae yeast. This result could be attributed
to a more favorable amino acid profile (especially lysine), and the minerals in Yarrowia lipolytica
yeast, as well as to the better digestibility of nutrient components in animals of this group. The more
willing consumption from pigs of the diet containing Yarrowia lipolytica as compared to the mixture
containing the S. cerevisiae, could also explain this finding, since brewer’s yeast has a bitter taste [24].
However, the apparent fecal digestibility of nutrient coefficients of crude protein, crude fat, crude fiber
and nitrogen-free extract were not significantly different between experimental groups. Moreover,
the performance of piglets fed the dietary mixture containing yeast (Yarrowia lipolytica or S. cerevisiae)
and a probiotic was not significantly improved. On the other hand, the frequency of diarrhea recorded
when both yeast and a probiotic were added in pigs’ diets was lower. Additionally, the biochemical
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parameters analyzed in the piglets’ blood, as well as the levels of minerals, remained within the
reference range in all the treatment groups. It seems, however, that the incorporation of Yarrowia
lipolytica at the rate of 3% in growing pigs’ diets modulates their lipid metabolism, as demonstrated by
the reduced levels of total cholesterol, LDL-cholesterol fraction and triglycerides and the elevation
of HDL-cholesterol in animals’ blood serum. Several studies show that this kind of reaction by the
organism may be related to the existence of β-glucans in the yeast cell wall which may regulate
lipid metabolism [81]. It has been documented that β-glucans are capable of binding bile acids [82].
This effect of Yarrowia lipolytica on lipid metabolism is consistent with similar findings in dietary studies
carried out in turkeys [41].

4.4. Effects of Yarrowia Lipolytica as Feed for Fishes

Atlantic salmon fillets are considered a very good source of very long chain (VLc) n-3 fatty acids
that promote health. Atlantic salmon can convert 18:3 n-3 from vegetable oils to eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), but not very effectively [83]. Since Atlantic salmon
essential fatty acids needs are not exclusively covered by vegetable oils, it is necessary to add EPA
and DHA to fish diet for ensuring their optimal growth and health [84–86]. Today, marine fish oils
are the main source of n-3 highly unsaturated fatty acids (HUFAs) for salmon diets. Aquaculture
absorbs about 85% of world fish oil production, and about half of aquaculture share goes to salmon
and trout production [87,88]. The possibilities for increasing world catches of marine fish are restricted
thus, in order to preserve development in salmon farming without compromising the beneficial health
impacts of the salmon fillets, n-3 HUFAs of different origins are required.

Biomass of Yarrowia lipolytica yeast has been utilized as an alternate source of EPA in salmon
aquaculture [74,75]. In the study of Hatlen et al. [75] the dried, heat killed biomass of the genetically
modified 4305 strain of Yarrowia lipolytica yeast was served as a source of EPA in fish diet. This strain
could produce almost 20% total lipid and 6% EPA on a dry weight basis. The biomass of Yarrowia
lipolytica was incorporated into fish diets at three different levels (10%, 20% and 30%), instead of fish
meal, rapeseed oil and wheat meal. During the experimental period (95 days) the effects of Yarrowia
lipolytica yeast on Atlantic salmons’ productive traits as well as on their fillets’ composition were
evaluated. The research revealed that Yarrowia lipolytica biomass can substitute 20–30% of highly
qualified raw materials in fish feed, without negatively affecting their productivity. In particular,
the body weight of the fish fed with Yarrowia lipolytica was increased from 180 to 400 g. This increase in
fish weight was comparable to that observed in groups fed control diets with either rapeseed oil or
a mixture of rapeseed and fish oil. Incorporation levels of up to 20% yeast biomass in fish diets led
to similar growth, feed conversion ratio (FCR), protein and energy retention recorded in groups fed
control diets for fish up to approximately 400 g. However, when incorporation percentage in salmons’
feed was increased the FCR reached 30%.

Hatlen et al. [75] also found that the apparent digestibility coefficient for energy, proteins and
lipids (including n-3 fatty acids) decreased as the amount of Yarrowia lipolytica biomass added in the fish
diet increased. The cells of Yarrowia lipolytica used in the study were mechanically disrupted. However,
the decreased apparent digestibility for protein and fat indicates the need for further investigation in
order to find ways to optimize the extent of yeast cell disruption. Former studies have demonstrated
that even if the cell wall is disrupted, cell components, such as non-starch polysaccharides, may interact
with digestion procedures leading in decreased nutrient digestibility [89]. The reduction in energy
digestibility in diets supplemented with yeast biomass was to some extent the result of reduced
protein and fat digestibility, even though the yeast itself has a considerable amount of indigestible
carbohydrates that partially replaced wheat starch in the diets used in their study, thus contributing in
decreased energy digestibility [75].

