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ABSTRACT

Daily, huge quantities of waste cooking oils (WCO) are produced worldwide. These residues
rich in lipids can be used as substrate in several biotechnological processes, such as those based in
Yarrowia ljpolytica cultures. This yeast species has the special ability to degrade lipid-rich substrates
while producing value-added metabolites, such as lipase and microbial lipids of interesting TAGs
composition. The effective use of WCO by Y. /ipol/tica depends on the WCO concentration, the
presence of surfactants and pH, among other parameters, thus its optimization is crucial for the
development of an industrial process of WCO valorization.

Initially, it was intended to study the effect of medium composition (pH, WCO concentration
and arabic gum concentration) on lipase and microbial lipids production in experiments carried out
in Erlenmeyer flasks using an experimental design based on Taguchi method. The initial pH value of
the production medium was the most influential parameter on production of lipase and microbial
lipids. The increase of pH value from 5.6 to 7.2 improved lipase production by Y. /ipolytica, since
lipase activity was 4-fold higher at pH value of 7.2. By contrast, highest microbial lipids accumulation
was attained in the experiments performed at pH 5.6. The remaining parameters did not show any
influence on lipase production; however, it was observed that gum arabic concentration was an
important parameter for the production of microbial lipids by Y. /ipolytica W29. The interaction
between the parameters WCO concentration and arabic gum concentration was the interaction with
most influence on both production of lipase and microbial lipids by yeast. Taguchi also established
optimum conditions for the production of lipase and microbial lipids (pH 7.2, WCO 10 g-L* and pH
5.6, WCO 30 g-L™* and arabic gum 5 g-L* for lipase and microbial lipids production, respectively). In
both cases, the experimental results obtained in the optimum conditions were identical to the
expected values.

The influence of oxygen mass transfer on lipase and microbial lipids production by Y. /jpolytica
W29 was also studied. Increasing 4 a from 9 h” to 93 h™ improved cell growth as well as protease
production. By contrast, values of 4a above 16 h' led to a decrease in lipase production. The
accumulation of microbial lipids by yeast was also favored at lower Aa values. The fatty acids
composition of microbial lipids accumulated by Y. /jpol/tica cells was mainly linoleic (=60 %) and
oleic (=30 %) acids, demonstrating the potential of these lipids to be used as food supplements.

Keywords: Waste cooking oils, Yarrowia lipolytica, lipase, microbial lipids, biorefinery approach.
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RESUMO

Diariamente, sdo produzidas grandes quantidades de oleos alimentares usados (OAU) em todo
mundo. Estes residuos, ricos em lipidos, podem ser utilizados como substrato em varios processos
biotecnologicos e a levedura Yarrowia ljpolytica é capaz de degradar compostos ricos em lipidos enquanto
produz metabolitos de valor acrescentado, como lipase e lipidos microbianos. A concentracdo da fonte
de carbono, a presenca de surfactantes bem como o pH do meio sdo parametros que podem influenciar
producéo de lipase e lipidos microbianos por Y. /ipol/tica. A otimizacao destes parametros € essencial
para uma maxima producao de lipase e lipidos microbianos.

Inicialmente, foi aplicado um desenho experimental baseado no método de Taguchi e estudou-se o
efeito dos parametros pH, concentracdo de WCO e de goma arabica na producdo de lipase e lipidos
microbianos por Y. /jpolytica em experiéncias realizadas em frascos de Erlenmeyer. O valor de pH inicial
do meio de producao foi o parametro com maior influéncia na producao de lipase e lipidos microbianos.
O aumento do pH favoreceu a producao de lipase, uma vez que 4 vezes mais atividade lipolitica foi
observada a pH 7.2. Pelo contrario, uma maior acumulacéo de lipidos foi conseguida nos meios de
producdo a pH 5.6. Os restantes parametros ndo demonstraram qualquer influéncia na producdo de
lipase; contudo, observou-se que a concentracdo de goma arabica foi um parametro importante para a
producdo de lipidos microbianos por Y. /jpoly/tica W29. A interacao entre os parametros concentracao de
OAU e concentracdo de goma arabica foi a interacdo com maior influéncia na producao de lipase e
lipidos microbianos. Taguchi também estabeleceu as condicdes o6timas para a producao de lipase e
lipidos microbianos (pH 7.2, 10 g-L* de OAU e pH 5.6, 30 g-L"! de OAU e 5 g-L* de goma arabica para
a producdo de lipase e lipidos microbianos, respetivamente). Em ambos os casos, os resultados
experimentais obtidos nas condicdes 6timas foram idénticos aos valores esperados.

A influéncia da transferéncia de oxigénio na producao de lipase e lipidos microbianos em culturas
descontinuas de Y. /jpolytica W29 foi também estudada. O aumento do Aade 9 h™ até 93 h™ favoreceu
o crescimento celular bem como a producao de protease. Por outro lado, valores de 4 aacima de 16 h
! levaram a um decréscimo na producao de lipase. A acumulacao de lipidos microbianos pela levedura
foi também favorecida a valores A a mais baixos. A composicdo, em acidos gordos, dos lipidos
microbianos acumulados pela levedura era, maioritariamente, acido linoleico (=60 %) e acido oleico (=30
%), demonstrando o potencial destes lipidos para serem utilizados como suplementos alimentares.

Palavras-chave: 6leos alimentares usados, Yarrowia lipolytica, lipase, lipidos microbianos, biorefinaria.
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1 LITERATURE REVIEW

Waste cooking oils (WCO) are lipid-rich residues produced in great quantities worldwide. The
design of strategies involving microorganisms to simultaneously degrade these wastes and obtain
high added-value products become an interesting approach, since the huge abundance and low cost
of WCO ensures the economic viability of the bioprocesses while prevents major environmental
problems.

Yarrowia lipolytica is capable to produce lipase and microbial lipids using WCO and that can

be an interesting and alternative approach for valorization of WCO.

In this Chapter, the microbial valorization of waste cooking oil is addressed describing state-of
-the art on this topic. The utilization of hydrophobic substrates by Y. /jpolytica is also discussed.
Moreover, a brief overview on lipase and microbial lipids production by Y. /ipolytica from WCO is

presented.

The main objectives of this work are also highlighted.







1.1 Waste cooking oils (WCO)

Waste cooking oils are generated from vegetable oils (coconut, sunflower, soybean, palm
tree, cottonseed, rapeseed and olive) used at high temperature for food frying (Azécar et al., 2010;
Tsoutsos et al, 2016). During the frying process, vegetable oils undergo many physical and
chemical modifications and several toxic compounds are formed through several thermolytic,
hydrolysis and oxidation reactions. Generally, vegetable oils are used at temperatures between 160
°C and 200 °C for long periods of time. During food frying, due to the low levels of oxygen, the
hydrolysis of saturated fatty acids originates some by-products such as alkanes, symmetric
ketones, propene and propane diesters and diacylglycerols. Acrolein, CO and CO, also result from
non-oxidative decomposition of saturated fatty acids. In other hand, unsaturated fatty acids
originate mostly dimeric compounds, such as dehydrodimers and polycyclic compounds (Nawar,
1984). Furthermore, these fatty acids could react with oxygen molecules through free radical
mechanisms, generating hydroperoxides as the primary products. The scission of 0-O bond of
hydroperoxides results in alkoxy radicals, which further produces some chemicals such as
aldehydes, hydrocarbons, semi-aldehydes and acids. These chemicals, resulting from cleavage of
the alkoxy radicals, are carcinogenic (Kulkarni & Dalai, 2006).The molecules of water in the food
is also a problem, since these molecules can enter into the oil and cause the hydrolysis of
triglycerides into free fatty acids (FFA), glycerol, monoglycerides and diglycerides (Nawar, 1984;
Mittelbach & Enzelsberger, 1999; Hanisah et a/., 2013).

Although WCO have carcinogenic compounds, oil-frying method is increasingly popular due
to the good taste that this method confers to food. As vegetable oils on food frying method should
not be used for a long period, an accumulation of WCO is inevitable (Hanisah et a/, 2013),
especially in developed countries (Chhetri ef a/., 2008). Itis estimated that approximately 29 million
tons of WCO are generated per year worldwide (Maddikeri ef a/, 2012) and 700 thousand ton to
1 million tons are produced in European Union (Hanisah ef a/, 2013). In 2015, the production of
WCO in Portugal was approximately 77 thousand tons, from which about 25 % were generated in
the domestic sector, 69 % in the hotel and catering sector and a small fraction (6 %) was from the

food industry sector. It is expected that approximately 58 thousand ton of WCO can be recovered,
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but only 23 thousand ton of WCO were sent for recycling or valorization, which means that 35
thousand ton of WCO were wasted and released through public sewerage system'.

In wastewater treatment plants, these oily wastes are considered another residue which
should be removed, increasing the water treatment costs®. Moreover, these wastes rich in lipids
can hinder the sewage treatment at wastewater treatment plants owing to: (i) foam formation due
to the accumulation of non-degraded fatty acids, (ii) adsorption of lipids and long chain fatty acids
(LCFA) onto the hiomass, causing sludge flotation and mass transfer problems and (iii) inhibition
of anaerobic microbial communities due to an increase of LCFA (Hanaki ef a/, 1981; Angelidaki &
Ahring, 1992; Alves et al., 2009; Appels et al, 2011). In order to avoid the illegal practice of
discharge WCO through public sewerage system, many developed countries have set policies that
penalize this action. In Portugal, Decree-Law No. 267/2009 establishes the legal regime of waste
cooking oils management produced by the industrial, hotel and catering and domestic sectors. This
directive created a set of rules aimed to the implementation of selective collection circuits, its
proper transport, treatment and recovery by properly licensed operators for this purpose. Moreover,
the industries identified as generating WCO are obligated to report information about the WCO
management to Portuguese Environment Agency (APA)®.

Traditionally, WCO have been used as additives in domestic animals feedstock or in the
production of soaps (Dominguez et a/, 2010). However, to avoid the transfer of carcinogenic
compounds to humans through food chain, in the European Union is strictly prohibited the recycling
of WCO for animal feed since 2002 (Lam et a/., 2016). WCO are as well an inexpensive raw material
used for biodiesel production, once WCO have a fatty acid composition similar to that of pure
vegetable oils: oleic, palmitic, linoleic, stearic and palmitoleic acids (Leung & Guo, 2006;
Papanikolaou ef a/., 2011). WCO, which price in 2016 was around 0.65 €/L are less expensive
than pure vegetable oils, which price was approximately 0.73 €/L. WCO used as raw material for
biodiesel production replacing pure vegetable oils, enhances the economic viability of biodiesel
production (raw material represents 70 % - 95 % of the overall cost of biodiesel production) (Fischer

& Connemann, 1998). However, the conditions used in frying methods, as well the fried material

! Portuguese environment agency, https://www.apambiente.pt/_zdata/Politicas/Residuos/ FluxosEspecificos

Residuos/OAU/relatorio_Gesto%200AU%202015.pdf, accessed in October 2017.

2 Portuguese site of wastes management, http://www.reciclimpa.pt/index-2.html, accessed in May 2017.
Portuguese environment agency, https://www.apambiente.pt/index.php?ref=16&subref=84&sub2ref=197&sub3
ref=282, accessed in October 2017.
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(vegetables, meat, fish), cause physical and chemical changes that affects the biodiesel production:
(a) the high content of FFA and water may difficult the separation of esters from glycerol and form
soap, affecting the final biodiesel conversion efficiency; (b) the presence of dimeric and polymeric
acids and glycerides in WCO, which increase its viscosity, will also affect negatively the alkaline-
catalyzed transesterification reaction (method normally adopted for biodiesel production); (c) low
values of molecular mass and iodine value and high values of density and saponification are also
some of the difficulties that must be overcome to produce biodiesel from WCO (Enweremadu &
Mbarawa, 2009; Ho et a/., 2014). Furthermore, an increase of foam formation and modifications
in the surface tension and color of the vegetable oils after frying process also interfere in the

biodiesel conversion (Cvengros & CvengroSova, 2004).

1.2 Microbial valorization of WCO

The use of WCO for biodiesel production can be a promising alternative for its efficient
reutilization. However, as stated before, all chemical and physical changes that occur during the
frying method affects biodiesel final yield and increase the processing costs of biodiesel, which
makes the product costly. Furthermore, though great quantities of WCO are generated per year,
this amount is not enough to produce all biodiesel needed to satisfy the requests of all countries
in the world. Thus, the recycling of WCO through alternative cost-efficient processes in order to
obtain added-value products should be studied.

The design of strategies involving microorganisms to simultaneously degrade hydrophobic
substrates (such as oily wastes) and obtain high added-value products have been developed and
can become an interesting approach, since the huge abundance and low cost of WCO are attractive
for ensuring the economic viability of the bioprocesses as well as preventing major environmental
problems. A large number of microorganisms, such as yeasts, fungi and bacteria, have been
studied for that purpose, since they can use WCO as carbon source and convert that substrate into

added-value products (Table 1.1).
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Table 1.1 Added-value products obtained by microbial conversion of waste cooking oils.

Added-value . . Mode of Initial WCO
Microorganism . . Reference
product operation concentration
Blakeslea trispora
Batch N Nanou & Roukas
Carotene ATCC 14271 and 50 g-L
(flasks) (2016)
ATCC 14272
Citric acid Y. lipolytica SWJ-1b Batch 80 g-L! Liu et al. (2015)
Erythritol Y. lipolytica M53 Batch 30 g-L? Liu et al. (2017)
Aspergifllus niger Batch 15 ool d Papanikolaou et a.
NRRL 363 (flasks) & (2011)
Bacillus cereus Batch Without
. . Awad et a/. (2015)
ASSCRC-P1 (flaks) information
Lipase Pseudomonas s, Batch
P P 20 gL Haba et a/, (2000)
3AT (flasks)
Y. lipolytica CECT Dominguez et al.
Ipob Batch 30 gL neuez
1240 (2010)
Y. ljpolytica M53 Batch 30 gL? Liu et al. (2017)
Aspergillus niger sp. Batch 15 gl Papanikolaou et a/.
ATHUM 3482 (flasks) & (2011)
Microbial lipids
Yarrowia lipolytica Batch 5gl? El Bialy et a/. (2011)
Yarrowia ljpolytica Batch 1
100 g-L Katre et al. (2012)
NCIM 3589 (flasks)
Cupriavidus necator Batch 20 gL Verlinden et al.
H16 (flasks) & (2011)
Polyhydroxyalkanoates  Cupriavidus necator 1
Batch 20 g-L Cruz et al. (2016)
(PHAs) DSM 28
Pseudomonas Batch 1
) 2 gL Costa et al. (2009)
aeruginosa 7a (flasks)
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Table 1.1 Added-value products obtained by microbial conversion of waste cooking oils (continuation).

Added-value Mode of Initial WCO

Microorganism ] ] Reference
product operation concentration
Pseudomonas
, Batch ;
aeruginosa 4772 40 g-L Haba et a/. (2000)
(flasks)
NCIB 40044
Rhamnolipids
Pseudomonas
) Batch ; Wadekar et al.
aeruginosa ATCC 25 gL
(flasks) (2012)
10145
Mutant of Ashbya Batch
Riboflavin gossypif ATCC (fasks) 40 g-L! Wei et al. (2013)
1089532

Concerning the valorization of WCO by bacteria species, several strains of Pseudomonas
sp. have been described as having the ability to utilize WCO oils to produce metabolites of interest.
Haba et a/ (2000) concluded that waste cooking oils are suitable for rhamnolipids (bacterial
surfactants) production by Pseudomonas aeruginosa 4772 NCIB. Costa ef a/. (2009) also studied
different strains of P. aeruginosa for the production of rhamnolipids and polyhydroxyalkanoates
(PHA's) and concluded that, among the substrates studied (glycerol, cassava wastewater and
WCO), WCO was the best substrate for the production of both metabolites. Wadekar et a/. 2012
also studied the production of rhamnolipids by P. aeruginosa ATCC 10145 and observed that waste
cooking oil was more suitable for rhamnolipids production than other waste substrates like sweet
water and waste glycerol. It was reported that Cupriavidus necator DSM 428 is capable of use WCO
as sole carbon source to produce polyhydroxyalkanoates. The successfully production of lipase
from WCO by bacterial species, such as Pseudomonas sp 3AT, P. aeruginosa ATCC 111 and
Bacillus cereus ASSCRC-P1 was already reported (Haba ef a/., 2000; Awad et a/., 2015).

In the literature, there are some researches about the use of WCO as carbon source by
fungi and yeasts strains to achieve high added-value products. Some strains of Aspergillus sp.
cultivated in WCO accumulated up to 64 % (w/w) of dry fungal mass as intracellular lipids
(Papanikolaou et a/,, 2011). Other important metabolites, such as lipase, riboflavin and carotenes
were successfully produced from WCO by A. njger NRRL 363, Ashbya gossypii and Blakeslea
trispora, respectively (Papanikolaou et al,, 2011; Wei et a/., 2013; Nanou & Roukas, 2016). Among
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yeast species, Y. /ipolyticais one of the most studied yeasts for utilization of WCO as carbon source,
due its special ability to degrade WCO while produces several added-value products. Katre et a/.
(2012) and El Bialy et a. (2011) reported that Y. /ipoltica, growing in a WCO based-medium,
accumulated great amount of microbial lipids with high content of essential fatty acids known as
polyunsaturated fatty acids (PUFA). Dominguez et a/. (2010) studied the biodegradation of WCO
by Y. lipolytica CECT 1240 and concluded that the addition of WCO to medium led to a significant
increase in extracellular lipase production, compared to oil-free cultures. It was also reported that
Y. lipolytica SWJ-1b is capable to produce citric acid and accumulate intracellular lipids from WCO

as carbon source (Liu ef al,, 2015).

1.3 The non-conventional yeast Yarrowia lipolytica

Y. lipolytica is a non-conventional and strictly aerobic yeast that can be found in
environments containing hydrophobic substrates, such as rralkanes and lipids (Spencer et a/.,
2002) or marine and hypersaline environments (Katre ef a/, 2012). This microorganism can also
be isolated from lipid containing food, such as dairy products (Corbo ef a/, 2001; Vasdinyei &
Dedk, 2003) and cheeses (Roostita & Fleet, 1996; Suzzi et a/, 2001).

Firstly, this yeast was denominated Candida /jpol/tica and was included in the
deuteromycetous group. Over the years, it was reclassified and renamed as Endomycopsis
lipolytica, Saccharomycopsis ljpolytica and, finally, Yarrowia ljpolytica (Yarrow, 1972; van der Walt
& von Arx, 1980). The species name, “/jpolytica’, refers to the ability of this yeast to degrade lipidic
substrates. Now, Y. /lipol/tica is considered a eukaryotic organism (Fungi kingdom), a
hemiascomycetous dimorphic fungus that belongs to the class of Ascomycetes, subclass
Hemiascomycetes and order Saccharomycetales (Kurtzman et al., 2011).

Y. lipolyticais one of the most widely studied organisms from the group “non-conventional”
yeasts. This term is used to differentiate this group from yeasts more commonly used as study
models, called “conventional yeasts”, such as Saccharomyces cerevisiae and
Schizosaccharomyces pormbe (Barth & Gaillardin, 1997). Since its maximum growth temperature
is below 34 °C, this yeast is not considered pathogenic and the processes based in this

microorganism are classified as “generally recognized as safe” (GRAS) by American Food and Drug
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Administration (Spencer et al., 2002; Coelho et al., 2010). Furthermore, the inability of V. /jpol/tica
to grow under anaerobic conditions allows its effortless elimination from dairy products, in contrast
to Aluyveromyces marxianus, for example (McKay, 1992).