Regarding the composition of salmon fillet in fatty acids, the trial of Hatlen et al. [75] revealed that
the ratio of EPA/DHA in the fillets of fish fed the yeast supplemented diets was higher compared to that
recorded at the salmon fillets of the fish oil control group. On the other hand, the lower whole-body
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retention of EPA, and the highest retention of DPA (docosapentaenoic acid) and DHA, in comparison
to the average fatty acid retention, indicates that the EPA provided by the yeast was converted to a
certain degree into DPA and DHA in fish body. An important factor to be considered in the utilization
of yeast Yarrowia lipolytica is the bioavailability of fat and EPA, which are produced intracellularly
and are therefore protected from degradation enzymes in the fish intestines unless the cell wall of the
yeast is entirely disrupted. Based on the outcomes on the apparent digestibility coefficient as well
as on the apparent nutrient retention data, it was concluded that the yeast cell was not completely
bioavailable [75]. Therefore, for commercial use, the issue of total cell disruption should be seriously
considered and cost-effectively resolved to maximize benefit of the yeast biomass.

Berge et al. [74] used a strain of Yarrowia lipolytica yeast that was genetically modified to generate
high levels of EPA as dietary component of Atlantic salmon. The purpose of the study was to investigate
the effect of yeast cell washing and the disruption on growth, bioavailability and the fillet fatty acid
composition of Atlantic salmon growing from 0.5 to 1 kg. During the 112-day feeding experiment,
four dietary treatments containing 200g kg−1 yeast were formulated according to the yeast cell
wall process (washing, cell disruption) as follows: (Unwashed/Not disrupted, Unwashed/Disrupted,
Washed/Undisrupted, Washed/Disrupted) and were compared to a fishmeal-based control diet. Final
body weights and final growth rates did not differ between the experimental treatments. Apparent
lipid digestibility was strongly influenced by disruption of yeast biomass. Disruption of yeast cell wall
increased the apparent digestibility of EPA from 32% to 76% in Washed biomass, and from 26% to
76% in Unwashed biomass. The total amount of n-3 fatty acids deposited in the entire body of salmon
fed the control diet was comparable to that recorded in fish fed diets supplemented with Disrupted
yeast biomass. In contrast, fillet composition in n-3 fatty acids of fish fed Undisrupted biomass was
significantly lower. It was also revealed that removing the leftover medium components by washing
had no apparent impact on the utilization of EPA. According to Berge et al. [74], the conversion of EPA
to DHA in fish bodies was evidenced by the deposition ratio Rd < 1 for EPA and Rd > 1 for DHA.

In an in vitro study, Alamillo et al. [76] examined the possible use of Yarrowia lipolytica strain N-6
isolated from a hypersaline natural environment as immunostimulant of the non-specific immune
reaction of head-kidney and spleen Pacific red snapper (Lutjanus peru) leukocytes after challenge with
Vibrio parahaemolyticus. It was documented that the presence of Yarrowia lipolytica yeast significantly
decreased the V. parahaemolyticus load in spleen leukocytes. In vitro trials using head-kidney and
spleen leukocytes revealed that the reaction to the V. parahaemolyticus infection showed that leukocyte
pre-incubated with the Yarrowia lipolytica N-6 strain resulted in a significant increase in non-specific
reactions of the immune system, such as respiratory burst, phagocytic activity, nitric oxide production
(NO) and myeloperoxidase activity (MPO) and simultaneously suspended the leukocyte apoptosis
caused by V. parahaemolyticus. Similarly, superoxide dismutase (SOD) activity in both the head-kidney
and spleen leukocytes, and catalase (CAT) activity in the spleen leukocytes were increased by the
yeast. Furthermore, the incubation of leukocytes with yeast Yarrowia lipolytica N-6 also regulated the
transcription of genes associated with immunity (IL-1β) or oxidative stress (MnSOD, icCu/ZnSOD
or CAT) in leukocytes. According to Alamillo et al. [76], these results reinforce the view that the
isolated strain of yeast Yarrowia lipolytica N-6 can activate the non-specific immune parameters and the
antioxidant immune mechanism in head-kidney and spleen Pacific red snapper leukocytes and could
therefore be applied as possible immunostimulant.

In vivo oral feeding tests were also conducted in the marine fish Cynoglossus semilaevis in order
to investigate the use of the SCP of Yarrowia lipolytica biomass grown on crude glycerol, as feed
additive [53]. In those trials, diets containing various dosages of SCP of Yarrowia lipolytica ranging
from 0.5–3% were fed to fishes of 46–56 g body weight for 32 days and their growth was recorded. The
findings of these experiments indicate that the supplementation of fish diet with the proper amount of
SCP improves fish growth, as well as the specific growth rate (SGR). It was shown that incorporation
rates of SCP higher than 2% have no further positive impact. However, inclusion of SCP in fish diet at
doses less than 2% is considered inadequate, while doses higher than 2% sufficiently promote growth
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performance. The later beneficial impact is linked to a variety of functional ingredients (crude proteins,
nuclei acids, lipids, carbohydrates, vitamins, mineral elements etc.) found in SCP. Based on those
results Yan et al. [53] concluded that the SCP of Yarrowia lipolytica biomass is an excellent additive for
fish feeding.