Y. lipolytica has been considered an adequate model for dimorphism studies, since it is easy
to distinguish between two morphological forms, oval yeast and pseudo-hyphae (van der Walt &
von Arx, 1980) (Figure 1.1). Ruiz-Herrera & Sentandreu (2002) reported that various environmental
factors such as pH, carbon and nitrogen sources affect the formation of mycelium in different V.
lipolytica strains. The authors also observed that mycelium formation was maximal at pH near
neutrality and decreased as pH was lowered and become almost null at pH 3 for Y. /jpolytica W29
and Y. /jpolytica Pola. Several authors reported that morphology transition of Y. /jpol/tica to a true
mycelium occurs when hydrophobic substrates, such as tallow, crude oils and palm-oil mill effluent,
was used as carbon source (Oswal et a/., 2002; Papanikolaou et al., 2007; Zinjarde et al., 2008).
By contrast, Bellou ef a/. (2014) and Papanikolaou ef al. (2009) verified that Y. /ipolytica strains
growing at low dissolved oxygen concentration, the mycelial or pseudo-mycelial forms
predominated, independently of the carbon and nitrogen sources used. Anaerobic stress also
affects dimorphism in Y. /jpolytica and semi-anoxic conditions induce the formation of extremely

long hyphae (Ruiz-Herrera & Sentandreu, 2002).
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Figure 1.1 Two distinct morphological forms of Y. /jpolytica growth as (a) pseudo-hyphae and as
(b) oval cells (Bellou et a/., 2014).
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Y. lipolytica has the ability to assimilate a wide range of carbon sources. This yeast can
degrade hexoses, such as glucose (Papanikolaou et al., 2006; Moeller ef a/., 2007; Papanikolaou
et al., 2009) and fructose (Lazar et al, 2014). However, the cellular membrane of Y. /ipoltica is
almost impermeable to sucrose, since the yeast does not have the sucrose-cleaving enzyme
invertase (Pereira-Meirelles et al., 1997). Y. lipolytica is also capable to use organic acids such as
acetic, lactic, propionic, malic, succinic and citric acids as sole carbon and energy sources
(Rodrigues & Pais, 2000; Fontanille ef a/., 2012; Kolouchova et a/., 2015). Currently, there is a
great interest in the ability of V. /ipolytica to degrade efficiently hydrophobic substrates such as
mixtures rich in saturated free fatty acids (Papanikolaou ef a/., 2002; Papanikolaou & Aggelis,
2003; Papanikolaou et a/., 2007) and rralkanes (Fukuda, 2013), and residues such as olive mill
wastewater (Lopes et al., 2009; Wu et al., 2009; Sarris et al., 2011; Moftah et al,, 2013) and waste
cooking oils (Dominguez et al, 2010; Liu et al, 2017). Some authors reported that Y. /jpolytica
also can grow in pure glycerol (Papanikolaou & Aggelis, 2002; Papanikolaou ef a/, 2002;
Tomaszewska et al, 2012) and crude glycerol (Papanikolaou & Aggelis, 2009; Dobrowolski ef a/.,
2016), while it produces several added-value products such as lipase, citric acid, erythritol,

mannitol and accumulates intracellular lipids.

1.3.1 Hydrophobic-substrates metabolism in Y. /lipolytica

Y. lipolytica growth on hydrophobic substrates requires the contact between the hydrophobic
substrate and the cell surface. Two mechanisms have been formulated to explain this process: (i)
surfactant-mediated transport, in which substrates can be solubilized or pseudo-solubilized by
biosurfactants produced by Y. /ipoltica during growth on hydrophobic substrates (Cirigliano &
Carman, 1984; Zinjarde & Pant, 2002); or (ii) direct interfacial transport, in which droplets of
substrate can adhere directly to the cell wall (Gutierrez & Erickson, 1977) through several
mechanisms such as electrostatic, hydrophobic, Lewis (acid and base) and van der Waals
interactions (Rosenberg, 1991; Bellon-Fontaine ef a/,, 1996).

The assimilation of hydrophobic substrates (HS), such as triglycerides, fatty acids and r+

alkanes, is a complex metabolism which involves several metabolic pathways that occur in different
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subcellular components, such as endoplasmic reticulum (ER), peroxisomes and mitochondria
(Fickers et al., 2005).

When the HS enter into the cell, several metabolic pathways are involved in their
degradation such as monoterminal alkane oxidation, [3-oxidation and the interaction between the
glyoxylate and the citrate cycles. HS degradation is then finalized trough the B-oxidation pathway
in the peroxisomes (Fickers et al., 2005). To assimilate HS from the medium, Y. /ipolytica can
produce biosurfactants that reduce the size of the HS droplets, facilitating the surface-mediated
transport. When Y. /ipolytica utilizes triglycerides as carbon source, the first step of their catabolism
involves the hydrolysis into free fatty acids (FFA) and glycerol by the extracellular enzyme lipase.
When FFA are in the cell their degradation is finalized through the B-oxidation pathway in the
peroxisomes. However, when HS are in excess, substrates are stored in lipid bodies in the form of
triglyceride (TAG) and steryl esters (SE). After hydrolysis, lipids accumulated intracellularly could
be then mobilized by intracellular lipases, encoded by the 7GL genes, to the peroxisome to carry
out the B-oxidation. Alternatively, /+alkanes can be attached to protrusions formed on the yeast
surface and then migrate to the ER via plasma membrane, by direct interfacial transport (Beopoulos

et al., 2009). A simplified scheme of the HS catabolism is depicted in Figure 1.2.

29



HS

liposan
Alkanes, FA c%@ . TAG
1a ) lipases 1b
alkanes 2
FA .
4 R protrusions

abc 3

ER /“

y
FA
_-.__““\__\_‘:_: .
TAG synthesis

-oxidati
w-oxidation 6

cell membrane

B-oxidation LB
> v
TAG mobilization
7

Figure 1.2 Schematic representation of the of hydrophobic substrates (HS) assimilation by Y. /ipol/tica.
(1b, 1a) HS droplets diameters is reduced by secreted liposan (biosurfactant); (1b) Extracellular lipase
cleave TAGs and originate fatty acids (FAs); (2) FAs droplets bind onto the protrusions on the cell surface;
(3) n-Alkanes enter into the cell via transport mechanisms (as ABC transporters); (4) w-Oxidation of n-
alkanes in the ER by the P450 monooxygenase systems; (5) Fatty acids are degraded by p-oxidation or (6)
storage into lipid bodies as TAGs; (7) Mobilization of TAGs after hydrolysis by intracellular lipases. Circle

sizes represent schematically the size of HS droplets (Beopoulos ef a/., 2009).

1.4 Metabolites produced by Y. /ipolytica

Y. lipolytica is a microorganism with multiple biotechnological applications. This yeast has high
potential for the production of organic acids, not only citric acid (Kamzolova et a/, 2003; Sarris et
al, 2011), but also isocitric, a-ketoglutaric, succinic and acetic acids (Finogenova et a/., 2002;
Kamzolova et al., 2009; Papanikolaou et a/,, 2009; Holz et al., 2011). Y. /ipolytica has also been
used for the production of mannitol and erythritol, organic compounds used commonly in the food
industry as thickeners and sweeteners (Tomaszewska et al,, 2012). This yeast is also capable of
producing y-decalactone, a peach like aroma compound with great industrial interest, obtained
during the biotransformation of methyl ricinoleate (Aguedo et a/., 2005; Braga & Belo, 2015).
Additionally, an important industrial application of Y. /jpolytica strains has been the production of

biomass for use as single cell protein (SCP) (Barth & Gaillardin, 1997; Nicaud, 2012).
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Biosurfactants are also important compounds produced by Y. /jpolytica. These molecules,
composed predominantly of glycolipids, are essential for the processes of hydrophobic compounds
assimilation. Generally, the growth of V. /jpolytica in hydrophobic substrates is accompanied by the
production of bio-surfactants, which increase the contact surface between the hydrophobic
substrate and the cell surface and facilitate the interaction (Christofi & Ivshina, 2002; Fickers et
al., 2005).

Among the metabolites produced by Y. /jpolytica, one of the most important is lipase, an
enzyme that has gained considerable interest due to its extensive technological applications in
food, pharmaceutical and detergent industries (Talon ef a/, 1996; Keller & Layer, 2003;
Saisubramanian ef al., 2006; Nerurkar et al, 2013; Li et al,, 2014). Moreover, currently there is a
great interest in the ability of this yeast to store lipids intracellularly that can be used in the
production of microbial lipids enriched with essential fatty acids, which are of considerable

importance for food industry (Papanikolaou et a/., 2003; Béligon et a/., 2016).

1.4.1 Lipase

Lipases are serine hydrolases, referred as triacylglycerol acylhydrolases (E.C. 3.1.1.3) and
catalyze the hydrolysis of ester bond of tri-, di- and mono-glycerides of long chain fatty acids into
free fatty acids and glycerol (Sarda & Desnuelle, 1958), at the interface between an insoluble phase
and an aqueous one (Macrae & Hammond, 1985). In addition to hydrolysis, they can catalyze
several reactions of industrial interest, like esterification, inter-esterification and transesterification.

Lipases are an important group of enzymes which are exploited for several industrial
applications, such as detergents (Saisubramanian et a, 2006; Nerurkar ef al,, 2013; Li et al,
2014), for the treatment of oily wastewaters (Goncalves et a/., 2009; Lopes et a/., 2009; Celson ef
al., 2016) and in food industry (mostly for flavor development) (Talon et a/, 1996; Braga & Belo,
2015).

There are some microbial species capable of producing extracellular lipase: fungi
(Aspergillus oryzae (Toida et al., 1998) and Penicillium aurantiogriseum (Lima et al., 2003)),
bacteria (Bacillus subtilis (Sanchez et al., 2002) and Bacillus pumilus (Joyce & Kurup, 1999)) and
yeasts (Candida rugosa (Benjamin & Pandey, 1996) and Y. /ipo//tica (Lopes et al., 2008; Lopes et
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al., 2009; Dominguez et al,, 2010; Liu et al., 2017)). Y. ljpol/tica is capable to produce several
lipases (extracellular, membrane-bound and intracellular). Pignéde et a/. (2000) described the L/FP2
gene as the responsible for all extracellular lipolytic activity of Y. /ipolytica W29. This extracellular
lipase Lip2p is responsible for hydrolysis of long-chain triglycerides, with preference for oleic
substrates (Darvishi, 2012). Besides this, other five lipases (L/P7, LIPS, LIP12and LIP14) from Y.
lipolytica strains were also purified and characterized (Fickers et al., 2005; Zhao et al,, 2011,
Kumari & Gupta, 2012). In table 1.2 are summarized several studies regarding lipase production

by Y. lipolytica strains from different carbon sources.

Table 1.2 Examples of studies developed for lipase production by Y. /jpolytica strains from different carbon

sources.

Strain Carbon source(s) Mode of operation Reference

Hazelnut oil cake +
Y. ljpolyticaYB 432-12 Solid-state fermentation Saygin et al. (2014)
glucose

Y. lipolytica NCIM 3589 Mustard oil cake Solid-state fermentation Imandi ef a/. (2013)

Y. lipolytica CBS 2073, W29
Goncgalves et al.

Olive mill (2009)
Y. lipolytica W29 and Batch (flasks)
wastewater Lopes et al. (2009)

and IMUFRJ 50682

IMUFRL 50682
Moftah ef a/. (2013)

Y. ljipolytica NRRL Y-1095

Lopes et al. (2009)

Y. lipolytica W29 Batch Sathish Yadav et al.
Y. lipolytica NCIM 3639 Olive oil Batch (2011)
Y. lipolytica LMI 91 Batch Goncalves et al.
(2013)

Papanikolaou et a/.

Y. lipolytica ACA-DC 50109 Stearin Batch
(2007)
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Table 1.2 Examples of studies developed for lipase production by Y. /jpolytica strains from different carbon
sources (continuation).

Strain Carbon source(s) Mode of operation Reference

Soybean bran +
Y. lipolytica IMUFRJ

soybean bran Solid-state fermentation Farias et al. (2014)
50682
sludge
Dominguez et a/. (2003)
Y. lipolytica CECT 1240 Batch (flasks)
Kamzolova et a/. (2005)
Y. lipolytica 704 Batch
Vegetable oils Fabiszewska & Biatecka-
Y. lipolytica KKP 379 Batch (flasks)
Florjanczyk (2015)
Y. lipolyticaYB 432-12 Batch (flasks)
Saygin et al. (2014)
Y. lipolytica CECT 1240 Dominguez et a/. (2010)
Y. lipolytica SWJ-1b Waste cooking oil Batch Liu et al. (2015)
Y. lipolytica M53 Liu et al. (2017)

Lipase productivity is affected by different physical and chemical factors, being the carbon
and nitrogen sources two of the most important. Lipase production is significantly increased in the
presence of lipidic substrates, such as olive oil (Lopes et a/., 2008), soybean oil (Maldonado et a/.,
2012) and rapeseed oil (Dobrev et al, 2015), and the use of glucose and glycerol as carbon
sources can represses lipase induction (Fickers et a/,, 2011). Additionally, several oily-wastes has
been used as carbon and inductor source for lipase production: olive mill wastewaters (Lopes ef
al., 2009; Moftah et a/, 2013) and waste cooking oils (Dominguez et a/., 2010; Liu et al., 2017).
Lopes et a/. (2009) and Moftah ef a/. (2013) studied the use of olive mill wastewater (OMW) by
several Y. /jpolytica strains and concluded that all strains had a great potential for OMW valorization
by its use as culture medium for lipase production. Dominguez et a/ (2010) studied the
biodegradation and utilization of WCO by Y. /ipolytica CECT 1240 and concluded that the addition
of WCO to the culture medium led to a significant improvement in extracellular lipase production.

In addition to carbon sources, nitrogen sources should also be carefully considered. A
review by Brigida et a/. (2014) emphasized that organic nitrogen sources such as peptone, casein,
yeast extract and tryptone are suitable for high extracellular lipase production. By contrast,

inorganic (or mineral) nitrogen sources, such as ammonium chloride, ammonium sulfate and
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ammonium citrate do not trigger lipase synthesis (Fickers ef al., 2004; Darvishi et a/., 2009; Liu
etal., 2017). However, Aimeida et a/. (2012) reported that the use of ammonium nitrate as nitrogen
source influenced positively the production of lipase by Candida viswanathir.

Lipase production by Y. /jpol/tica is also affected by pH and temperature. An optimal pH
value between 6 and 7.5 was found, depending on the substrates (Fickers ef af., 2011). Corzo &
Revah (1999) also concluded that pH affects significantly lipase production and reported that a
maximum lipase production was achieved in pH range of 5.8 — 7. Several authors agree about the
remarkable influence of temperature on lipase production by Y. /jpolytica. The environment from
which Y. /ipolytica strains were obtained seems to play an important role in determining the optimal
temperature (Brigida ef a/,, 2014). Some authors reported that temperatures range from 25 °C to
30 °C improved lipase production by Y. /ipolytica W29 (Wu et al,, 2009). Corzo & Revah (1999)
and Dominguez et a/. (2010) observed that temperatures around 30 ° C were the optimal for lipase
production by Y. /ipolytica 681 and Y. /ipolytica CECT 1240, respectively. By contrast, Tan et al,
(2003) reported that temperatures above 28 °C led to a decrease on lipase production.

The amount of oxygen available in Y. /jpol/tica cultures is also an important parameter to
consider in lipase production, since this yeast is strictly aerobic. There are several researches
regarding the effect of agitation and aeration rates and their importance for maintaining the
adequate dissolved oxygen concentration in the culture medium. However, the information found
in the literature about the optimum dissolved oxygen concentration or the suitable agitation and
aeration rates for maximization of lipase production is contradictory. Tan ef a/. (2003) concluded
that a higher stirring rate increased the dissolution of oxygen in the medium and significantly
enhanced the lipolytic activity. Lopes ef a/. (2007) also demonstrated that the increase of oxygen
solubility by raising total air pressure led to an enhancement of lipase production by Y. /jpolytica
W29. Elibol & Ozer (2000) improved lipase productivity by increasing simultaneously the agitation
rate from 200 rpm to 300 rpm and aeration rate from 0.5 wm to 1.5 vwm. By contrast, Alonso ef
al. (2005) and Corzo & Revah (1999) concluded that low levels of aeration increased lipase

production since an increase of stirring rate above 300 rpm seemed to reduce lipase activity levels.
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1.4.2 Microbial lipids

Microbial lipids, also called microbial oils, single cell oils and intracellular lipids, are
hydrophobic bodies mainly composed of triacylglycerols and steryl esters (Murphy, 2001).

Several microorganisms are known as capable of accumulate intracellular lipids, though
only the oleaginous microorganisms can accumulate significant quantities of lipids, corresponding
to more than 20 % (w/w) of their dry cell mass (Papanikolaou & Aggelis, 2011a). Microalgae have
the ability to fixe CO, and convert it into carbohydrate and later into intracellular lipids. Intracellular
lipids accumulated by microalgae are very often rich in polyunsaturated fatty acids, belonging to
omega-3 and omega-6 families, which have wide applications as food supplements (Ratledge &
Cohen, 2008). Oleaginous yeasts and filamentous fungi are able to accumulate significant amounts
of intracellular lipids, ranging from 25 % to 40 % (w/w), which are composed mostly by (TAGs).
Monoglycerides, diglycerides, steryl-esters and sterol are also present in these microbial lipids.
Commonly, TAGs are rich in unsaturated fatty acids (44 %), such as linoleic and oleic acids (Donot
etal, 2014). In conditions of nutrient limitation, oleaginous microorganisms can accumulate lipids
to levels exceeding 70 % of their cell dry weight (Beopoulos ef a/., 2009).

An alternative to synthesize intracellular TAGs is the production of lipoids (reserve
polymers) by bacteria. Their structure is similar to that was found in TAGs. Generally, lipoids are
anchored in the membrane in inclusions, being difficult to extract these compounds (Alvarez &
Steinbiichel, 2002; Meng et a/., 2009).

Intracellular lipids in oleaginous yeasts and filamentous fungi can be stored by two different
pathways: (1) “de novo” synthesis and (2) “ex novo” synthesis. The synthesis “de novod" involves
the production, in defined conditions, of fatty acid precursors, such as acetyl and malonyl-CoA, and
their integration into the storage lipid biosynthetic pathway. Hydrophilic substrates are the carbon
sources used in “de novo’ lipid accumulation. The key step for “de novo’ synthesis in the
oleaginous microorganisms is the exhaustion of an essential nutrient (usually nitrogen) from the
culture medium (Beopoulos et a/,, 2009). During the nutrient limitation, the synthesis of proteins
and nucleic acids, essential to cell growth, represses some metabolic pathways while the synthesis
of fatty acids and triglycerides are induced and further accumulated into lipid bodies (Goncalves et
al, 2014). The excess of carbon source and nitrogen depletion are important factors for the

induction of lipogenesis in de novo process and the use of the suitable molar ratio C/N
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(carbon/nitrogen ratio) is essential to maximize the accumulation of microbial lipids. Generally, it
is considered that a molar ratio C/N above 20 is the optimum for microbial lipids accumulation.
By contrast, very high C/N ratios, above 70, influence negatively the process of intracellular lipids
accumulation (Papanikolaou & Aggelis, 2011b). Nevertheless, some authors reported that excess
of carbon source (e.g. glycerol) in the medium could lead to the production of organic acids such
as citric acid, in the detriment of microbial lipids accumulation (Papanikolaou 2008; André et a/.,
2009; Papanikolaou & Aggelis, 2009). Karatay & Dénmez (2010) and Tsigie ef a/. (2012) observed
an intracellular lipid content around 60 % (w/w) and 48 % (w/w) in Y. /jpolytica strains when
molasses and rice bran hydrolysate were used as carbon sources, respectively. Papanikolaou &
Aggelis (2002) reported that Y. /ipolytica LGAM S(7)1 achieved a microbial lipids content up to 43
% (w/w) when is cultivated on crude glycerol as sole carbon source.

The process of “ex novo’ synthesis involves the uptake of fatty acids, oils and
triacylglycerols from the culture medium, and their accumulation in an unchanged or modified form
inside the cell (Beopoulos et a/., 2009). Generally, this synthesis of “ex-novo” lipids involves the
bio-modification of fats and oils by the microorganisms. The degradation of hydrophobic substrates
involves the secretion of lipases that catalyze the hydrolysis of substrate into free fatty acids. These
compounds are incorporated into the cell and can be used both for growth or transformed to
produce different fatty acids (Aggelis et al, 1997; Fickers et al., 2005). The use of hydrophobic
substrates as carbon sources for lipid accumulation is, generally, a growth-associated process
(Papanikolaou et a/., 2001, 2007; Papanikolaou et a/., 2002; Martinez et a/., 2015). Papanikolaou
et al. (2011) reported that when waste cooking olive oil was added to the growth medium, several
strains of Aspergillus sp. and Penicillium expansum accumulated remarkable quantities of
intracellular lipids, up to 64 % (w/w). El Bialy ef a/ (2011) reported that Y. /jpolytica grown on
media containing WCO as carbon sources accumulated a lipid content between 38 % (w/w) and
58 % (w/w).

Degradation of hydrophobic materials in Y. /ipolytica strains is a multi-step process that
requires different enzymes, acyl-coenzyme A oxidases (Aox), with different enzymatic activities:
Aox3p is specific for short-chain acy-CoAs, Aox2 is specific for long-chain acyl-CoAs and Aoxlp,
AoxAp and Aoxop do not present specificity for any chain length. At higher aeration and agitation
rates and, consequently, high dissolved oxygen levels, short-chain acyl-CoA oxidases, such as

Aox3p, demonstrate increased activity, which direct the carbon towards the synthesis of acetyl-
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CoA, for lipid-free biomass production instead of storage lipids (Luo ef a/, 2000; Mlickova et al.,
2004; Fickers et al., 2005).