5. Conclusions

Yarrowia lipolytica is an oleaginous, non-pathogenic yeast, which shows significant potential to be
employed as SCP in animal feed. Apart from its high protein content, which may reach up to 60% w/w
of its dry weight, it can store intracellular biolipids that further increase its nutritional value. Given
that the main production cost of SCP is the substrate cost, the use of low- or no-cost AWCBs for the
growth of Yarrowia lipolytica can improve both the economic as well as the environmental sustainability
of the production process. Only a handful of studies have assessed the environmental sustainability
of yeast-based SCP production and have denoted the significant reduction in the environmental
footprint of animal feeds, supplemented with SCP of yeast origin, compared to the base-case scenario
of soybean meal. Therefore, locally produced SCP, grown on locally available AWCBs, arises as a more
environmentally sustainable process, than the import of soybean meal for animal protein-deficient
areas/countries. Although the complete substitution of plant-derived proteins for animal feeds does
not seem to be a realistic scenario (at least in the near future) for economic and technological issues, the
partial substitution of plant-derived proteins from Yarrowia lipolytica (as well as other SCPs) grown on
AWCBs would be an excellent paradigm in the context of circular economy.

The addition of Yarrowia lipolytica in animal feed ratios may be further developed given that the
available scientific data denote that Yarrowia lipolytica biomass has a high nutritional value, comparable
to and to some points superior to that of Saccharomyces cerevisiae (e.g., brewer’s yeast). It provides
animals with precious minerals, vitamins, high quality proteins, especially EAA, and is a source of
polyunsaturated fatty acids. Under the current legal regime in EU, Yarrowia lipolytica strain grown in
raw glycerol (the main by-product stream of biodiesel industry), is considered safe for use in animal
feed. Moreover, to date, studies have shown that the inclusion of Yarrowia lipolytica in the diet of
productive animals has a positive effect on their health and performance. In summary, it seems to:
(a) increase body weight gain, (b) improve the feed conversion ratio, (c) positively influence intestinal
microflora, (d) stimulate antioxidant mechanisms and the immune system, e) promote erythropoietic
processes and (f) increase the metabolic status of animals. Based on these properties, Yarrowia lipolytica
biomass is considered an animal feed supplement of high nutritional value substituting part of the
currently used vegetable protein.

Concerning technical aspects, the growth of Yarrowia lipolytica on various hydrophobic and
hydrophilic AWCB substrates has been well-documented in numerous studies. Yarrowia lipolytica is a
versatile microorganism that can naturally metabolize many different substrates, whereas it can be
genetically engineered to expand the range of usable carbon sources. Moreover, it can grow under
acidic pH, thus greatly reducing the risk of contamination under ambient temperature conditions, and
it can tolerate high salt concentrations and the existence of anti-microbial (e.g., polyphenols) substances
in the substrate medium. Unfortunately, most of the reports are lab-scale trials in small bioreactors,
operated under batch and fed-batch conditions, with only one reported case of commercial production
of Yarrowia lipolytica SCP grown on raw glycerol. Therefore, there is a need to scale-up laboratory
results to semi-industrial and industrial scales through the technological advancement of laboratory
practices and protocols. This scale-up process would also provide further data that would facilitate a
detailed assessment of the economic, environmental and social sustainability of the commercialization
of Yarrowia lipolytica production for animal feed properties.

The commercialization of the use of Yarrowia lipolytica in animal feeds can be also facilitated
through further research on its effect on animal’s health, productivity, and welfare. While much
attention has been placed on the safety of Yarrowia lipolytica additions in animal feed, more research
can be done on feeding Yarrowia lipolytica to different species of productive animals (e.g., broilers), and
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to different age groups, with emphasis on the optimum incorporation level of the yeast in animals’
diets to ameliorate animal productivity without compromising their health. Moreover, little has been
done on exploring the best ways of supplementing this yeast into the ratio of productive animals so
that it can fully meet their needs, and on finding economical ways to optimize the yeast cell disruption
to increase the bioavailability of fat and EAA which are produced intracellularly. The duration of the
experimental trials is another issue that should be closely looked upon when aiming to assess the
long-term dietary effect on animals’ performance and health status. Finally, it would be of great interest
to shed light on the possible mechanisms by which Yarrowia lipolytica influences the gut microflora,
stimulates antioxidants and the immune system, promotes erythropoietic processes and increases
animals’ metabolic status when added to their diet. The experience and knowledge gained through
such studies would increase the general confidence in the positive effect of Yarrowia lipolytica on animal
health, productivity, and welfare, and would increase its acceptance by animal farmers.
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