Currently, Y. /ipolytica is considered an outstanding biolipid producer and, therefore, it is
used as unicellular model microorganism to study fatty acids metabolism and lipid accumulation.
The most important metabolic processes and genes involved in lipid synthesis are summarized in

Figure 1.3.
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Figure 1.3 Schematic illustration of the metabolic pathways for production of neutral lipids (triacylglycerol
(TAG) and steryl esters (SE)) from glucose, glycerol or free fatty acids (FFA). Dashed lines indicate multiple
steps. The colors of the genes indicate different metabolic pathways: in red, fatty acid synthesis and
elongation and desaturation system; in green, triacylglycerol synthesis; in orange, lipid remobilization; in
light blue, fatty acid activation and transport; and in purple, fatty acid degradation. The different organelles
are indicated by the dark blue letters where N is the nucleus, ER the endoplasmic reticulum, LB the lipid
body and P the peroxisome. DHAP (dihydroxyacetone phosphate), G3P (glycerol-3-phosphate), AcCoA
(acetyl-CoA), MaCoA (malonyl- CoA), PL (phospholipid), DAG (diacylglycerol) (Ledesma-Amaro & Nicaud
2016).

Several metabolic pathways to accumulate lipids are possible in Y. /jpolytica cells
depending on the carbon source (glucose, glycerol or oily substrates). In the cytosol, the fatty acids

are produced from acetyl-CoA, which can be derived from ACS genes (acetyl-CoA synthetase), a
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pyruvate dehydrogenase complex, an amino acid degradation pathway or ACL genes (ATP citrate
lyase) (present only in the genome of oleaginous yeasts).

When glucose is used as carbon source, the citrate in the cytosol is converted to acetyl-
CoA by ACL genes and, then, acetyl-CoA can be transformed into malonyl-CoA by acetyl-CoA
carboxylase (ACC1), which overexpression has been associated with lipid overproduction. The fatty
acid synthase (FAS) produce acyl-CoA that can be released with a chain length of 16 or 18 carbons.
These C16:0 and C18:0 molecules can be substrates for elongases (which produce long chain
fatty acids or very long chain fatty acids) and desaturases (located in endoplasmic reticulum (ER)
and that produce palmitoleic (C16:1) or oleic (C18:1) acids through OLEI gene (A9 desaturase)
and linoleic acid (C18:2) through FADZ gene (A12 desaturase)).

When Y. /ipolytica grows in an oily environment, a large battery of extracellular lipases
secreted by the yeast hydrolyse fats and oils, producing free fatty acids (FFA), which will be rapidly
incorporated into the cell. In the cytosol, these free fatty acids can be activated by fatty acyl-CoA
synthetase (FAAI) to produce acyl-CoA. Y. /jpolytica accumulates lipids in an intracellular particle
called lipid body (LB), mainly formed of neutral lipids, particularly triacylglycerols (TAGs, 85 %) and
some steryl esters (SEs, 8 %). TAGs are formed through the Kennedy pathway, where preformed
diacylglycerol (DAG) is converted to TAG from acyl-CoA by DAGI and DAG2. SEs are formed from
acyl-coA and sterol is formed by AREI. The pathways to form TAGs and SEs may take place
between the endoplasmic reticulum (ER) and the lipid body surface (LB), where the responsible
enzymes are found. The hydrolysis of TAGs from lipid bodies by intracellular lipases release free
fatty acids at the surface of the LB. In Y. /jpolytica there are two genes for that purpose: 7GL4
and7GL3. Free fatty acids, from medium or resulting from the action of 7GL genes, must be
activated and transported to the peroxisome to carry out the B-oxidation. FFAs can enter the
peroxisome directly by unknown transporters or be activated by FFAI gene to acyl-CoA and stored
in lipid body, or enter the peroxisome in an activated form through specific transporters Pxal/ PxaZ.
In the peroxisome, the FFAs must be activated by AAL genes to be able for use by B-oxidation
enzymes (Ledesma-Amaro & Nicaud, 2016).

The promising production of microbial lipids rich in high added-value unsaturated fatty
acids by oleaginous yeasts has been considered as a process economically viable, particularly if

the carbon sources used were low-cost substrates, as olive mil waste waters or waste cooking oils.
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Despite to accumulate fewer lipids than other oleaginous yeast species, Y. /ipolytica is the
only one able to accumulate large amounts of linoleic acid, representing more than 50 % of the
fatty acids accumulated by the yeast (Beopoulos et a/., 2009). Other fatty acids accumulated by Y.
lipolytica are oleic, stearic, palmitoleic and palmitic acids (Athenstaedt ef a/,, 2006; Bialy ef al.,
2011; Cheirsilp & Louhasakul, 2013). An important characteristic of microbial lipids produced by
Y. lipolytica is the significant presence of linoleic acid, an essential fatty acid known by
polyunsaturated fatty acid or PUFA. These PUFAs cannot be synthesized by mammals and must
be ingested in diet. Linoleic acid (LA) are a precursor for the synthesis of more highly unsaturated
and longer-chained omega-6 family fatty acids, which gathers y-linoleic acid (GLA), arachidonic
acid (ARA) and conjugated linoleic acid (CLA). ARA is the most abundant PUFA in humans and has
a major role as structural lipid associated predominantly with phospholipids. Moreover, is the
principal omega-6 fatty acid present in the brain, being the direct precursor of eicosanoids which
regulate lipoprotein metabolism, blood rheology, leucocyte function and platelet activation (Béligon
et al, 2016). In other hand, one of the most common applications for intracellular lipids
accumulated by yeasts is the production of microbial substitutes for cocoa butter, commonly used
in the food technology for chocolate fabrication process. However, oleaginous yeasts accumulate
lipids rich in unsaturated fatty acids and cocoa butter contains 55 % to 67 % (w/w) of saturated
fatty acids, such as palmitic and stearic. In order to overcome this problem, several approaches
have been used to increase the level of this fatty acids, such as growth of yeasts in medium rich
in stearic acid, the use of desaturase inhibitors, low oxygenation of the growth medium and genetic
manipulation of strains (Papanikolaou & Aggelis, 2011b). In table 1.3 are summarized several

studies regarding microbial lipids production by Y. /ipolytica strains from different carbon sources.
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Table 1.3 Examples of studies developed for microbial lipids production by Y. /jpolytica strains from

different carbon sources.

Strain

Carbon source(s)

Mode of operation

Reference

Y. lipolytica LGAM S(7)1
Y. lipolytica LFMB 19,
LFMB 20 and ACA-YC

5033
Y. lipolytica QU21
Y. lipolytica IMY4A086
Y. lipoly/tica A101
Y. lipolytica SKY7

Crude glycerol

Batch (flasks)
Batch (flasks)
Batch (flasks)
Fed-batch
Batch
Batch

Papanikolaou & Aggelis,
(2002)

André et al. (2009)
Poli et al. (2014)
Rakicka et al. (2015)
Dobrowolski et al. (2016)
Mathiazhakan et a/. (2016)

Y. lipolytica LGAM S(7)1

Crude glycerol +

stearin

Batch (flasks)

Papanikolaou et a/. (2003)

Y. lipolytica LGAM S(7)1

Glucose + stearin

Batch (flasks)

Papanikolaou et a/. (2006)

Candida lipolytica Molasses Batch (flasks) Karatay & Donmez (2010)
Y. lipolytica ACA-YC 50109
Olive oil mill Papanikolaou et a/. (2008)
Y. lipolytica ACA-YC 5028,
wastewater Batch (flasks) Sarris et al. (2011)

W29 and ACA-YC 5033

Y. ljpolytica TISTR 5054,
TISTR 5151, TISTR 5212,
and TISTR 5621

Palm oil mill effluent

Batch (flasks)

Cheirsilp & Louhasakul (2013)

Y. lipolytica Polg

Rice bran hydrolysate

Batch (flasks)

Tsigie et al. (2012)

Y. lipolytica ACA-YC 50109

Stearin

Batch

Papanikolaou et al., 2002)
Papanikolaou et a/. (2007)

Y. lipolytica
Y. lipolytica NCIM 3589
Y. lipolytica SWJ-1b

Waste cooking ol

Batch (flasks)
Batch

El Bialy et a/. (2011)
Katre et al (2012)
Liu et al. (2015)

Temperature and pH are parameters that must be controlled for a maximum microbial

lipids production. pH values in the range of b - 7 have been reported as the optimum for microbial

lipids production by Y. /jpolytica strains (Papanikolaou ef a/,, 2002; Najjar et al., 2011; Sarris et

al., 2011; Fontanille ef a/., 2012). Also, temperature critically influences lipid accumulation by Y.
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lipolytica and the range between 28 °C and 30 °C has been used for microbial lipids production by
Y. lipolytica cultures (Bialy et al., 2011; Sarris et al., 2011; Cheirsilp & Louhasakul, 2013; Nambou
etal, 2014).

The amount of dissolved oxygen concentration in Y. /ipoly/tica cultures is also a key
parameter to take into account in microbial lipids production. Rakicka ef a/. (2015) and Yen &
Zhang (2011) reported that Y. /jpol/tica IMYA086 and Rhodoforula glutinis BCRC 22360,
respectively, accumulated higher lipid contents in conditions of lower dissolved oxygen
concentration in culture medium. Papanikolaou ef a/. (2011) also concluded that the highest
quantities of lipids accumulated by Aspergillus niger coincided with the lower values of dissolved
oxygen saturation in the medium. By contrast, Tai & Stephanopoulos (2013) studied the lipid
accumulation by mutant Y. /ppolytica in glucose medium and observed highest lipid content in
fermentations highly aerated. Bellou ef a/. (2014) also observed that Y. /jpolytica ACA-DC 50109

accumulated high lipid content in medium with high dissolved oxygen concentrations.

2 GOALS

Great amounts of waste cooking oils are daily produced throughout the world. From both
economic and ecological standpoint, the development of feasible ways to valorize these residues
is very important. Valorization of waste cooking oils based on microorganisms can be a promising
biotechnological approach, since there are microorganisms able to degrade these residues in order
to obtain several added-value products.

The non-conventional yeast Y. /ipol/ticais capable to use residual oils from WCO for lipase
production and microbial lipids accumulation. However, several culture parameters can affect both
lipase and microbial lipids production. Moreover, due to the extensive application of lipases and
microbial lipids in industry, the scale-up of bioprocess is a crucial issue for industrial application.
Thus, the optimization strategies for maximization of lipase and microbial lipids production must
consider some key operational parameters, such as oxygen mass transfer.

The main goal of this thesis was the valorization of WCO by Y. /jpolytica for co-production

of lipase and microbial lipids. Therefore, the specific goals were:
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- Study the effect of medium composition (pH, WCO concentration and arabic gum
concentration) on lipase and microbial lipids production in Erlenmeyer flasks using an experimental
design based on Taguchi method;

- Scale-up the bioprocess to a stirred tank bioreactor (STR), studying the effect of oxygen

mass transfer rate on metabolites production.
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3 MATERIALS AND METHODS

In this Chapter, the general methods, operation conditions and equipment used in this work

are presented.







3.1 Yeast strain preservation

Yarrowia ljpolytica W29 (ATCC 20460) were pre-grown in YPD medium (glucose 20 g-L,
peptone 20 g-L™* and yeast extract 10 g-L") overnight at 27 °C. For the preparation of crio-stocks,
800 L of yeast culture and 200 pL of glycerol (99.5% of purity) were added to a sterile 1.5 mL
microtube. Stocks were stored at - 80 °C and 1 microtube was subsequently used to inoculate

each pre-inoculum.

3.2 Optimization of lipase and microbial lipids production -

experimental design

Lipase and microbial lipids production was optimized using the Taguchi method, a
fractional factorial experimental design. This method uses orthogonal arrays for the optimization of
different parameters studying a few pairs of parameters combinations instead of all the possible
combinations, which reduces time and resources. Orthogonal arrays selection is decided according
to the number of parameters (P) and the variation of levels (L) of each parameter. The number of
experiments (N) is calculated by the relation N-(L-1)P+1.

The experimental design was performed using a L9 orthogonal array with Qualiteck-4
software (Nutek, Bloomfield Hills, USA). Three factors (WCO concentration, pH and arabic gum
concentration) were combined and varied in three levels (Table 3.1). From Qualiteck-4 software a
total of 9 experiments were planned. The experiments were carried out in 500 mL Erlenmeyer
flasks with baffles filled with 200 mL of production medium. The medium was sterilized in an
autoclave at 121 °C during 15 minutes. Yeast cells were pre-grown in YPD medium (this pre-
inoculum was inoculated with 1 crio-stock described in section 2.1), centrifuged and resuspended
in the production medium, in order to achieve a cell density of 0.5 g-L: WCO as carbon source,
yeast nitrogen base (YNB) without amino acids with ammonium sulfate (6.7 g-L") as nitrogen
source and arabic gum dissolved in Tris-HCI buffer 400mM. The bioprocess was performed at 170
rpm and 27 °C for 24 hours in orbital incubator.

The responses of interest (lipase activity and microbial lipids production) obtained in the

experimental design was processed in the Qualiteck-4 software with “bigger is better” quality

45



characteristics to evaluate the optimal culture conditions to maximize the lipase and microbial lipids

production.

Table 3.1 Parameters and levels used to optimize the growth conditions for lipase production by V.

lipolytica W29.
Experiment pH wcCo . arabic gulln
concentration concentration
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
Level pH WCO (g-L?) arabic gum (g-L)
1 5.6 10 0
2 6.5 30 5
3 7.2 50 10

WCQO, collected in the public canteen of University of Minho, were previously filtered to
remove the major solid impurities. The content of lipids of these WCO was (0.92 + 0.02) g of
lipids-g" of oil. The olive oil (Gallo Reserva virgem extra®) used in comparative experiments has a
maximum acidity of 0.4 % and the content of lipids was (0.76 + 0.01) g of lipids-g” of oil. The fatty
acids composition of each lipidic substrate used in this work (WCO and olive oil) is shown in Table

3.2.
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Table 3.2 Fatty acids composition (%) of WCO and olive oil used in this study. Data are the average and

standard deviation of two independent replicates.

Fatty acid (%) WCo Olive oil
Palmitic (C16:0) 7.5+0.2 11.9+0.0
Stearic (C18:0) 3.2+0.0 3.3+0.0
Oleic (C18:1) 249 0.1 729+0.2
Linoleic (C18:2) 64.3+0.1 11.9+£0.2
Saturated fraction (%) 11 15
Unsaturated fraction (%) 89 85

3.3 Bioreactor experiments — effect of oxygen mass transfer

In order to evaluate the effect of oxygen mass transfer (namely volumetric oxygen transfer

coefficient, A @) on lipase production, several batch experiments were carried out in a 2-L bioreactor

(BIOLAB, B. Braun, Germany) (Figure 3.1) at 27 °C for 48 hours, varying the specific aeration rate
(0.3 wm - 1 wm) and stirring rate (200 rpm - 500 rpm).

Yeast cells were pre-grown overnight in 500 mL Erlenmeyer flasks filled with 200 mL of
YPD medium (this pre-inoculum was inoculated with 1 crio-stock described in section 2.1) at 27
°C and 170 rpm, centrifuged and resuspended (at an initial cell density of 0.5 g-L"?) in the
production medium (1.6 L) composed by: WCO 10 g-L*, YNB without amino acids and with
ammonium sulfate 6.7 g-L™* and Tween 80 1 g-L" dissolved in Tris-HCI buffer 400 mM, pH 7.2.
The medium pH was kept at 7.2 by the addition of KOH 2 M. Dissolved oxygen concentration was
measured with an optical probe (InPro 6000, Mettler Toledo, USA).
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Figure 3.1 Stirred tank bioreactor (BIOLAB, B. Braun, Germany) with optimized medium for lipase

production.

3.3.1 kameasurement: dynamic gassing-out technique

Ka was determined using the dynamic gassing-out technique, in the presence of active cells,
during the lipase production by Y. /ipolytica W29. This method is based on following the dissolved
oxygen concentration in cultivation medium during a short interruption of the air supply
(Bandyopadhyay ef al., 1967). In the presence of active cells and in the absence of aeration, the
respiratory activity of yeast cells leads to the depletion of oxygen of the liquid medium. The
procedure involves two steps: the first one is to stop the aeration and the second one is to restart
aeration at the operating conditions. Thus, in the first step, monitoring the decrease of dissolved

oxygen concentration will allow to determine the specific oxygen uptake rate (OUR) (Eq.2.1):

= = —0UR (Eq.2.1)

Air supply is restarted before reaching the critical dissolved oxygen concentration value (0.1
mg0,-L") (Tribe et al, 1995). After the restart of aeration in the operating conditions (second step),

the oxygen mass balance in the liquid phase is expressed by Eq.2.2:
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= =kia(C*—C) - OUR (Eq.2.2)

Considering the pseudo-steady state immediately before the determination, OUR can be

replaced by Eq.2.3:

kia (C* — C) = OUR (Eq.2.3)

C,is the dissolved oxygen concentration at the beginning of the determination, C* is the
dissolved oxygen concentration for each time during the gas-out period and A a is the oxygen

volumetric mas transfer coefficient. The combination of two previous equations and integration of

Eq.2.3 result in the Eq.2.4:

In (CCT_CCO) = —kpa (t—t,) (Eq.2.4)

Where Cyand t, are the dissolved oxygen concentration and the time when aeration was
restarted and C and t are the dissolved oxygen concentration for each time during the gas-out

period and the time, respectively. By the graphical representation of In (Cci—c

) as a function of

i—to

time a line was obtained whose slope corresponds to the (- A4a) value.

3.4 Analytical methods

3.4.1 Total lipids

Lipid content of WCO and olive oil (g lipids-g* sample) was quantified after the extraction
with chloroform and methanol, based on the method for total lipid extraction and purification
developed by Bligh & Dyer (1959). A mass of 0.4 g of sample was mixed with water (1.6 mL).

Then, 4 mL of chloroform and 2 mL of methanol was added to homogenate, filtered (0.45 um)
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and transferred to a separatory funnel. The lower phase (chloroform and lipids) was collected in a
beaker previously weighted and after the evaporation of chloroform the beaker was weighted again.

The amount of lipids was calculated by the Eq. 2.5:

dlipids — W3—Wy (Eq 2 5)

Isample w1

where w; is the exact mass of sample; w, is the mass of beaker + lower phase, after the

evaporation of chloroform and wj is the mass of beaker.

3.4.2 Cellular growth

Cellular concentration was quantified by cell counting in a binocular bright-field microscope
(Leica DM 750, Wetzlar, Germany), using a Neubauer counting chamber (Paul Marienfeld GmbH

& Co, Lauda-Konigshofen, Germany) and converted to cell dry weight (g-L") by a calibration curve.

3.4.3 Lipase activity

In a 96-well microplate, 240 uL of a mixture of p-nitrophenyl-butyrate 1 mM (p-NPB) in
acetone 4 % (v/v) dissolved in PBS 50 mM (pH 7.3) (substrate) was added to a volume of 50 pL
of culture supernatant. Immediately, the microplate was placed in a microtiter plate reader
(Cytation 3, BioTek, USA) and an enzymatic run was performed at 37 °C during 10 minutes, with
record of the absorbances (read at wavelength of 410 nm) every 30 seconds. Blank assays were

performed replacing sample by distilled water or PBS buffer.
Lipase activity (U-L") was quantified using Eq.2.6:

Activity (U-L™Y) = D x §x§x1000 (Eq.2.6)
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where D represents the slope of the linear zone of the graphical representation of absorbance

(nm) versus time (minutes); € represents the molar extinction coefficient of pnitrophenol (7.821

mM™): V, represents the total volume (mL) of the reactional mixture (0.29 mL) and V, represents
the volume of sample (mL) used in reactional mixture (0.05 mL).

One unit of activity was defined as the amount of enzyme that produces 1 pumol of o

nitrophenol per minute, under assay conditions.

3.4.4 Protease activity

Protease activity was determined according to Pinto (1998). In microtubes, 0.5 mL of
azocasein 0.5 % (w/v) dissolved in sodium acetate 50 mM (pH 5) buffer was added to 0.5 mL of
sample supernatant. Blank assays were performed replacing sample by distilled water. The
microtubes were incubated at 37 °C during 40 minutes. Then, 1 mL of trichloroacetic acid (TCA)
10 % (w/v) was added. The mixtures were centrifuged at 3000 rpm during 10 minutes, the
supernatant (approximately 2 mL) was recovered to test tubes and 1 mL of KOH 5 M was added.
The absorbance was read at a wavelength of 428 nm (microtiter plate reader (Sunrise Basic, Tecan,
Switzerland)).

Protease activity (U-L") was determined using the Eq.2.7:

A
t XV,

Activity (U-L™1) =

(Eq.2.7)

where A represents the absorbance of the reactional mixture at the wavelength of 428 nm;

t (minutes) represents the time during mixture were incubated and V, represents the volume of
sample used in reactional mixture (0.5 mL).

One unit of activity was defined as the amount of enzyme that causes an increase of 0.01

of absorbance relative to the blank per minute under assay conditions.
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3.4.5 Microbial lipids (phospho-vanillin method)

Intracellular lipids were extracted from dry cells with methanol and chloroform (1:1, v/v)
and quantified by phospho-vanillin colorimetric method (Inouye & Lotufo, 2006) After vortex-mixing
the mixture (cells + methanol + chloroform) for 5 minutes, a volume of 250 L of supernatant was
transferred to test tubes and heated at 100 °C to allow the evaporation of solvent. After the
evaporation, 100 L of pure sulfuric acid was added to each tube, vortex-mixed and heated at 100
9C for 10 minutes. After this time, samples were cooled to room temperature, 2.4 mL of vanillin
reagent (0.24 g of vanillin dissolved in 40 mL of hot or warm water and 160 mL of 85 %
orthophosphoric acid) was added and the mixture was vortex-mixed. All samples rested for 15
minutes at room temperature and 300 uL were transferred into a 96-well microplate to read the
absorbance at 490 nm (microtiter plate reader (Sunrise Basic, Tecan, Switzerland)). The
absorbance was converted to lipids concentration (mg-L?) by a calibration curve (olive oil was used
as standard). To construct the calibration curve, several concentrations of olive oil (0 mg-L* - 2500
mg-L") dissolved in acetone were submitted to the same procedure of samples, except the

extraction with methanol and chloroform.

3.4.6 Long chain fatty acids (LCFA)

Intracellular lipids were transformed into their corresponding methyl esters with
methanol:H,S0, (15:85, v/v), followed by extraction with chloroform (adapted from Castro et a/.
(2017)). A defined amount of dry cells was transferred to glass vials where 1.5 mL of pentadecanoic
acid, C15:0 (internal standard), 3 mL of methanol:H,SO, solution and 1.5 mL of chloroform were
added. The mixture was vortex-mixed and digested at 100 °C for 3.5 hours. After digestion, the
mixture was votex-mixed and 1.5 mL of ultra-pure water was added. The content of glass vial was
transferred to a 10 mL vial. These new vials were closed with a rubber stopper and aluminum
crimp cap and kept in inverted position for around 30 minutes, after which 2 mL of organic phase
was collected and transferred to a 2 mL vial. In order to prevent any water from entering the gas
chromatography (GC) column, a small amount of sodium thiosulfate was added to all 2 mL vials.
After sodium thiosulfate settled, the supernatant was transferred to a new 2 mL vial, closed with

an aluminum crimp cap, and stored at - 20 °C until the moment of injection.
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To construct the calibration curve, several dilutions with chloroform from the stock solution
with all standards of fatty acid methyl esters (caproic acid, C6:0; caprylic acid, C8:0; capric acid,
C10:0; lauric acid, C12:0; myristic acid, C14:0; palmitic acid, C16:0; palmitoleic acid, C16:1;
margaric acid, C17:0; stearic acid, C18:0; oleic acid, C18:1; linoleic acid, C18:2) were made in
order to attain a range of concentrations between 25 mg-L* and 1000 mg-L*. These different
concentrations of standards were submitted to the same procedure of samples (1.5 mL of each
standard solutions + 1.5 mL of internal standard + 3 mL of methanol:H,SO, solution).

The fatty acid methyl esters in organic phase (FAME) was quantified by GC (CP-3800 gas
chromatograph (Varian Inc., USA)) fitted with FID detector and TRACSIL TR-WAX capillary column
(30 m x 0.25 mm x 0.25 um, Teknokroma, Spain) using heptadecanoic acid (C17:0) as internal
standard. The injector and detector temperatures were 220 °C and 250 °C, respectively, and
helium was used as carrier gas at 1 mL min™. The initial oven temperature was 50 °C, maintained
for 2 minutes, followed by a 10 °C min™ ramp up to 225 °C, and the final isothermal conditions
were maintained for 10 minutes.

Data were analyzed using the acquisition and integration software Star Chromatography

Workstation v. 6.30 (Varian, Inc., USA).
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4 RESULTS AND DISCUSSON

In this work, an experimental design based on Taguchi method was applied to evaluate the
effect of the parameters pH, WCO concentration and arabic gum concentration on lipase and
microbial lipids production by Y. /ipolyticaW29. pH was the parameter with more influence on both
lipase and microbial lipids production by yeast. Besides the individual effect, an important influence
of the interaction between WCO concentration and arabic gum concentration was observed.
Different values of parameters levels were found as the optimal for lipase (pH 7.2; WCO
concentration 10 g-L*; arabic gum concentration O g-L') and microbial lipids production (pH 5.6;

WCO concentration 30 g-L*; arabic gum concentration 5 g-L*).

To evaluate the effect of oxygen mass transfer on lipase and microbial lipids production,
batch cultures of Yarrowia ljpolytica W29 was carried out in a lab-scale stirred tank bioreactor. The
increase of 4 afrom 9 h' to 93 h™ enhanced cell growth and protease production. By contrast, a
ka of 16 h* was found as the best condition for the maximization of lipase and microbial lipids
production. The fatty acids composition of lipids accumulated by Y. /jpolytica W29 was mainly
linoleic (260 %) and oleic (=30 %), demonstrating the potential of these lipids to be used as food

supplements.







4.1 Optimization of culture conditions for lipase and microbial lipids

production — experimental design

The production of lipase and microbial lipids by Y. /jpoly/tica strains is dependent on growth
conditions such as pH and medium composition (Destain ef a/., 1997; Dominguez et al., 2003;
Fickers et al., 2004; Lopes et al., 2009; Kebabci et a/., 2012; Bellou et al,, 2016; Liu et al., 2017).

Therefore, in this work an experimental design based on Taguchi method was applied to
evaluate the effect of pH, WCO concentration and arabic gum concentration on lipase and microbial
lipids production by Y. /ipolytica W29. Although several authors have studied the individual effect
of each parameter on lipase or microbial lipids production, the combined effect between the three

factors was not fully explored.

4.1.1 Lipase production

The results of lipase activity (U-L") obtained from the nine experiments are shown in Table
4.1. Lipase production were dependent on the combination of the various parameters studied and
ranged from 64 U-L* to 523 U-L'. The higher values of lipase activity were obtained in the
experiments 7, 8 and 9, which have in common the pH value (7.2). Contrariwise, in the
experiments performed with pH 5.6, considerable lower lipase production was achieved. On
average, lipase activity obtained at pH 7.2 was 4-fold higher than that reached at pH 5.6.

These results show the potential of WCO to successfully induce lipase production by V.
lipolytica W29 cultures. In the literature, some authors also cited that oily substrates are potential
inducers of lipase by Y. /jpolytica cells (Dominguez et al., 2003; Lopes et a/., 2009; Moftah ef al.,
2013).
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Table 4.1 Maximum lipase activity (U-L") obtained in batch cultures of Y. /jpolytica W29 in the experiments

designed by Taguchi L9 orthogonal array. Data are average and standard deviation of two independent

replicates.
Experiment pH WCO concentration c:;?::inctrg;?;n Lipase a_ctivity
(gL?) » (U-L?)
(g:LY)
! 56 10 0 231 £ 79
2 56 30 5 79 + 47
3 56 50 10 64+ 34
4 6.5 10 5 285 + 11
5 6.5 30 10 37248
6 6.5 50 0 313+ 10
! 7.2 10 10 489 + 54
8 7.2 30 0 466 + 11
9 /2 50 5 523 + 16

Two different profiles on lipase production were observed: (a) in the experiments whose
initial pH was 5.6 and 6.5 (experiments 1 to 6), lipase activity reached a maximum value after 9
hours of cultivation, after which it decreases; (b) when initial pH was 7.2 (experiments 7 to 9), the
maximum value of lipase activity was also observed after 9 hours, but no decrease of lipase activity
was observed until the end of cultivation. An example of these two profiles (experiment 6 performed

at pH 6.5 and experiment 9 performed at pH 7.2) are depicted in Figure 4.1.
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Figure 4.1 Profiles of lipase activity (U-L") obtained in experiments 6 (A) and 9 (m). The conditions of
each experiment were: experiment 6 - pH 6.5, WCO concentration 50 g-L™ and arabic gum concentration 0
gL experiment 9 - pH 7.2, WCO concentration 50 g-L™ and arabic gum concentration 5 g-L". The error

bars represent the standard deviation for two independent replicates.

The individual effects of each parameter at different levels on lipase production by Y.
lipolytica W29 are shown in Figure 4.2. The increase of pH from level 1 (5.6) to level 3 (7.2) had
a remarkable positive effect on lipase synthesis, since lipase production at pH 7.2 was 4-fold higher
than that obtained at pH 5.6. Change WCO and arabic gum concentration had a less relevant effect
than pH variation, since the difference in both responses due to changes in the parameters levels
were small. It should be stressed out that only 10 g-L™* of WCO was enough to induce the maximum
lipase production, but no inhibition effect was observed by increasing WCO concentration up to 50

gL
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Figure 4.2 Individual effects of pH (a), arabic gum concentration (b) and WCO concentration (c¢) on
lipase production by Y. /ipolytica W29 obtained from Qualitek-4 software. pH levels: 1 - 5.6, 2 - 6.5,
3 - 7.2; WCO concentration (g-L*) levels: 1 - 10, 2 - 30, 3 - 50; arabic gum concentration (g-L")
levels: 1 - 0,2 -5, 3-10.

The analysis of variance (ANOVA) provides information about the relative importance of
each parameter and allows identify the most significant parameters for lipase production (F-ratio >
9, confidence level of 90 %) and those with less significance. The contribution of each individual
parameter (P, %) is calculated by the ratio between pure sum and the total sum of squares, and
the higher percentage represents the parameter with more influence on the process (Table 4.2).
According to ANOVA analysis, pH was by far the most significant parameter, with 84.8 %
contribution toward variation in lipase production. This result agrees with the largest slope for the
parameter pH in the graph of individual effects (Figure 3.1a). WCO and arabic gum concentration
had no significant influence on lipase production by Y. /jpoly/tica W29 in the range of the present

study.
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Table 4.2 Analysis of variance (ANOVA) of Taguchi L9 orthogonal array for lipase production by Y. /jpolytica

W29 cultures.
Factor Sum of squares Variance F-ratio P (%)
pH 372531.2 186265.6 50.9 84.8
WCO concentration 7929.2 3964.6 1.1 0.1
arabic gum concentration 9899.6 4949.8 1.35 0.6
Error 40195.9 3654.2 - 14.4

In the present study, the increase of initial pH of culture medium from 5.6 to 7.2 had a
remarkable positive effect on lipase production by yeast and the highest values of lipase activity
were obtained in experiments 7, 8 and 9 which had the same initial pH (7.2). The influence of
medium pH on lipase synthesis by Y. /ipolytica strains was previously reported, though the
conclusions had not been consensual, demonstrating that lipase production depends on yeast
strain as well on other culture conditions (Corzo & Revah, 1999; Dominguez ef a/., 2010; Sathish
Yadav et al,, 2011; Goncalves ef al., 2013). Corzo & Revah (1999) observed that Y. /ipolytica 681
produced maximum lipase at pH 4.5, while Goncalves et a/. (2013) reported that in cultures of V.
lipolytica LMI 91 the maximum lipase activity was obtained at initial pH 5.0. Sathish Yadav ef a/.
(2011) concluded that initial pH between 5.0 and 6.0 was the most suitable for maximization of
lipase production by Y. /ipolytica NCIM 3639 cells, decreasing sharply after pH 7.0. By contrast,
Destain et a/. (1997) and Dominguez et al. (2010) observed that Y. /jpolytica CBS 6303 and V.
lipolytica CECT 1240 cells, respectively, showed maximum lipase activity at pH values around 7.0.

Throughout the batch cultures, the medium pH in experiments performed at an initial pH
equal to 5.6 and 6.5 dropped to approximately 2, while in experiments carried out at an initial pH
of 7.2 the final pH was about 5.8. This abrupt decrease of medium pH in experiments 1 to 6
probably explains the lower lipase production obtained in these experiments, since the pH value
was very different from the optimum pH values referred in literature. The drop of pH until values
so low can be due to the release of free fatty acids (which result from hydrolysis of WCO by lipase)
to the culture medium, since no organic acids were detected in the supernatant.

In spite of WCO concentration had no influence on lipase production by Y. /ipolytica W29

cells in the range of the present study, the influence of different concentrations of lipidic carbon
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sources on lipase activity has been explored by some authors. The results obtained in the present
work indicate that any WCO concentration within the range of concentrations tested can be used
without inhibition of lipase production by Y. /ipolytica W29. However, the lowest concentration (10
g-L") was sufficient to induce the maximum lipase activity. Dominguez et a/. (2010) also concluded
that maximum lipase production by Y. /jpolytica CECT 1240 was achieved with lower concentration
of WCO (5 g-L™"), but concentrations above 10 g-L" led to the decrease of lipase activity. Lima et
al. (2003) also concluded that concentrations of olive oil above 1 % (v/v) had an inhibitory effect
on lipase production by Penicillium aurantiogriseum. Almeida et al. (2012) studied the effect of
different concentrations of olive oil on lipase production by Candlida viswanathiiand also concluded
that lipase activity decreased with olive oil concentrations above 20 g-L™. Liu efa/. (2015) cultivated
Y. lipolytica SWJ-1b in medium with WCO and observed that concentrations of WCO above 40 g-L
! lead to a decrease on lipase production By contrast, Liu efa/. (2017) studied the lipase production
by Y. lipolyticaM53 and observed a maximum lipase activity with the maximum WCO concentration
tested, 80 g-L. Papanikolaou et a/. (2007) observed that an increase of stearin (a solid industrial
derivate of tallow) concentration from 10 g-L™ to 20 g-L™ improved lipase production by Y. /jpolytica
ACA-DC 50109 and Kamzolova ef a/. (2005) observed that concentration of rapeseed oil was an
important parameter to lipase production by Y. /ipolytica strains and concentrations under 5 g-L*
resulted in decrease on lipase activity.

According to some authors, the amount of lipidic substrate in the culture medium must be
controlled, since high oil concentrations can affect the oxygen mass transfer in the liquid phase
and the accumulation of great amounts of free fatty acids can inhibit the lipase induction (Rathi ef
al., 2002; Tamilarasan & Dharmendira Kumar, 2011).

Surfactants or emulsifying compounds, which increase the fatty substrates availability for
yeast, have been referred either as enhancers (Corzo & Revah, 1999) and inhibitors (Dominguez
et al., 2003; Lopes et al., 2009; Dheeman et a/., 2010) of lipase production. The results obtained
in this work showed that arabic gum concentration had no influence on lipase production by Y.
lipolytica W29 and no addition of arabic gum is needed to achieve the maximum lipase activity in
flask experiments. The fatty acids in the fermentation medium (obtained by the hydrolysis of TAGs
of WCO), which are composed of a hydrophilic carboxylic head and a hydrophobic aliphatic tail, act
as surfactants at neutral pH (Alves et a/, 2009). This fact could be the reason why, in the present

study, no arabic gum is needed for maximum lipase production.
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Apart the individual effect of each factor, it is also important assess the interaction between
parameters. Estimated interaction severity index (Sl) allows understanding the influence of the
interaction of two parameters (Table 4.3). It should be notice that highest Sl value is not associated
with the most significant parameters (individual effect). The interaction between WCO concentration
and arabic gum concentration, both parameters with no individual influence on lipase activity, had
the higher Sl value (52.1 %). The interactions between pH (parameter with more influence
individual) and WCO concentration and pH and arabic gum concentration had lower Sl values, 28.0
% and 14.6 %, respectively. This bioprocess is developed in a biphasic system, an oil-in-water
emulsion with WCO and arabic gum as constituents of the culture medium. In two liquid-phase
systems, with organic phase dispersed in the agueous phase, the access of the cells to the oily
substrate depends on the stability of the emulsion. Surfactants or emulsifiers in the medium
decrease the lipid-water interfacial tension and promote the dispersion of the lipidic substrate
(Delorme et af., 2011). Considering that arabic gum acts as an emulsifying agent, it makes sense
that the interaction between WCO concentration and arabic gum concentration has the highest

severity index.

Table 4.3 Estimated interactions of studied parameters based on severity index (SI, %).

Interacting factor pairs Sl (%)
WCO concentration vs arabic gum concentration 521
i H
WCO concentration vsp 980
pH vs arabic gum concentration 14.6

Taguchi method established the optimum conditions for maximization of lipase production
considering the experimental data, and predicted a theoretical value in such conditions (Table 4.4).
The results obtained showed that the minimum concentration of WCO (10 g-L") is sufficient to
induce maximum lipase activity by Y. /ipolytica cells and no arabic gum addition is required for the
maximum lipase biosynthesis. To attest the validity of the experimental design, verification
experiments with three replicates were performed at optimal conditions predicted by the method
for lipase production. Additionally, an experiment with olive oil instead of WCO was carried out,

since this vegetable oil is traditionally used for lipase induction (Corzo & Revah, 1999; Lopes et 4/,
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2008; Najjar et al., 2011). Extracellular lipase activity profiles were similar in WCO and olive oil-
based media. The maximum value of lipase activity was achieved after 9 hours of growth and no
decrease of lipase activity was observed until the end of cultivation. However, higher values of
enzyme activity were obtained when WCO was used as both carbon and inducer sources. The
maximum lipase activity attained in WCO medium was close to the value predicted by Taguchi
method and the double of that obtained with olive oil. These results confirm the suitability of WCO
as an inducer of lipase biosynthesis and is particularly promising since WCO is an inexpensive
substrate when compared with olive oil, which makes the process for lipase production more

attractive both from an economic and environmental point of view.

Table 4.4 Optimum culture conditions predicted by Taguchi method for maximization of lipase production
by Y. ljpolytica W29 from WCO, predicted values of lipase activity (U-L?) in optimal conditions and

experimental results obtained in WCO and olive oil-based media.

Factor Level Values Predicted results Experimental results
PH 3 7.2 532 U-L™ + 21 U-L! (WCO)
WCO concentration (g-L?) 1 10 531 U-L!

274 U-L* + 28 U-L* (olive oil)
arabic gum concentration (g-L?) 1 0

4.1.2 Microbial lipids production

The results of microbial lipids content (%, w/w) and long chain fatty acids composition (%)
obtained in the nine experiments are shown in Table 4.5. As observed for lipase production, also
microbial lipids accumulation was dependent on the combination of the various parameters
studied, ranging from 21 % (w/w) to 53 % (w/w). The highest microbial lipids accumulation was
attained in the experiments performed at pH 5.6 (experiments 1, 2 and 3). On the other hand, the
lowest intracellular lipids accumulation was obtained in the experiments that have in common the
pH 7.2. On average, the lipid content obtained at pH 5.6 was 2-fold higher than that obtained at
pH 7.2. However, it is important to highlight that, in all experiments, cells of Y. /jpolytica W29
accumulated more than 20 % of their cell dry weight as intracellular lipids, which is in accordance
with the principles of oleaginous yeasts. Particularly for the experiment 2, this value exceeded 50

% (w/w), demonstrating that WCO is suitable and advantageous for bioprocesses which main goal
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is to maximize the microbial lipids production. This oil content is similar to others found in the
literature for microbial lipids accumulation from lipidic substrates. El Bialy ef a/. (2011) observed
a lipid content above 50 % (w/w) for Y. /ipolytica cultivated in WCO, while Liu et a/. (2015) reported
a lower microbial lipids content (42 % (w/w)) for Y. /ipolytica SWJ-1b growing on 80 g-L* of WCO.
Papanikolaou et a/. (2002) observed that, for Y. /jpolytica ACA-DC 50109 cultivated in stearin
medium, the lipid content ranged from 44 % (w/w) to 54 % (w/w). Sarris ef al. (2011) studied the
lipid accumulation of V. /jpolytica W29 in medium with olive mill wastewaters and observed a yeast
lipid content of 34 % (w/w). Saygiin ef a/. (2014) tested different oil sources for lipid accumulation
by Y. lipolticaYB 423-12 and concluded that highest lipid accumulation was achieved with linseed
oil (61.7 %, w/w), trout oil (53.8 %, w/w) and Echium oil (56.9 %, w/w). Papanikolaou ef a/. (2011)
studied the lipid accumulation by Aspergillus sp. ATHUM 3482 from waste cooking olive oil and

observed that an intracellular lipid content up to 64 % (w/w) was achieved.

Table 4.5 Microbial lipids content and fatty acids composition obtained in batch cultures of Y. /jpolytica
W29 in the experiments designed by Taguchi L9 orthogonal array. Data are average and standard deviation

of two independent replicates.

Microbial Long chain fatty acids (%)
Experiment lipids Palmitic Stearic Oleic Linoleic Unsaturated
(%, w/w)  (c16:0)  (C18:0)  (C18:1)  (C18:2) fraction (%)
1 44 + 5 28.1+0.5 34+03 39.8+04 28.7 +0.3 69+0
2 53+1 33.1+05 36+0.2 382+0.3 25.1+0.2 63+0
3 46 + 3 31.8+0.3 36+0.2 355+0.3 29.0+0.4 65+0
4 32+2 26.4+0.4 3.1+0.3 31.2+04 39.3+0.2 71+0
5 35+6 28.8+0.2 28+0.1 30.6 +0.2 37.8+0.3 68 +0
6 22 +1 249+ 0.5 2.7+0.2 285+04 439+0.3 72+0
7 24 +1 27.4+0.5 51+03 30.8+0.5 36.7+0.4 68 + 1
8 21 +1 26.8+0.4 2.3+0.2 26.1+04 448 + 0.5 711
9 27 +1 30.0+04 25+0.3 27.0+04 40.5+0.3 68 +0

When hydrophobic substrates are used as carbon sources, lipids accumulation by
oleaginous yeasts is a primary anabolic process (“ex novo’ lipid synthesis), which occurs
simultaneously with cell growth and the production of other lipid-free metabolites. Hence, microbial

lipids composition is significantly influenced by the fatty acids composition of lipidic substrate and
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by their specific uptake rate (Aggelis & Sourdis, 1997; Papanikolaou & Aggelis, 2010). In this work,
where WCO were used as carbon source, lipids accumulated by Y. /ipolytica W29 were composed
by negligible amounts of stearic acid (2 % - 5 %) and considerable percentages of linoleic (25 % -
45 %), oleic (26 % - 40 %) and palmitic (25 % - 33 %) acids (Table 4.5). In all experiments, the
amount of palmitic and oleic acids accumulated by the yeast was higher than that found in the
initial substrate (WCO). It should be noticed that the higher quantities of oleic acid were achieved
in the experiments with the lowest initial medium pH (5.6). In other hand, linoleic acid was
preferentially accumulated by yeast cells cultivated at initial pH of 7.2. By contrast, the percentages
of stearic and palmitic acids were similar in all experiments. The amount of each long chain fatty
acid and the percentage of saturated (from 28 % to 37 %) and unsaturated (from 63 % to 72 %)
fatty acids were different comparatively to the initial substrate. A bio-modification of WCO was
observed and Y. /jpolytica accumulated lipids with a different fatty acids composition, depending
on medium conditions. It was observed that in all experiments the saturated fraction of intracellular
lipids was much higher when compared to WCO used. Particularly in experiments performed at pH
5.6, this result was more evident and in experiment 2, intracellular lipids accumulated by yeast
were much more saturated (37 %) than the WCO (11 %). These results showed that long chain fatty
acids profile of lipids accumulated by Y. /ipolytica W29 cells could be manipulated through the
optimization of medium composition, particularly by the manipulation of medium pH, creating an
opportunity to produce tailor-made lipids from WCO (Papanikolaou & Aggelis, 2010).

In the literature, there are some works demonstrating that different Y. /jpolytica strains
growing in WCO can accumulate distinctly fatty acids profiles. Katre ef a/. (2012) reported that
microbial lipids accumulated by Y. /jpolytica NCIM 3589 from WCO were mainly composed by
caprylic (25 %), oleic (21 %) and palmitic (21 %) acids and only 12 % of linoleic acid. By contrast,
Y. ljpolytica strain NCIM 3472 accumulated only oleic (72 %), lignoceric (27 %) and behenic (2 %)
acids from WCO, and no linoleic or palmitic acids were found. On other hand, cells of Y. /jpolytica
NC-l growing in waste cooking oils from frying vegetables accumulated preferentially oleic acid (50
%), followed by palmitic (20 %) and linoleic (17 %) acids (El Bialy et a/, 2011). It is worth to notice
that the fatty acid composition of these intracellular lipids is very different from each other, probably
due to the different composition of WCO used in each work.

Several authors reported that, through biotechnological valorization, the composition of oily

wastes without any value can be upgrade by its bio-modification by oleaginous microorganisms,
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obtaining lipids with high added-value. Aggelis ef al/ (1997) reported that Candida spp.,
Langermania sp. and Rhodotorula sp. accumulated less unsaturated lipids, despite the initial
substrate rich in linoleic acid (evening primrose oil). It was reported that Y. /jpolytica CICC1778
cultivated in mixtures of mutton fat/methyl stearate accumulated lipids enriched with oleic, stearic
and palmitic acids, with a fatty acid profile resembled the composition of cocoa butter (Xiong et a/.,
2015). Saygiin et al. (2014) observed that the fatty acid profiles of oils accumulated by Y. /jpol/tica
YB 423-12 using different oily substrates depend on oil type, though the oleic acid was the most
accumulated, independently of the fatty substrate. The main fatty acids accumulated were: oleic
and palmitic acids from trout oil, oleic and linoleic acids from borage oil, and a-linolenic and oleic
acids from linseed oil. Papanikolaou ef a/. (2011) observed that cells of Aspergillus niger LFMB 2
accumulated lipids richer in palmitic acid than the initial oily substrate (waste cooking olive oil). By
contrast, Aspergillus sp. ATHUM 3482 accumulated lipids enriched with stearic acids but less rich
in palmitic and oleic acids comparatively to initial substrate.

The intracellular lipids obtained in this work, with high content of unsaturated fatty acids
(oleic and linoleic acids), can be used as an excellent food supplement. Particular those lipids rich
in linoleic acid (omega-6 family), which is considered an essential fatty acid or PUFA
(polyunsaturated fatty acid) and cannot be synthesized by mammals and must be ingested through
diet (Béligon et al,, 2016). The traditional source of PUFAs are fish oils, but the decrease of fish
populations, their undesirable odor and presence of mutagenic compounds and heavy metals leads
to a search for better and sustainable sources. Despite the lipids accumulated by Y. /jpolytica have
less linoleic acid than the initial substrate, in the European Union the recycling of WCO for food
supplement and animal feedstock is strictly prohibited (Lam ef 4/, 2016). The biotechnological
valorization of WCO by Y. /jpolytica described herein is a cheaper approach to convert oily wastes
without any nutritional value into lipids with high added-value.

The individual effect of each parameter at different levels on microbial lipids production by
Y. lipolytica W29 from WCO is shown in Figure 4.3. Unlike to the observed for lipase production,
the increase of pH from level 1 (5.6) to level 3 (7.2) had a negative influence on microbial lipids
accumulation, since the lipid content obtained at pH 5.6 was on average 2-fold higher than that
obtained at pH 7.2. As verified for lipase production, WCO and arabic gum concentrations had a
less relevant effect than pH variation, since the difference in both responses due to changes in the

parameters levels was small. The intermediate levels of WCO and arabic gum concentrations (30
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g-L" and 5 g-L?, respectively) were found as the optimum for the maximal production of microbial
lipids, nevertheless no inhibition effect was observed by increasing WCO concentration up to 50

g-L! and arabic gum up to 10 g-L™.
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Figure 4.3 Individual effect of pH (a), arabic gum concentration (b) and WCO concentration (e¢) on
microbial lipids production by Y. /ipolytica W29 obtained from Qualitek-4 software. pH levels: 1 - 5.6,
2 - 6.5, 3 -7.2; WCO concentration (g-L") levels: 1 - 10, 2 - 30, 3 - 50; arabic gum concentration
(g-L") levels: 1 - 0,2 -5, 3 - 10.

The analysis of variance (ANOVA) for the results of L9 orthogonal array is very important
to define which parameters have more influence on microbial lipids production by Y. /jpolytica W29
(Table 4.6). According with these results, pH was by far the most significant parameter, with 80.6
% contribution toward variation in microbial lipids production. This result agrees with the largest
slope for the parameter pH in the graph of individual effects (Figure 4.3a). However, arabic gum
concentration had a smaller significant effect than pH, and WCO concentration had no significant

effect on microbial lipids production in the range of the present study.
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Table 4.6 Analysis of variance (ANOVA) of Taguchi L9 orthogonal array for microbial lipids accumulation

by Y. ljpolytica cultures.

Factor Sum of squares Variance F-ratio P (%)

pH 1740.1 870.1 96.5 80.6
WCO concentration 72.3 36.2 4.0 2.5
arabic gum concentration 226.2 113.1 12.6 9.7
Error 99.2 9.0 - 7.2

As demonstrated by ANOVA analysis, microbial lipids accumulation by Y. /jpolytica W29
from WCO was strongly affected by initial pH, being this parameter the most influential on the
bioprocess. The highest content of microbial lipids was obtained in the experiments carried out at
pH 5.6. Papanikolaou ef a/. (2002) also identified the medium pH as a crucial factor for lipids
production by Y. /jpol/tica ACA-DC 50109 on a stearin based medium and concluded that lipid
accumulation by yeast was favored at pH 6. Generally, values of pH in the range of 4 — 7 are
reported for lipids accumulation by Y. /jpol/tica cells from fatty substrates (Papanikolaou et af,
2002; El Bialy et al,, 2011; Sarris et al., 2011; Liu et al., 2015).

Despite the WCO concentration had no significant effect on microbial lipids production in
the present study, some authors recognized that initial lipidic substrate concentration can affect
the final intracellular lipid yield. Depending on the nature and fatty acid composition of carbon
source, several concentrations of substrate have been reported as optimal for microbial lipids
accumulation by Y. /jpolytica strains. Katre ef al. (2012) concluded that 30 g-L" of WCO is the
optimal concentration for lipids accumulation by Y. /polytica NCIM 3472 strain and higher
concentrations are inhibitory for both growth and lipid yield. By contrast, for Y. /jpolytica NCIM 3589
strain no inhibition was noticed for WCO concentrations up to 100 g-L* (Katre et al,, 2012). Liu et
al. (2015) also reported that no inhibition was observed with WCO concentrations up to 140 g-L?,
but 40 g-L" of WCO was enough to maximize the accumulation of lipids by Y. /jpolytica SWJ-1b.
Papanikolaou et a/. (2007) observed that an increase of stearin concentration from 10 g-L" to 20
g-L" enhanced the lipid content accumulated by Y. /jpolytica ACA-DC 50109, regardless the

variations in the nitrogen concentration in the medium.
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In literature it was reported that in ex novo lipid synthesis, which involves the uptake of
fatty substrates from the culture medium, the accumulation of lipids by microorganisms is
independent of molar C/N ratio (Papanikolaou et a/., 2002; Papanikolaou ef a/,, 2011; Donot ef
al., 2014). In this work, different C/N ratios were used, since different WCO concentrations were
tested but the same concentration of nitrogen source was maintained for all experiments. The
results obtained herein showed that the variation of WCO concentration and, consequently, C/N
ratio, had no significant effect on microbial lipids production by Y. /jpol/tica in the range of the
present study, which is in accordance with the previous studies.

A slight significant effect of arabic gum on microbial lipids accumulation was observed,
and only 5 g-L" is required to maximize the lipid accumulation by Y. /ipolytica cells. As mentioned
before, in a biphasic system, the access of the cells to the oily substrate is favored by the presence
of surfactants/emulsifiers, which decrease the lipid-water interfacial tension and promote the
dispersion of the lipidic substrate. In this work, arabic gum concentration had no significant
influence on lipase production and a slightly effect on microbial lipids accumulation. Since low
amounts of arabic gum are needed for emulsifying this process, this represents an advantage
during industrial process because the addition of emulsifying agents increases the production
costs.

Estimated interaction severity index (Sl) allows understanding the influence of two
parameters interaction (Table 4.7). As occurred for lipase production, also for microbial lipids
accumulation the interaction between WCO concentration and arabic gum concentration had the
higher Sl value. On other hand, the interaction between the pH (parameter with more individual
influence) and WCO concentration or arabic gum concentration had lower Sl values. This result
was expected since, as already stated, in two liquid-phase systems, with organic phase dispersed
in the aqueous phase, the access of the cells to the oily substrate depends on the stability of the
emulsion. Arabic gum acts as an emulsifying agent and, thus, it is not surprising that the interaction
between WCO concentration and arabic gum concentration has the highest severity index for both

lipase and microbial lipids production.
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Table 4.7 Estimated interactions of studied parameters based on severity index (S, %).

Interacting factor pairs Sl (%)
WCO concentration vs arabic gum concentration 67.9
WCO concentration vs pH 9.8
pH vs arabic gum concentration 3.0

Considering the experimental data, Taguchi method established the optimum conditions
for maximization of microbial lipids production and predicted a theoretical value in such conditions
(Table 4.8). It was observed that the optimal conditions for lipids accumulation are completely
different from those for lipase production. While for lipase maximization, pH 7.2 was the optimum
value, for microbial lipids pH must be kept at 5.6. A concentration of 10 g-L™" of WCO was sufficient
to induce maximum lipase activity, whereas an intermediate concentration (30 g-L") is required for
lipids accumulation. The addition of arabic gum was not essential for lipase secretion, but 5 g-L*
of this emulsifier is needed for the maximum microbial lipids production. As WCO concentration
increases in the culture medium (from 10 g-L™ for lipase production to 30 g-L for microbial lipids
accumulation), a higher amount of arabic gum (none for lipase and 5 g-L™ for lipids) is required to
maintain the stability of the oil-in-water emulsion. An important relation between WCO
concentration and arabic gum concentration was already shown by severity index (67.9 % and 52.1
% for microbial lipids and lipase production, respectively), demonstrating that the interaction

between these two parameters is the most influent interaction in this bioprocess.

Table 4.8 Optimum culture conditions predicted by Taguchi method for maximization of microbial lipids
production by Y. /ipolytica W29 from WCO, predicted and experimental values of microbial lipids content (%,

w/w) obtained in optimal conditions.

Factor Level Values Predicted results  Experimental results
pH 1 5.6
WCO concentration (g-L") 2 30 53 (%, w/w) 51 % =3 % (w/w)
arabic gum concentration (g-L?) 2 5
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The maximum microbial lipids content attained in optimal conditions was close to the value
predicted by Taguchi method, which proves the effectiveness of the experimental design and
confirms the ability of Y. /jpolytica W29 to accumulate large amounts of intracellular lipids from
WCO. This yeast oil content was one of the higher ever reported for a wild Y. /jpolytica strain.

It should be noticed that the optimal conditions predicted for maximization of microbial
lipids production are the same of experiment 2 (Table 3.1) and, thus, it is not surprising that lipids
content was identical for both experiments. Therefore, also the fatty acids composition (oleic 38 %,
palmitic 33 %, linoleic 26 % and stearic 3 % acids) was similar to the fatty acids profile obtained in
the experiment 2. The microbial lipids were composed by 64 % of unsaturated fatty acids, which
makes these lipids a good source to food supplements, since unsaturated lipids are known for their
benefits for human health.

Although the optimal conditions for lipase and microbial lipids production were very
different, it is possible any time to set the operating conditions for maximum lipase production or
maximum microbial lipids production with the same technology and equipment. The bioprocess
could be directed for any of these metabolites production considering the market demands,
demonstrating that a biorefinery approach may be designed based on WCO. The capacity of a
simultaneous production of lipase, which has wide utilizations for industrial applications, and
microbial lipids, which currently have a great demand due their application for food supplements,

will reduces the production costs of both metabolites.
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4.2 Effect of oxygen mass transfer on metabolites production by Y.

lipolytica in a stirred tank bioreactor (STR)

The several applications of lipases in industry require the development of economic and
environmental-friendly large-scale production bioprocesses. A considerable amount of studies
focused on bioprocesses for production of lipase from lipidic substrates, however less information
is currently available about the optimization of lipase production from WCO in bioreactors.

Y. lipolytica has the special ability to degrade WCO for production of lipase and microbial
lipids, under specific growth conditions (Dominguez ef a/,, 2010; El Bialy et a/., 2011; Katre et al.,
2012; Liu et al,, 2017). Moreover, Y. /ipolytica is a strictly aerobic yeast and some studies have
demonstrated the effect of oxygen mass transfer on metabolites production (Alonso et a/, 2005;
Lopes et al., 2008; Salehmin et al, 2014). In other hand, the use of a lipidic substrate as carbon
source implies that mixing conditions, such as agitation and aeration rates, should be adequate for
a good mixture, allowing the satisfactory supply of the fatty carbon source to the yeast cells (Deive
et al,, 2010). Therefore, in this work the effect of oxygen mass transfer on lipase and microbial
lipids production by Y. /ipolytica W29 from WCO was evaluated. Several experiments were carried
out in a 2-L stirred tank bioreactor, by changing simultaneously stirring and aeration rates.
Additionally, experiments with no addition of WCO into the culture medium (control) were

performed.

4.2.1 Lipase production

The results of 4 a, maximum biomass concentration and maximum specific growth rate (h™)
obtained for the different conditions of stirring and aeration rate are presented in Table 4.9. As
expected for a stirred tank bioreactor, the increment of stirring and aeration rates led to an
enhancement of 4 a value. A 10-fold improvement in A& value was achieved by increasing
simultaneously the aeration rate from 0.3 wm to 1 vwm and the stirring rate from 200 rpm to 500

rpm.
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Table 4.9 Experimental A a values under different conditions of stirring and aeration rates, maximum
biomass concentration and maximum specific growth rate (h?) obtained in batch cultures of Y. /ipolytica
W29 carried out in a STR bioreactor with WCO 10 g-L™. Data are average and standard deviation of two

independent replicates.

Experimental conditions Maximum
Aeration rate Stirring rate ka(h) biomass concentration b ()
(vwm) (rpm) (gL?)
0.3* 300 15+1 094 +0.1 0.008 + 0.001
0.3 200 9+0 28+0.3 0.03+£0.01
0.3 300 16+1 6.9+04 0.11 £0.02
0.3 400 49+0 9.5+0.2 0.09 £ 0.02
1 500 93+4 98+1.2 0.18 £ 0.03

*Control (no addition of WCO)

It was observed that the raise of 4a from 9 h™ to 93 h? had a clearly positive effect on
cellular growth. As expected, in the control experiment with no addition of WCO, the maximum
biomass concentration observed was very low (0.94 g-L?), demonstrating that the addition of
carbon source is crucial for cellular growth. Lowest biomass concentration (2.8 g-L") was achieved
at lowest 4 avalue, probably due the limitation of dissolved oxygen that occurred in the first hours,
impairing the cellular growth. A 4-fold improvement of cellular growth was observed at highest 4 a
value comparing with the lowest 4 a value. No considerable differences were observed for cellular
growth profiles in the experiments carried out at highest values of Aa (16 h*, 49 h* and 93 h?)
(data not shown). The exception was noticed in the experiment at lower 4 avalue (9 h?), in which
cells presented a longer lag phase when compared with the cellular growth behavior at higher A a
values. This led to an exponential phase less pronounced, which is in accordance with the lower
values of biomass concentration observed at 4 a value of 9 h.

Different dissolved oxygen profiles were observed in batch cultures of Y. /jpolytica W29,
according with the Aa values (Figure 4.4). During the first hours of yeast fermentation, which
corresponds to the exponential growth phase, a decrease on oxygen concentration in the
fermentation medium was observed for all experiments, with exception for the experiment at higher
kavalue (93 h'). Indeed, for a A avalue of 9 h, a full depletion of oxygen from the medium was
observed from the first hour and through all the fermentation, which can justify the lower biomass

achieved in these conditions. In the experiments with 4 avalue equal to 16 h”, the dissolved oxygen
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concentration fell to zero after 8 h of fermentation and stabilized in this value until approximately
40 h of fermentation. For the 4 a value of 49 h, the oxygen concentration never dropped to zero,
although a decline was observed in the first 10 h, and stabilized around 50 % at 25 h. At the highest
kavalue (93 h), the dissolved oxygen concentration never dropped to zero. The same behavior

was observed for control experiments performed with no addition of WCO.

Dissolved Oxygen (%)

Time (h)

Figure 4.4 Dissolved oxygen concentration profiles during lipase production in batch cultures of V.
lipolytica W29 at different A a values (h™): 9 (orange line); 16 (green line); 49 (black line); 93 (grey

line); control (blue line).

The increase of 4 a also improved the specific growth rate from 0.03 h” to 0.18 h?, and
highest specific growth rate was attained in the experiments performed at 4 a equal to 93 h™. The
increase of agitation rate reduces the size of the oil droplets and enhances the rate of extracellular
hydrolysis of the oil, which improves the carbon supply to the cells. This phenomenon could be
one hypothesis to the enhancement of growth rate and final biomass concentration. Additionally,
at higher A a values the cellular growth was not limited by oxygen concentration.

These results are in accordance with those reported by Lopes et a/. (2009), since the
authors also concluded that cellular growth of Y. /jpoltica was improved by increasing oxygen
transfer rate. Papanikolaou et a/. (2007) observed that higher oxygenation, owing to higher agitation
rate employed in bioreactor, significantly enhanced the biomass concentration of Y. /jpolytica ACA-

DC 50109. By contrast, Alonso et a/. (2005) and Deive et a/. (2010) concluded that an increase of
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agitation rate led to a decrease in cellular growth of Y. /jpolytica IMUFRJ 50682 and Y. /ipolytica
CECT 1240, respectively. Both studies suggested that lower cellular growth was due to the shear
stress promoted by the impellers (mechanical stress) occurred at high agitation rates and/or
oxidative stress resulting from the increase in dissolved oxygen concentration.

The raise of Aafrom 9 h™ to 16 h™* had a remarkable positive effect on lipase production,
increasing from 1855 U-L™to 12000 U-L™ (Table 4.10). However, an opposite effect was observed
for k avalues above 16 h'. Indeed, the lowest lipase activity was attained at higher 4 a value and
a 2.4-old reduction in lipase production was obtained comparatively with the experiment carried
out at a 4.aof 16 h™. The possibility to operate at lower stirring and aeration rates is an important
aspect, making this bioprocess economically interesting, since it is possible to reduce the costs
with power consumption. In the control experiment with no addition of WCO, the lipase activity
observed was much lower when compared with the experiments with addition of WCO, which

confirms the requirement of oily substrate for the maximal induction of lipase.

Table 4.10 Experimental 4 a values under different experimental conditions, maximum lipase activity
(U-L?) and maximum protease activity (U-L") obtained in batch cultures of Y. /jpolytica W29 carried out in

STR bioreactor. Data are average and standard deviation of two independent replicates.

k.a (h?) Maximum lipase activity (U-L) Maximum protease activity (U-L?)
15+1 66 + 15° 149 + 46°
9+0 1855 + 408% 603 + 187"
16+1 12000 + 2869° 1453 + 45°
490 7438 + 1636 1959 + 132°
93+ 4 5050 + 943> 2111 + 67°
*control (no addition of WCQ)
abcd

Values followed by the same letter do not present statistically significant differences (p < 0.05)

Deive ef al. (2010) and Alonso ef a/. (2005) also reported that lower agitations rates
improved lipase production by Y. /jpolytica strains cultivated in medium with olive oil. Dalmau ef
al. (1998) concluded that, when C. rugosa grown in medium with oleic acid, the lipase production

was higher at lower stirring rates, once large droplets sizes of oleic acid were found in the fatty
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acid/water emulsion. Burkert ef a/. (2005) studied the lipase production by Geotrichum candidum
in soybean oil medium and concluded that lower values of 4 a resulted in 3-fold improvement in
lipase activity. Other authors also concluded that agitation rates above 200 rpm led to a decrease
on lipase production by A. njger cultivated in olive oil medium (El-batal ef a/,, 2016). By contrast,
Salehmin ef a/. (2014) studied the production of lipase by Candlida rugosa using palm oil as carbon
source and observed that in experiments carried out at agitation rates below 400 rpm no lipase
production was observed and the highest production was attained at 600 rpm. The authors
suggested that low agitation rates narrowed lipase production due to the limitations on the supply
of carbon source. On the other hand, at agitation rates above 600 rpm, corresponding to a non-
limiting supply of carbon situation, cellular growth was favoured (high specific growth rates was
observed) instead of lipase production.

In fact, the maximum lipase activity was observed in the experiments carried out at 300
rpm (k.a value of 16 h') at 30 h of fermentation, which coincided with a limitation of dissolved
oxygen in the medium (oxygen concentration was equal to 0 % between 10 h and 40 h of
cultivation). Freire ef al. (1997) also observed that lipase production by P. restrictum cultivated in
medium with olive oil was improved by oxygen limitation. By contrast, Tan et a/. (2003) concluded
that the raise of dissolved oxygen concentration in the medium significantly enhanced the lipolytic
activity by Candlida sp 90-17. Lopes et al. (2007) also demonstrated that the increase of oxygen
solubility by raising total air pressure led to an enhancement of lipase production by Y. /ipolytica
W29. Elibol & Ozer (2000) observed that, in Rhizopus arrhizus cultures, a 2-fold improvement on
lipase production was attained by the increase of dissolved oxygen level from 20 % to 70 %. Fickers
et al. (2009) observed that the raise of lipase production by mutant Y. /jpolytica LgX64.81 was
enhanced with the increased of dissolved oxygen concentration.

It is worth to notice that a 23-fold improvement in lipase activity was obtained in bioreactor
experiments comparatively with the Erlenmeyer flasks experiments carried out in optimum
conditions. In bioreactor experiments, the pH was controlled at 7.2 contrary to what happened in
Erlenmeyer flasks experiments where fluctuations on pH value were observed. The control of pH
is an important strategy since Taguchi method has established that pH was the parameter with
most influence on lipase production by Y. /jpolytica W29 from WCO. Dominguez ef a/. (2010) also
observed an improvement on lipase activity in bioreactor fermentations when compared with the

flaks fermentations. The authors justify this fact with the existence of suitable hydrodynamic
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conditions inside the bioreactor such as good aeration and agitation rates, which reduces the
resistance to oxygen mass transfer, once the thickness of liquid layer in the gas/liquid interface is
weakened.

In the conditions observed as most advantageous for lipase production (4a 16h), the
lipase activity sharply decreasing immediately after reaching the maximum activity, as explained
above. The depletion of key nutrients and consumption of extracellular lipase for cell maintenance
could explain this profile (Deive et al,, 2010). On other hand, the decrease of lipase production at
the stationary phase has been attributed by some authors to the decrease of lipidic substrate
concentration in the medium (Papanikolaou et a/,, 2007). Moreover, an increase of protease activity
was also observed throughout the fermentation and achieved the maximum production at the end
of cultivation time. The presence and action of proteases could explain the drastic decrease of
lipase activity after reaching the maximum.

Contrary to the results obtained for lipase production, the raise of 4 a value from 9 h' to
93 h' led to a clearly increase on protease activity. A 3.5-fold enhancement on protease activity
was attained at A& of 93 h' comparatively to that obtained at 4 a of 49 h'. The presence of
protease in the fermentation medium can influence the maximum lipase production because the
action of these enzymes could lead to the degradation of lipase. Lopes ef a/. (2009) observed that
highest value of protease activity was achieved in the same conditions where it was observed
maximum lipase productivity. Alonso et a/. (2005) concluded that the increase of 4 a values from
8.5 h' to 54.5 h' do not favored the protease production and maximum protease activity was

achieved at lowest agitation rate tested (100 rpm).

4.2.2 Microbial lipids production

Although the experiments in bioreactor were performed under the optimal conditions for
lipase production, in the Erlenmeyer flaks experiments it was observed that Y. /jpolytica W29 cells
accumulated great content of lipids from WCO simultaneously with production of lipase. Thus, the
lipid content was quantified and the effect of oxygen mass transfer on microbial lipids production

was also assessed.
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The results of microbial lipids content (%, w/w) are shown in Figure 4.5. As observed for
lipase production, the raise of 4afrom 9h™ to 16 h™ had a clearly positive effect on microbial lipids
production. By contrast, a negative influence on microbial lipids production was observed for A a
values above 16 h™. Although the conditions were optimal for lipase production, considerable
amounts of lipids were accumulated by yeast cells. The lipid content ranged between 10 % (w/w)
to 48 % (w/w), which corresponds, in mass of intracellular oil per volume of culture medium, to
0.6 g-L™* and 3.0 g-L?, respectively. The lipid content accumulated by Y. /ipolytica in medium with
no addition of WCO was only 10 % (w/w), which corresponds to only 0.07 g-L" due the low biomass

achieved in this fermentation.
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Figure 4.5 Microbial lipids content (%, w/w) of Y. /ipolytica W29 cells obtained in batch cultures carried
out in STR bioreactor after 24 hours of fermentation (grey bars) and 48 hours of fermentation (black bars).
The error bars represent the standard deviation of two independent replicates. Bars with the same letter do

not present statistically significant differences (p < 0.05).

The maximum value of lipid content accumulated by Y. /jpolytica cells (3.0 g-L") in this
work was similar to other values found in the literature for Y. /ipolytica strains cultivated in medium
with addition of WCO (El Bialy et a/, 2011; Liu et a/, 2015) and higher than cellular lipid
concentration (1.7 g-L") observed by Sarris et al. (2011) for Y. /jipolytica W29 cultivated in olive oil
mill wastewater medium. By contrast, higher cellular lipids concentrations were obtained by other

authors (Papanikolaou et a/,, 2002; Papanikolaou et a/., 2007; Saygiin et al., 2014; Bellou et a/.,
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2016). However, in those studies higher biomass concentrations was achieved. Once the lipid
content obtained in the bioreactor experiments in this work was 48 % (w/w), which corresponds
only to 3.0 g-L™ of lipids, the use of high cellular density cultures could be a strategy to reach higher
microbial lipids concentrations.

It is also important to observe the differences in microbial lipids content within each
condition. In general, the lipid content (%, w/w) was identical at 24 hours and 48 hours of
fermentation (p > 0.05). However, in the conditions where the highest content of lipids was attained
(ka 16 h), a significant decrease on microbial lipids content from 24 h to 48 h was observed. In
batch fermentations, when microorganisms are cultivated in lipidic substrates, the accumulation
of intracellular lipids occurs in the first stage of growth. The fast degradation of substrate lead to
conditions of carbon starvation that forces the degradation of storage lipids by microorganisms
(Aggelis & Sourdis, 1997). Additionally, accumulated lipids could inhibit the uptake of extracellular
fatty acids by microorganisms, and the degradation of reserve lipids instead of uptake of
extracellular fatty acids is initiated (Aggelis ef a/., 1997).

In this work, the highest lipid contents were achieved at lower 4 avalues, which correspond
to lower dissolved oxygen concentration in the culture medium. As shown above, the dissolved
oxygen concentration in the conditions of lower A avalues remained nearly zero almost all the time
(Figure 4.3). The results reported in this work are in accordance with Bati ef a/. (1984), since the
authors observed that a dissolved oxygen concentration nearly zero improved microbial lipids
accumulation by Candida lipolytica. Yen & Zhang (2011) studied the effect of dissolved oxygen on
lipid accumulation by Fhodotoruia glutinis cultivated in glucose and concluded that low dissolved
oxygen levels retarded cell growth but had a positive effect in lipid accumulation. Karamerou et
al(2015) also observed that low aerated cultures favored lipid accumulation by 7. glutinis cultivated
in biodiesel-derived glycerol. The degradation of hydrophobic substrates by Y. /jpolytica strains is a
multi-step pathway requiring different acyl-CoA oxidases (Aox). Apparently, at higher aeration and
agitation rates, the activity of short-chain acyl-CoA oxidases (e.g. Aox3p) increases, and the carbon
source is directed towards the synthesis of acetyl-CoA, indicating that lipid-free biomass formation
is favored instead of intracellular lipids accumulation (Mlickova et a/,, 2004; Fickers et al., 2005;
Papanikolaou et al/, 2007). By contrast, Tai & Stephanopoulos (2013) studied the lipid

accumulation by mutant Y. /jpol/tica in glucose medium and concluded that fermentations highly
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aerated favored the lipid accumulation. Bellou et a/. (2014) also observed that Y. /jpolytica ACA-
DC 50109 accumulated high lipid content in medium with high dissolved oxygen concentrations.

Microscopic observations of Y. /jpolytica W29 cells cultivated in medium with WCO revealed
that the presence of lipidic substrate and/or dissolved oxygen concentration did not induced
hyphae formation and oval form was observed in all experiments (Figure 4.6). Moreover, large lipid
bodies were observed inside the Y. /jpoly/tica cells when fermentation was carried out at A a of 16
h (Figure 4.5a), which is in accordance with the high lipid content described above. By contrast,
small lipid bodies inside the yeast cells were observed in the experiments performed at A a of 93
h'', which is in accordance with the lower lipid content achieved in these conditions.

Some authors reported that low aeration conditions induce mycelium formation on V.
lipolytica cells and in high aeration conditions V. /jpol/tica cells showed typical oval form, regardless
the nature of substrate (hydrophilic, such as glucose and glycerol or hydrophobic, such as olive oil)
(Bellou et af, 2014). By contrast, Papanikolaou ef a/. (2007) cultivated Y. /jpolytica in stearin

medium and observed that yeast cells displayed a true mycelium form, independently of substrate

concentration and mode of operation.

Figure 4.6 Light microscopy image of Y. /ipolytica W29 cells with intracellular lipid bodies in the
cytoplasm after 24 h of growth in WCO: a) A aof 16 h* and b) A .aof 93 h™.

The fatty acids composition of intracellular lipids accumulated by Y. /jpolytica W29 cells
from WCO is shown in Table 4.11. In all conditions, negligible amounts of stearic acid were

detected (1 % - 4 %), while considerable quantities of linoleic (60 % - 71 %), oleic (21 % - 29 %), and
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palmitic (6 % - 13 %) acids were accumulated. It should be noticed that in all experiments, the
amount of linoleic acid was higher than 60 %. The unsaturated fraction of microbial lipids ranged
from 84 % to 93 %.

The content of each fatty acid observed for all conditions between 24 hours and 48 hours
of fermentation showed no considerable differences, except for oleic and linoleic acids. Oleic acid
content increased between 24 hours and 48 hours in all experiments. By contrast, linoleic acid
content decreased between 24 hours and 48 hours for almost all conditions.

Contrary to the results obtained in this work, André ef a/ (2009) observed that lipids
accumulated by Y. /jpolytica ACA-YC 5033 in medium with crude glycerol was more saturated at
the exponential growth phase (24 hours of fermentation) due the increase of palmitic and stearic
acids concentrations compared with the other phases of growth but in contrast oleic acid content
decreased during fermentation. Several studies observed that yeasts cannot accumulated high
quantities of oleic acid, since this fatty acid was rapidly incorporated inside cells and was as well
rapidly dissimilated for growth requirements (Papanikolaou ef a/., 2001; Papanikolaou & Aggelis,
2003a, 2003b).

Table 4.11 Long chain fatty acids composition (%) obtained in batch cultures of Y. /ipolytica W29 carried

out in STR bioreactor. Data are average and standard deviation of two independent replicates.

Long chain fatty acids (%)

ka(h) Time (h)

Palmitic Stearic Oleic Linoleic Unsaturated

(C16) (C18) (C18:1) (C18:2) fraction (%)
24 h 125+1.2 3.3+£06 219+06 62.2+2.3 84 +1
? 48 h 10.3+1.0 3.0+038 28.7+0.4 58.0+1.7 87 +1
24 h 6.3+0.1 1.1+£00 21.2+1.1 713+1.0 93+1
o 48 h 6.1+05 16+0.3 26.3+1.4 66.0 + 0.6 92+0
24 h 87+13 28+0.3 27.0+0.0 62.7 +0.2 90 +1
» 48 h 7.3£18 22+05 27.8+0.0 62.7 +2.2 91+0
24 h 8.7+20 2712 245+0.1 640+ 1.6 89+0
% 48 h 10.2+2.6 42+13 253+17 60.3+2.2 86+0

Comparatively to the initial substrate, an increase of palmitic acid was observed for all

conditions. A slightly increase was also observed in oleic acid content comparatively to the initial
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substrates. By contrast, in almost all experiments the stearic acid content observed was slightly
lower when compared with the initial substrate as well as linoleic acid content. The exception was
the experiments at 4 aof 16 h™ once it was observed a higher linoleic acid content than the same
fatty acid content found in initial substrate. As observed in Erlenmeyer flasks experiments, the
manipulation of conditions such as aeration and agitation rates allowed the production of tailor-
made lipids.

Due to the composition of microbial lipids rich in oleic and linoleic acids (mono and
polyunsaturated fatty acids, respectively), these intracellular lipids can be used as an excellent food
supplement (Béligon et a/., 2016). This PUFA belongs to the family of omega-6, acting as a
precursor for the synthesis of more highly unsaturated and longer-chained omega-6 family, such
as arachidonic acid (ARA), which is the principal omega-6 fatty acid present in the brain. One of
the major currently problems are how to provide enough a diet rich in PUFAs to an increasing
population. The microbial lipids accumulated by Y. /jpolytica enriched with linoleic acid could be
considered as an alternative source for essential nutrients that are present in diet. The bioprocess
described herein is a cheaper and advantageous way to recycle WCO into lipids with high added-
value.

The simultaneous production of lipase and microbial lipids by Y. /ipolytica W29 growing in
WCO lead to a sustainable and economical viable production of an important enzyme and lipids
enriched with essential fatty acids, which have wide application in pharmaceutical and food
industries. Moreover, the operational costs can be reduced since at the same time and with the
same equipment and technology, two added-value metabolites with important applications are

obtained.
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5 CONCLUSIONS AND FUTURE WORK PERSPECTIVES

In this chapter, the general conclusions of the work are presented as well as suggestions for

future work related with this field of research.







5.1 Final Conclusions

Y. lipolytica has the special ability to degrade lipid-rich substrates while produces value-
added metabolites. WCO can be used as carbon source in the production of lipase and microbial
lipids by Y. /ipolytica under specific growth conditions.

The optimization of medium parameters by experimental design based on the Taguchi
method allowed to conclude that pH was the parameter with more influence on lipase and microbial
lipids production by Y. /ipoly/tica W29 using WCO as substrate. Lipase production ranged from 64.4
U-L! to 523.1 U-L" in flask assays and the higher values of lipase activity were obtained in the
experiments at pH 7.2. By contrast, highest microbial lipids accumulation was attained in the
experiments performed at pH 5.6, ranging from 21 % (w/w) to 53 % (w/w). Arabic gum had a
significant influence only for microbial lipids production by yeast. However, the interaction between
pH and arabic gum concentration and their influence was found significant for both lipase and
microbial lipids production and should be considering for further fermentations. The optimal
conditions for maximization of lipase production were: pH 7.2 and WCO 10 g-L*, with no addition
of arabic gum. In other hand, optimal conditions for maximization of microbial lipids production
were: pH 5.6, WCO 30 g-L" and arabic gum 5 g-L". Similar lipase activities were obtained using
WCO compared with olive oil, validating the possibility of using WCO as a low-cost carbon source
for lipase production by Y. /jpolytica W29.

The experiments in STR bioreactor showed that increasing 4.a up to 93 h™ improve cell
growth as well as protease production. On the other hand, values of A a above 16 h” led to a
decrease in lipase production. The accumulation of microbial lipids was also favored in lower A a
values. The composition, in fatty acids, of microbial lipids accumulated by yeast was mainly linoleic
(=60%) and oleic (=30%) acids, demonstrating the potential of these lipids to be used as food
supplements. The maximum production of microbial lipids was observed for the same Aa
conditions (16 h), demonstrating that a biorefinery context may be designed to exploit the various

metabolites that are simultaneous produce by Y. /jpolytica W29 from WCO.
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5.2 Future work perspectives

The present work brings new perspectives on the biotechnological production of lipase and
microbial lipids by Y. /ipolytica W29, contributing for the optimization of some important parameters
that could affect the bioprocess. Nevertheless, there are still some new ideas for future work and
developments.

Several authors observed that low levels of dissolved oxygen (DO) enhance lipid
accumulation, but inhibit cell growth, whereas a higher level of DO enhances biomass
accumulation rather than lipid accumulation. Thus, a two-stage DO strategy to control biomass and
improved lipid accumulation by Y. /jpolytica W29 could be applied.

In order to study the effect of operation mode on lipase and microbial lipids production,
different strategies of substrate feeding to the STR bioreactor may be applied: step-wise fed-batch
(pulses of WCO at regular intervals) and fed-batch mode (WCO feeding at a constant feeding rate
or at an exponential feeding rate). Additionally, studies with constant dissolved oxygen,
manipulating the stirring speed and specific air flow rate, through a cascade control mode, could
be performed.

Several authors reported high lipid concentration in medium with Y. /ipol/tica strains, but
initial cellular concentration used was higher when compared with the initial cellular concentration
used in this work. Thus, studies with higher initial cellular concentrations to improved lipid
concentration in medium with WCO could be carried out in bioreactor.

Finally, pressurized bioreactors have also great potential of application for lipase
production, and it would be interesting to implement in this bioreactor type strategies of gradually

increasing pressure to obtain high cell density cultures and to produce lipase and microbial lipids.

87



6 REFERENCES

This chapter lists all the references that contribute to the elaboration of this written work.







Aggelis, G., Papadiotis, G. & Komaitis, M. (1997) ‘Microbial fatty acid specificity.”, Folia
microbiologica. Czech Republic, 42(2), pp. 117-120. doi: 10.1007/BF02898718.

Aggelis, G. & Sourdis, J. (1997) ‘Prediction of lipid accumulation-degradation in oleaginous micro-
organisms growing on vegetable oils’, Anfonie van Leeuwenhoek, International Journal of General

and Molecular Microbiology, 72(2), pp. 159-165. doi: 10.1023/A:1000364402110.

Aguedo, M., Gomes, N., Garcia, E. E., Waché, Y., Mota, M., Teixeira, J. a. & Belo, I. (2005)
‘Decalactone production by Yarrowia lipolytica under increased O2 transfer rates’, Biotechnology

Letters, 27(20), pp. 1617-1621. doi: 10.1007/510529-005-2517-z.

Almeida, A. F. de, Taulk-Tornisielo, S. M. & Carmona, E. C. (2012) ‘Influence of carbon and
nitrogen sources on lipase production by a newly isolated Candida viswanathii strain’, Annals of

Microbiology, 63(4), pp. 1225-1234. doi: 10.1007/s13213-012-0580-y.

Alonso, F. 0. M., Oliveira, E. B. L., Dellamora-Ortiz, G. M. & Pereira-Meirelles, F. V. (2005)
‘Improvement of lipase production at different stirring speeds and oxygen levels’, Brazilian Journal

of Chemical Engineering, 22(1), pp. 9-18. doi: 10.1590/50104-66322005000100002.

Alvarez, H. M. & Steinbiichel, A. (2002) ‘Triacylglycerols in prokaryotic microorganisms’, Applied
Microbiology and Biotechnology, 60(4), pp. 367-376. doi: 10.1007/s00253-002-1135-0.

Alves, M. M., Pereira, M. A., Sousa, D. Z., Cavaleiro, A. J., Picavet, M., Smidt, H. & Stams, A. J. M.
(2009) ‘Waste lipids to energy: How to optimize methane production from long-chain fatty acids

(LCFA)’', Microbial Biotechnology, 2(5), pp. 538-550. doi: 10.1111/}.1751-7915.2009.00100.x.

André, A., Chatzifragkou, A., Diamantopoulou, P., Sarris, D., Philippoussis, A., Galiotou-Panayotou,
M., Komaitis, M. & Papanikolaou, S. (2009) ‘Biotechnological conversions of bio-dieselderived
crude glycerol by Yarrowia lipolytica strains’, Engineering in Life Sciences, 9(6), pp. 468-478. doi:
10.1002/¢elsc.200900063.

Angelidaki, I. & Ahring, B. K. (1992) ‘Effects of free long-chain fatty acids on thermophilic anaerobic
digestion’, Applied Microbiology —and  Biotechnology, 37(6), pp. 808-812. doi:
10.1007/BF00174850.

90



Appels, L., Lauwers, J., Degrve, J., Helsen, L., Lievens, B., Willems, K., Van Impe, J. & Dewil, R.
(2011) ‘Anaerobic digestion in global bio-energy production: Potential and research challenges’,
Renewable and Sustainable Energy Reviews. Elsevier Ltd, 15(9), pp. 4295-4301. doi:
10.1016/j.rser.2011.07.121.

Athenstaedt, K., Jolivet, P., Boulard, C., Zivy, M., Negroni, L., Nicaud, J. M. & Chardot, T. (2006)
‘Lipid particle composition of the yeast Yarrowia ljpolytica depends on the carbon source’,

Proteomnics, 6(5), pp. 1450-1459. doi: 10.1002/pmic.200500339.

Awad, G. E. A., Mostafa, H., Danial, E. N., Abdelwahed, N. A. M. & Awad, H. M. (2015) ‘Enhanced
production of thermostable lipase from Bacillus cereus ASSCRC-P1 in waste frying oil based
medium using statistical experimental design’, Journal of Applied Pharmaceutical Science, 5(9),

pp. 007-015. doi: 10.7324/JAPS.2015.50902.

Azécar, L., Ciudad, G., Heipieper, H. J. & Navia, R. (2010) ‘Biotechnological processes for biodiesel
production using alternative oils’, Applied Microbiology and Biotechnology, 88(3), pp. 621-636.
doi: 10.1007/s00253-010-2804-z.

Bandyopadhyay, B., Humphrey, A. E. & Taguchi, H. (1967) ‘Dynamic measurement of the
volumetric oxygen transfer coefficient in fermentation systems’, Biotechnology and Bioengineering.
Wiley Subscription Services, Inc., A Wiley Company, 9(4), pp. 533-544. doi:
10.1002/bit.260090408.

Barth, G. & Gaillardin, C. (1997) ‘Physiology and genetics of the dimorphyc fungus Yarrowia
lipolytica, FEMS Microbiology Reviews, 19, pp. 219-237.

Bati, N., Hammond, E. G. & Glatz, B. A. (1984) ‘Biomodification of fats and oils: Trials with Candlida
lipoltica', Journal of the American Oil Chemists’ Society, 61(11), pp. 1743-1746. doi:
10.1007/BF02582139.

Béligon, V., Christophe, G., Fontanille, P. & Larroche, C. (2016) ‘Microbial lipids as potential source
to food supplements’, Current Opinion in Food Science, 7, pp. 35-42. doi:

10.1016/j.cofs.2015.10.002.

91



Bellon-Fontaine, M. N., Rault, J. & Van Oss, C. J. (1996) ‘Microbial adhesion to solvents: A novel
method to determine the electron-donor/electron-acceptor or Lewis acid-base properties of
microbial cells’, Colloids and Surfaces B: Biointerfaces, 7(1-2), pp. 47-53. doi: 10.1016/0927-
7765(96)01272-6.

Bellou, S., Makri, A., Triantaphyllidou, I. E., Papanikolaou, S. & Aggelis, G. (2014) ‘Morphological
and metabolic shifts of Yarrowia ljpolytica induced by alteration of the dissolved oxygen
concentration in the growth environment’, Microbiology (Reading, England), 160(2014), pp. 807-
817. doi: 10.1099/mic.0.074302-0.

Bellou, S., Triantaphyllidou, I. E., Mizerakis, P. & Aggelis, G. (2016) ‘High lipid accumulation in
Yarrowia lipolytica cultivated under double limitation of nitrogen and magnesium’, Journal of

Biotechnology, 234(August), pp. 116-126. doi: 10.1016/j.jbiotec.2016.08.001.

Benjamin, S. & Pandey, A. (1996) ‘Optimization of liquid media for lipase production by Candida
rugosa', Bioressource Technology, 55, pp. 167-170.

Beopoulos, A., Cescut, J., Haddouche, R., Uribelarrea, J. L., Molina-Jouve, C. & Nicaud, J. M.
(2009) * Yarrowia lipolytica as a model for bio-oil production’, Progress in Lipid Research. Elsevier

Ltd, 48(6), pp. 375-387. doi: 10.1016/j.plipres.2009.08.005.

Beopoulos, A., Chardot, T. & Nicaud, J. M. (2009) * Yarrowia ljpolytica. A model and a tool to
understand the mechanisms implicated in lipid accumulation’, Biochimie. Elsevier Masson SAS,

91(6), pp. 692-696. doi: 10.1016/].biochi.2009.02.004.

Bialy, H. E., Gomaa, 0. M. & Azab, K. S. (2011) ‘Conversion of oil waste to valuable fatty acids
using oleaginous yeast', World Journal of Microbiology and Biotechnology, 27(12), pp. 2791-2798.
doi: 10.1007/s11274-011-0755x.

Bligh, E. G. & Dyer, W. J. (1959) ‘A rapid method of total lipid extraction and purification’, Canadian

Journal of Biochemistry and Physiology, 37(8).

Braga, A. & Belo, I. (2015) ‘Production of decalactone by Yarrowia lipoltica. Insights into
experimental conditions and operating mode optimization’, Journal of Chemical Technology and

Biotechnology, 90(3), pp. 559-565. doi: 10.1002/jctb.4349.

92



Brigida, A. I. S., Amaral, P. F. F., Coelho, M. A. Z. & Gongalves, L. R. B. (2014) ‘Lipase from
Yarrowia ljpolytica. Production, characterization and application as an industrial biocatalyst’,
Journal  of  Molecular  Catalysis B:  Enzymatic, 101, pp. 148-158. doi:
10.1016/j.molcatb.2013.11.016.

Burkert, J. F. de M., Maldonado, R. R., Maugeri Filho, F. & Rodrigues, M. 1. (2005) ‘Comparison of
lipase production by Geotrichum candidum in stirring and airlift fermenters’, Journal of Chemical

Technology and Biotechnology, 80(1), pp. 61-67. doi: 10.1002/jctb.1157.

Castro, A. R., Guimaraes, M., Oliveira, J. V. & Pereira, M. A. (2017) ‘Production of added value
bacterial lipids through valorisation of hydrocarbon-contaminated cork waste’, Science of the Total

Environment. Elsevier B.V., 605-606, pp. 677-682. doi: 10.1016/j.scitotenv.2017.06.216.

Celson, R., Cassini, S. T. A., Paulo, W. P. A., Laura, M. P., Regina, de P. K. & Ricardo, F. G. alves
(2016) ‘Lipase-producing fungi for potential wastewater treatment and bioenergy production’,

African Journal of Biotechnology, 15(18), pp. 759-767. doi: 10.5897/AJB2015.14666.

Cheirsilp, B. & Louhasakul, Y. (2013) ‘Industrial wastes as a promising renewable source for
production of microbial lipid and direct transesterification of the lipid into biodiesel’, Bioresource

Technology. Elsevier Ltd, 142, pp. 329-337. doi: 10.1016/].biortech.2013.05.012.

Chhetri, A. B., Watts, K. C. & Islam, M. R. (2008) ‘Waste cooking oil as an alternate feedstock for
biodiesel production’, £nergies, 1(1), pp. 3-18. doi: 10.3390/en1010003.

Christofi, N. & lvshina, I. B. (2002) ‘Microbial surfactants and their use in field studies of soil
remediation’, Journal of Applied Microbiology, 93(6), pp. 915-929. doi: 10.1046/}.1365-
2672.2002.01774.x.

Cirigliano, M. C. & Carman, G. M. (1984) ‘Isolation of a bioemulsifier from Candida ljpolytica
Applied and Environmental Microbiology, pp. 747-750.

Coelho, M. A. Z., Amaral, P. F. F. & Belo, I. (2010) ‘ Yarrowia ljpolytica: an industrial workhorse’,

Applied microbiology and microbial biotechnology, pp. 930-944.

Corbo, M. R., Lanciotti, R., Albenzio, M. & Sinigaglia, M. (2001) ‘Occurrence and characterization
of yeasts isolated from milks and dairy products of Apulia region’, /nternational Journal of Food

Microbiology, 69(1-2), pp. 147-152. doi: 10.1016/S0168-1605(01)00585-2.

93



Corzo, G. & Revah, S. (1999) ‘Production and characteristics of the lipase from Yarrowia /jpolytica

681’, Bioresource Technology, 70(2), pp. 173-180. doi: 10.1016/S0960-8524(99)00024-3.

Costa, S. G. V. A. O., Lépine, F., Milot, S., Déziel, E., Nitschke, M. & Contiero, J. (2009) ‘Cassava
wastewater as a substrate for the simultaneous production of rhamnolipids and
polyhydroxyalkanoates by Pseudomonas aeruginosa, Journal of Industrial Microbiology and

Biotechnology, 36(8), pp. 1063-1072. doi: 10.1007/s10295-009-0590-3.

Cruz, M. V., Freitas, F., Paiva, A., Mano, F., Dionisio, M., Ramos, A. M. & Reis, M. A. M. (2016)
‘Valorization of fatty acids-containing wastes and byproducts into short- and medium-chain length
polyhydroxyalkanoates’, New Biotechnology, 33(1), pp. 206-215. doi:
10.1016/j.nbt.2015.05.005.

Cvengros, J. & CvengroSova, Z. (2004) ‘Used frying oils and fats and their utilization in the
production of methyl esters of higher fatty acids’, Biomass and Bioenergy, 27(2), pp. 173-181.
doi: 10.1016/j.biombioe.2003.11.006.

Dalmau, E., Sanchez, A., Montesinos, J. L., Valero, F., Lafuente, F. J. & Casas, C. (1998) ‘Study
of the drop size frequencies in a microbial growth system with an aqueous-organic culture medium:
Lipase production from Candida rugosa, Journal of Biotechnology, 59(3), pp. 183-192. doi:
10.1016/S0168-1656(97)00153-3.

Darvishi, F. (2012) ‘Expression of native and mutant extracellular lipases from Yarrowia /jpolytica in
Saccharomyces cerevisiae', Microbial Biotechnology, 5(5), pp. 634-641. doi: 10.1111/j.1751-
7915.2012.00354 x.

Darvishi, F., Nahvi, |., Zarkesh-Esfahani, H. & Momenbeik, F. (2009) ‘Effect of plant oils upon lipase
and citric acid production in Yarrowia ljpolytica yeast.’, Journal of biomedicine & biotechnology,

2009, p. 562943. doi: 10.1155/2009/562943.

Deive, F. J., Sanroman, M. A. & Longo, M. A. (2010) ‘A comprehensive study of lipase production
by Yarrowia lipolytica CECT 1240 (ATCC 18942): From shake flask to continuous bioreactor’,
Journal of Chemical Technology and Biotechnology, 85(2), pp. 258-266. doi: 10.1002/jctb.2301.

Delorme, V., Dhouib, R., Canaan, S., Fotiadu, F., Carriére, F. & Cavalier, J. F. (2011) ‘Effects of
surfactants on lipase structure, activity, and inhibition’, Pharmaceutical Research, 28(8), pp.

1831-1842. doi: 10.1007/s11095-010-0362-9.

94



Destain, J., Roblain, D. & Thonart, P. (1997) ‘Improvement of lipase production from Yarrowia

lipolytica, Biotechnology Letters, 19(2), pp. 105-107. doi: 10.1023/A:1018339709368.

Dheeman, D. S., Frias, J. M. & Henehan, G. T. M. (2010) Influence of cultivation conditions on the
production of a thermostable extracellular lipase from Amycolatopsis mediterranei DSM 43304,

Journal of Industrial Microbiology and Biotechnology. doi: 10.1007/s10295-009-0643-7.

Dobrev, G., Zhekova, B., Dobreva, V., Strinska, H., Doykina, P. & Krastanov, A. (2015) ‘Lipase
biosynthesis by Aspergillus carbonarius in a nutrient medium containing products and byproducts

from the oleochemical industry’, Biocatalysis and Agricultural Biotechnology. Elsevier, 4(1), pp.

77-82. doi: 10.1016/j.bcab.2014.09.011.

Dobrowolski, A., Mituta, P., Rymowicz, W. & Mironczuk, A. M. (2016) ‘Efficient conversion of crude
glycerol from various industrial wastes into single cell oil by yeast Yarrowia lipol/tica , Bioresource

Technology, 207, pp. 237-243. doi: 10.1016/j.biortech.2016.02.039.

Dominguez, A., Deive, F. J., Angeles Sanroman, M. & Longo, M. A. (2010) ‘Biodegradation and
utilization of waste cooking oil by Yarrowia lipolytica CECT 1240', European Journal of Lipid Science

and Technology, 112(11), pp. 1200-1208. doi: 10.1002/¢ijlt.201000049.

Dominguez, A., Deive, F. J., Sanroman, M. A. & Longo, M. A. (2003) ‘Effect of lipids and surfactants
on extracellular lipase production by Yarrowia lipolytica, Journal of Chemical Technology and

Biotechnology, 78(11), pp. 1166-1170. doi: 10.1002/jctb.922.

Donot, F., Fontana, A., Baccou, J. C., Strub, C. & Schorr-Galindo, S. (2014) ‘Single cell oils (SCOs)
from oleaginous yeasts and moulds: production and genetics’, Biomass and Bioenergy. Elsevier

Ltd, 68(4), pp. 135-150. doi: 10.1016/j.biombioce.2014.06.016.

El-batal, A. I., Ayman, F. A., Elsayed, M. A. & El-khawaga, A. M. (2016) ‘Effect of environmental
and nutritional parameters on the extracellular lipase production by Aspergillus niger, International

Letters of Natural Science, 60, pp. 18-29. doi: 10.18052/www.scipress.com/ILNS.60.18.

Elibol, M. & Ozer, D. (2000) ‘Influence of oxygen transfer on lipase production by Rhizopus
arrhizus , Process Biochemistry, 36(4), pp. 325-329. doi: 10.1016/S0032-9592(00)00226-0.

95



Enweremadu, C. C. & Mbarawa, M. M. (2009) ‘Technical aspects of production and analysis of
biodiesel from used cooking oil: A review’', Renewable and Sustainable Energy Reviews, 13(9), pp.

2205-2224. doi: 10.1016/].rser.2009.06.007.

Fabiszewska, A. U. & Biatecka-Florjaniczyk, E. (2015) ‘Factors influencing synthesis of extracellular
lipases by Yarrowia lipolytica in medium containing vegetable oils’, Journal of Microbiology,
Biotechnology and Food Sciences, 4(3), pp. 231-237. doi: 10.15414/jmbfs.2014-15.4.3.231-
237.

Farias, M. A., Valoni, E. A., Castro, A. M. & Coelho, M. A. Z. (2014) ‘Lipase Production by Yarrowia
lipolytica in Solid State Fermentation Using Different Agro Industrial Residues’, 38, pp. 301-306.
doi: 10.3303/CET1438051.

Fickers, P., Benetti, P. H., Waché, Y., Marty, A., Mauersberger, S., Smit, M. S. & Nicaud, J. M.
(2005) ‘Hydrophobic substrate utilisation by the yeast Yarrowia ljpol/tica, and its potential
applications’, FEMS Yeast Research, 5(6-7), pp. 527-543. doi: 10.1016/j.femsyr.2004.09.004.

Fickers, P., Destain, J. & Thonart, P. (2009) ‘Improvement of Yarrowia lipolytica lipase production
by fed-batch fermentation’, Journal of Basic Microbiology, 49(2), pp. 212-215. doi:
10.1002/jobm.200800186.

Fickers, P., Fudalej, F., Le Dall, M. T., Casaregola, S., Gaillardin, C., Thonart, P. & Nicaud, J. M.
(2005) ‘Identification and characterisation of LIP7 and LIP8 genes encoding two extracellular
triacylglycerol lipases in the yeast Yarrowia lipol/tica , Fungal genetics and biology : FG & B. United
States, 42(3), pp. 264-274. doi: 10.1016/j.fgh.2004.12.003.

Fickers, P., Marty, A. & Nicaud, J. M. (2011) ‘The lipases from Yarrowia lipol/tica. Genetics,
production, regulation, biochemical characterization and biotechnological applications’,
Biotechnology Advances. Elsevier Inc., 29(6), pp. 632-644. doi:
10.1016/j.biotechadv.2011.04.005.

Fickers, P., Nicaud, J. M., Gaillardin, C., Destain, J. & Thonart, P. (2004) ‘Carbon and nitrogen
sources modulate lipase production in the yeast VYarrowia lipoltica, Journal of Applied

Microbiology, 96(4), pp. 742-749. doi: 10.1111/].1365-2672.2004.02190 x.

96



Finogenova, T. V., Kamzolova, S. V., Dedyukhina, E. G., Shishkanova, N. V., II'chenko, A. P,
Morgunov, I. G., Chernyavskaya, O. G. & Sokolov, A. P. (2002) ‘Biosynthesis of citric and isocitric
acids from ethanol by mutant Yarrowia ljpolytica N 1 under continuous cultivation’, Applied

Microbiology and Biotechnology, 59(4-5), pp. 493-500. doi: 10.1007/s00253-002-1022-8.

Fischer, J. & Connemann, J. (1998) ‘Biodiesel in Europe 1998: Biodiesel Processing

Technologies’, Paper presented at the Internationia liguid biofuels congress, pp. 1-16.

Fontanille, P., Kumar, V., Christophe, G., Nouaille, R. & Larroche, C. (2012) ‘Bioconversion of
volatile fatty acids into lipids by the oleaginous yeast Yarrowia lipolytica , Bioresource Technology.

Elsevier Ltd, 114, pp. 443-449. doi: 10.1016/j.biortech.2012.02.091.

Freire, D. M., Teles, E. M., Bon, E. P. & Sant’ Anna, G. L. (1997) ‘Lipase production by Penicillium
restrictum in a bench-scale fermenter : effect of carbon and nitrogen nutrition, agitation, and
aeration.”, Applied biochemistry and biotechnology, 63-65, pp. 409-421. doi:
10.1007/BF02920442.

Fukuda, R. (2013) ‘Metabolism of hydrophobic carbon sources and regulation of it in n-alkane-
assimilating yeast Yarrowia lipolytica’, Bioscience, biotechnology, and biochemistry, 77(6), pp.

1149-54. doi: 10.1271/bbb.130164.

Goncalves, C., Lopes, M., Ferreira, J. P. & Belo, |. (2009) ‘Biological treatment of olive mill
wastewater by non-conventional yeasts’, Bioresource Technology. Elsevier Ltd, 100(15), pp. 3759~

3763. doi: 10.1016/].biortech.2009.01.004.

Goncalves, F. A. G., Colen, G. & Takahashi, J. A. (2013) ‘Optimization of cultivation conditions for
extracellular lipase production by Yarrowia lipolytica using response surface method’, African

Journal of Biotechnology, 12(17), pp. 2270-2278. doi: 10.5897/AJB2012.3019.

Gutierrez, J. R. & Erickson, L. E. (1977) ‘Hydrocarbon Uptake in Hydrocarbon Fermentations’,
Biotechnology and Bioengineering, 19, pp. 1331-1349.

Haba, E., Bresco, O., Ferrer, C., Marqués, A., Busquets, M. & Manresa, A. (2000) ‘Isolation of
lipase-secreting bacteria by deploying used frying oil as selective substrate’, £nzyme and Microbial

Technology, 26(1), pp. 40-44. doi: 10.1016/S0141-0229(99)00125-8.

97



Hanaki, K., Matsuo, T. & Nagase, M. (1981) ‘Mechanism of inhibition caused by long-chain fatty
acids in anaerobic digestion process’', Biotechnology and Bioengineering. Wiley Subscription

Services, Inc., A Wiley Company, 23(7), pp. 1591-1610. doi: 10.1002/bit.260230717.

Hanisah, K., Kumar, S. & Tajul, A. (2013) ‘The management of waste cooking oil: A preliminary
survey’, Health and the Environment Journal, 4(1), pp. 76-81. Available at:
http://hej.kk.usm.my/pdf/HEJVol.4No.1/Article08.pdf.

Ho, K. C., Chen, C. L., Hsiao, P. X., Wu, M. S., Huang, C. C. & Chang, J. S. (2014) ‘Biodiesel
production from waste cooking oil by two-step catalytic conversion’, £nergy Procedia. Elsevier B.V.,

61, pp. 1302-1305. doi: 10.1016/j.egypro.2014.11.1086.

Holz, M., Otto, C., Kretzschmar, A., Yovkova, V., Aurich, A., Potter, M., Marx, A. & Barth, G. (2011)
‘Overexpression of alpha-ketoglutarate dehydrogenase in Yarrowia lipolytica and its effect on
production of organic acids’, Applied Microbiology and Biotechnology, 89(5), pp. 1519-1526. doi:
10.1007/s00253-010-2957-9.

Imandi, S. B., Karanam, S. K. & Garapati, H. R. (2013) ‘Use of Plackett-Burman design for rapid
screening of nitrogen and carbon sources for the production of lipase in solid state fermentation
by Yarrowia ljpolytica from mustard oil cake (Brassica napus)’, Brazilian Journal of Microbiology,

44(3), pp. 915-921. doi: 10.1590/S1517-83822013005000068.

Inouye, L. S. & Lotufo, G. R. (2006) ‘Comparison of macro-gravimetric and micro-colorimetric lipid

determination methods’, 7a/anta, 70(3), pp. 584-587. doi: 10.1016/j.talanta.2006.01.024.

Joyce, J. & Kurup, G. M. (1999) ‘Purification and characterization of an extracellular lipase from a

newly isolated thermophilic Bacillus pumilus’, 37(December).

Kamzolova, S. V., Shishkanova, N. V., Morgunov, |I. G. & Finogenova, T. V. (2003) ‘Oxygen
requirements for growth and citric acid production of Yarrowia lipolytica, FEMS Yeast Research,

3(2), pp. 217-222. doi: 10.1016/S1567-1356(02)00188-5.

Kamzolova, S. V., Yusupova, A. ., Vinokurova, N. G., Fedotcheva, N. I., Kondrashova, M. N.,
Finogenova, T. V. & Morgunov, I. G. (2009) ‘Chemically assisted microbial production of succinic
acid by the yeast Yarrowia ljpolytica grown on ethanol’, Applied Microbiology and Biotechnology,
83(6), pp. 1027-1034. doi: 10.1007/s00253-009-1948-1.

98



Kamzolova, S.V, Morgunov, . G., Aurich, A., Perevoznikova, O. A., Shishkanova, N. V, Stottmeister,
U. & Finogenova, T. V (2005) ‘Lipase secretion and citric acid production in Yarrowia lipolytica
yeast grown on animal and vegetable fat', Food Technology and Biotechnology, 43(2), pp. 113-
122.

Karamerou, E. E., Theodoropoulos, C. & Webb, C. (2015) ‘A biorefinery approach to microbial oil
production from glycerol by Rhodotorula glutinis, Biomass and Bioenergy. Elsevier Lid, 89, pp.
113-122. doi: 10.1016/j.biombioe.2016.01.007.

Karatay, S. E. & Donmez, G. (2010) ‘Improving the lipid accumulation properties of the yeast cells
for biodiesel production using molasses’, Bioresource Technology, 101(20), pp. 7988-7990. doi:
10.1016/|.biortech.2010.05.054.

Katre, G., Joshi, C., Khot, M., Zinjarde, S. & Ravikumar, A. (2012) ‘Evaluation of single cell oil
(SCO) from a tropical marine yeast Yarrowia lipolytica NCIM 3589 as a potential feedstock for

biodiesel.’, AMB Express. Germany, 2(1), p. 36. doi: 10.1186/2191-0855-2-36.

Kebabci, 0., Cihangir, N., Kebabci, O. & Cihangir, N. (2012) ‘Comparison of three Yarrowia
lipolytica strains for lipase production : NBRC 1658 , IFO 1195, and a local strain’, 7urkish Journal
of Biology, 36, pp. 15-24. doi: 10.3906/biy-1102-10.

Keller, J. & Layer, P. (2003) ‘Pancreatic enzyme supplementation therapy', Current Treatment

Options in Gastroenterology, 6(5), pp. 369-374. doi: 10.1007/s11938-003-0039-0.

Kolouchova, 1., Schreiberova, O., Sigler, K., Masak, J. & Rezanka, T. (2015) ‘Biotransformation of
volatile fatty acids by oleaginous and non-oleaginous yeast species’, FEMS yeast research, 15(7),

pp. 1-8. doi: 10.1093/femsyr/fov076.

Kulkarni, M. G. & Dalai, A. K. (2006) ‘Waste cooking oil - an economic source for biodiesel: a

review', /naustrial and Engineering Chemistry Research, 45, pp. 2901-2913.

Kumari, A. & Gupta, R. (2012) ‘Extracellular expression and characterization of thermostable
lipases, LIPS, LIP14 and LIP18, from Yarrowia ljpolytica, Biotechnology Letters, 34(9), pp. 1733-
1739. doi: 10.1007/s10529-012-0958-8.

99



Lam, S. S., Liew, R. K., Jusoh, A., Chong, C. T., Ani, F. N. & Chase, H. A. (2016) ‘Progress in
waste oil to sustainable energy, with emphasis on pyrolysis techniques’, Renewable and

Sustainable Energy Reviews. Elsevier, 53, pp. 741-753. doi: 10.1016/j.rser.2015.09.005.

Lazar, Z., Dulermo, T., Neuvéglise, C., Crutz-Le Coq, A. M. & Nicaud, J. M. (2014) ‘Hexokinase-A
limiting factor in lipid production from fructose in Yarrowia ljpoltica', Metabolic Engineering.

Elsevier, 26, pp. 89-99. doi: 10.1016/j.ymben.2014.09.008.

Ledesma-Amaro, R. & Nicaud, J. M. (2016) * Yarrowia ljpolytica as a biotechnological chassis to
produce usual and unusual fatty acids’, Progress in Lipid Research. The Authors, 61, pp. 40-50.
doi: 10.1016/j.plipres.2015.12.001.

Leung, D. Y. C. & Guo, Y. (2006) ‘Transesterification of neat and used frying oil: Optimization for
biodiesel production’, Fue/ Processing Technology, 87(10), pp. 883-890. doi:
10.1016/j.fuproc.2006.06.003.

Li, X. L., Zhang, W. H., Wang, Y. D., Dai, Y. J., Zhang, H. T., Wang, Y., Wang, H. K. & Lu, F. P.
(2014) ‘A high-detergent-performance, cold-adapted lipase from Pseudomonas stutzeri PS59
suitable for detergent formulation’, Journal of Molecular Catalysis B: Enzymatic, 102, pp. 16-24.
doi: 10.1016/j.molcath.2014.01.006.

Lima, V. M. G., Krieger, N., Sarquis, M. |. M., Mitchell, D. a, Ramos, L. P. & Fontana, J. D. (2003)
‘Effect of nitrogen and carbon sources on lipase production by Penicillium aurantiogriseuni, Food

Technology and Biotechnology, 41(2), pp. 105-110.

Liu, X., Lv, J., Xu, J., Zhang, T., Deng, Y. & He, J. (2015) ‘Citric acid production in Yarrowia lipoly/tica
SWJ-1b yeast when grown on waste cooking oil’, Applied Biochemistry and Biotechnology, 175(5),
pp. 2347-2356. doi: 10.1007/s12010-014-1430-0.

Liu, X., Yu, X., Lv, J., Xu, J., Xia, J., Wu, Z., Zhang, T. & Deng, Y. (2017) ‘A cost-effective process
for the coproduction of erythritol and lipase with Yarrowia ljpolytica M53 from waste cooking oil’,
Food and Bioproducts Processing. Institution of Chemical Engineers, 103, pp. 86-94. doi:
10.1016/j.tbp.2017.03.002.

100



Lopes, M., Araujo, C., Aguedo, M., Gomes, N., Gongalves, C., Teixeira, J. & Belo, I. (2009) ‘The
use of olive mill wastewater by wild type Yarrowia lipoly/tica strains: Medium supplementation and
surfactant presence effect’, Journal of Chemical Technology and Biotechnology, 84(4), pp. 533-
537. doi: 10.1002/jctb.2075.

Lopes, M., Gomes, N., Goncalves, C., Coelho, M. A. Z., Mota, M. & Belo, |. (2008) * Yarrowia
lipolytica lipase production enhanced by increased air pressure’, Letters in Applied Microbiology,

46(2), pp. 255-260. doi: 10.1111/}.1472-765X.2007.02299.x.

Lopes, M., Gomes, N., Mota, M. & Belo, I. (2009) ‘ Yarrowia ljpolytica growth under increased air
pressure: Influence on enzyme production’, Applied Biochemistry and Biotechnology, 159(1), pp.
46-53. doi: 10.1007/s12010-008-8359-0.

Luo, Y. S., Wang, H. J., Gopalan, K., Srivastava, D., Nicaud, J. M. & Chardot, T. (2000) ‘Purification
and characterization of the recombinant form of Acyl-CoA oxidase 3 from the yeast Yarrowia
lipoltica,  Archives of Biochemistry and  Biophysics, 384(1), pp. 1-8. doi:
10.1006/abbi.2000.2079.

Macrae, A. R. & Hammond, R. C. (1985) ‘Present and future applications of lipases’, Biotechnology
and Genetic Engineering Reviews, 3(1), pp. 193-218. doi: 10.1080/02648725.1985.10647813.

Maddikeri, G. L., Pandit, A. B. & Gogate, P. R. (2012) ‘Intensification approaches for biodiesel
synthesis from waste cooking oil: A review’, /nadustrial and Engineering Chemistry Research,

51(45), pp. 14610-14628. doi: 10.1021/ie301675j.

Maldonado, R. R., Burkert, J. F. M., Mazutti, M. A., Maugeri, F. & Rodrigues, M. I. (2012)
‘Evaluation of lipase production by Geotrichum candidum in shaken flasks and bench-scale stirred

bioreactor using different impellers’, Biocatalysis and Agricultural Biotechnology, 1(2), pp. 147-
151. doi: 10.1016/j.bcab.2012.01.003.

Martinez, E. J., Raghavan, V., Gonzalez-Andrés, F. & Gomez, X. (2015) ‘New biofuel alternatives:
Integrating waste management and single cell oil production’, /nternational Journal of Molecular

Sciences, 16(5), pp. 9385-9405. doi: 10.3390/ijms16059385.

Mathiazhakan, K., Ayed, D. & Tyagi, R. D. (2016) ‘Kinetics of lipid production at lab scale
fermenters by a new isolate of Yarrowia ljpolytica SKY7', Bioresource Technology. Elsevier Ltd,

221, pp. 234-240. doi: 10.1016/j.biortech.2016.09.015.

101



McKay, A. M. (1992) ‘Growth of fermentative and non-fermentative yeasts in natural yoghurt, stored
in polystyrene cartons’, /nternational Journal of Food Microbiology, 15(3-4), pp. 383-388. doi:
10.1016/0168-1605(92)90072-B.

Meng, X., Yang, J., Xu, X., Zhang, L., Nie, Q. & Xian, M. (2009) ‘Biodiesel production from
oleaginous microorganisms’, Renewable Energy, 34(1), pp. 1-5. doi:

10.1016/j.renene.2008.04.014.

Mittelbach, M. & Enzelsberger, H. (1999) ‘Transesterification of heated rapeseed oil for extending
diesel fuel', Journal of the American Oif Chemists’ Society, 76(5), pp. 545-550. doi:
10.1007/s11746-999-0002x.

Mlickova, K., Roux, E., Athenstaedt, K., Andrea, S., Daum, G., Chardot, T. & Nicaud, J. (2004)
‘Lipid accumulation, lipid body formation, and acyl coenzyme A oxidases of the Yeast Yarrowia

lipolytica', 70(7), pp. 3918-3924. doi: 10.1128/AEM.70.7.3918.

Moeller, L., Strehlitz, B., Aurich, A., Zehnsdorf, A. & Bley, T. (2007) ‘Optimization of citric acid
production from glucose by Yarrowia lipolytica , Engineering in Life Sciences, 7(5), pp. 504-511.

doi: 10.1002/elsc.200620207.

Moftah, O. A. S., Grbavcic, S. Z., Moftah, W. A. S., Lukovic, N. D., Prodanovic, O. L., Jakovetic, S.
M. & Knezevic-Jugovic, Z. D. (2013) ‘Lipase production by Yarrowia ljpolytica using olive oil
processing wastes as substrates’, Journal of the Serbian Chemical Society, 78(6), pp. 781-794.
doi: 10.2298/JSC120905005M.

Murphy, D. J. (2001) ‘The biogenesis and functions of lipid bodies in animals, plants and
microorganisms’, Progress in lipid research. England, 40(5), pp. 325-438.

Najjar, A., Robert, S., Guérin, C., Violet-Asther, M. & Carriére, F. (2011) ‘Quantitative study of lipase
secretion, extracellular lipolysis, and lipid storage in the yeast Yarrowia lipolytica grown in the
presence of olive oil: Analogies with lipolysis in humans’, Applied Microbiology and Biotechnology,

89(6), pp. 1947-1962. doi: 10.1007/500253-010-2993-5.

Nambou, K., Zhao, C., Wei, L., Chen, J., Imanaka, T. & Hua, Q. (2014) ‘Designing of a “cheap to
run” fermentation platform for an enhanced production of single cell oil from Yarrowia ljpoly/tica
DSM3286 as a potential feedstock for biodiesel’, Bioresource Technology. Elsevier Ltd, 173, pp.
324-333. doi: 10.1016/j.biortech.2014.09.096.

102



Nanou, K. & Roukas, T. (2016) ‘Waste cooking oil: A new substrate for carotene production by
Blakeslea trispora in submerged fermentation’, Bioresource Technology, 203(September), pp.

198-203. doi: 10.1016/j.biortech.2015.12.053.

Nawar, W. W. (1984) ‘Chemical changes in lipids produced by thermal processing’, Journal of
Chemical Education , 61(4), pp. 299-303. doi: 10.1021/ed061p299.

Nerurkar, M., Joshi, M., Pariti, S. & Adivarekar, R. (2013) ‘Application of lipase from marine
bacteria Bacillus sonorensis as an additive in detergent formulation’, Journal of Surfactants and

Detergents, 16(3), pp. 435-443. doi: 10.1007/s11743-012-1434-0.
Nicaud, J. M. (2012) ‘ Yarrowia lipolytica, Yeast, 29(10), pp. 409-418. doi: 10.1002/yea.

Oswal, N., Sarma, P. M., Zinjarde, S. S. & Pant, A. (2002) ‘Palm oil mill effluent treatment by a

tropical marine yeast.’, Bioresource technology. England, 85(1), pp. 35-37.

Papanikolaou, S. & Aggelis, G. (2002) ‘Lipid production by Yarrowia lipolytica growing on industrial

glycerol in a single stage continuous culture’, Bioresource Technology, 82(1), pp. 43-49.

Papanikolaou, S. & Aggelis, G. (2003a) ‘Modeling lipid accumulation and degradation in Yarrowia
lipolytica cultivated on industrial fats’, Current Microbiology, 46(6), pp. 398-402. doi:
10.1007/s00284-002-3907-2.

Papanikolaou, S. & Aggelis, G. (2003b) ‘Selective uptake of fatty acids by the yeast Yarrowia
lipolytica, European Journal of Lipid Science and Technology, 105(11), pp. 651-655. doi:
10.1002/€jIt.200300858.

Papanikolaou, S. & Aggelis, G. (2009) ‘Biotechnological valorization of biodiesel derived glycerol
waste through production of single cell oil and citric acid by Yarrowia lipolytica , Lipid Technology,

21(4), pp. 83-87. doi: 10.1002/1ite.200900017.

Papanikolaou, S. & Aggelis, G. (2010) * Yarrowia ljpolytica. A model microorganism used for the
production of tailor-made lipids’, £uropean Journal of Lipid Science and Technology, 112(6), pp.
639-654. doi: 10.1002/€jIt.200900197.

Papanikolaou, S. & Aggelis, G. (2011a) ‘Lipids of oleaginous yeasts. Part |: Biochemistry of single
cell oil production’, European Journal of Lipid Science and Technology. WILEY-VCH Verlag, 113(8),
pp. 1031-1051. doi: 10.1002/€jlt.201100014.

103



Papanikolaou, S. & Aggelis, G. (2011b) ‘Lipids of oleaginous yeasts. Part Il: Technology and
potential applications’, European Journal of Lipid Science and Technology, 113(8), pp. 1052-
1073. doi: 10.1002/¢jlt.201100015.

Papanikolaou, S., Chatzifragkou, A., Fakas, S., Galiotou-Panayotou, M., Komaitis, M., Nicaud, J.
M. & Aggelis, G. (2009) ‘Biosynthesis of lipids and organic acids by Yarrowia lipolytica strains
cultivated on glucose’, European Journal of Lijpid Science and Technology, 111(12), pp. 1221-
1232. doi: 10.1002/¢ijlt.200900055.

Papanikolaou, S., Chevalot, I., Galiotou-Panayotou, M., Komaitis, M., Marc, |. & Aggelis, G. (2007)
‘Industrial derivative of tallow: a promising renewable substrate for microbial lipid, single-cell
protein and lipase production by Yarrowia lipoltica, Journal of Biotechnology, 10(3), pp. 425-
435. doi: 10.2225/vol10-issue3-fulltext-8.

Papanikolaou, S., Chevalot, I., Komaitis, M., Aggelis, G. & Marc, I. (2001) ‘Kinetic profile of the
cellular lipid composition in an oleaginous Yarrowia /ijpolytica capable of producing a cocoa-butter
substitute from industrial fats’, Anfonie van Leeuwenhoek, International Journal of General and

Molecular Microbiology, 80(3-4), pp. 215-224. doi: 10.1023/A:1013083211405.

Papanikolaou, S., Chevalot, I., Komaitis, M., Marc, |. & Aggelis, G. (2002) ‘Single cell oil production
by Yarrowia ljpolytica growing on an industrial derivative of animal fat in batch cultures’, 58, pp.

308-312. doi: 10.1007/s00253-001-0897-0.

Papanikolaou, S., Dimou, A., Fakas, S., Diamantopoulou, P., Philippoussis, A., Galiotou-
Panayotou, M. & Aggelis, G. (2011) ‘Biotechnological conversion of waste cooking olive oil into
lipid-rich biomass using Aspergillus and Penicillium strains', Journal of Applied Microbiology,

110(5), pp. 1138-1150. doi: 10.1111/j.1365-2672.2011.04961 ..

Papanikolaou, S., Fakas, S., Fick, M., Chevalot, I., Galiotou-Panayotou, M., Komaitis, M., Marc, .
& Aggelis, G. (2008) ‘Biotechnological valorisation of raw glycerol discharged after bio-diesel (fatty
acid methyl esters) manufacturing process: Production of 1,3-propanediol, citric acid and single

cell oil', Biomass and Bioenergy, 32(1), pp. 60-71. doi: 10.1016/j.biombioe.2007.06.007.

104



Papanikolaou, S., Galiotou-Panayotou, M., Chevalot, |., Komaitis, M., Marc, |. & Aggelis, G. (2006)
‘Influence of glucose and saturated free-fatty acid mixtures on citric acid and lipid production by
Yarrowia lipolytica, Current Microbiology, 52(2), pp. 134-142. doi: 10.1007/s00284-005-0223-
7.

Papanikolaou, S., Galiotou-Panayotou, M., Fakas, S., Komaitis, M. & Aggelis, G. (2008) ‘Citric acid
production by Yarrowia ljpolytica cultivated on olive-mill wastewater-based media’, Bioresource

Technology, 99(7), pp. 2419-2428. doi: 10.1016/].biortech.2007.05.005.

Papanikolaou, S., Muniglia, L., Chevalot, |., Aggelis, G. & Marc, |. (2002) ‘ Yarrowia ljpolytica as a
potential producer of citric acid from raw glycerol’, Journal of Applied Microbiology, 92(4), pp. 737-
744, doi: 10.1046/j.1365-2672.2002.01577 .x.

Papanikolaou, S., Muniglia, L., Chevalot, I., Aggelis, G. & Marc, I. (2003) ‘Accumulation of a cocoa-
butter-like lipid by Yarrowia lipolytica cultivated on agro-industrial residues’, Current Microbiology,

46(2), pp. 124-130. doi: 10.1007/s00284-002-3833-3.

Pereira-Meirelles, F. V., Rocha-Ledo, M. H. M. & Sant'Anna, G. L. (1997) ‘A Stable lipase from
Candlida lipolytica, cultivation conditions and crude enzyme characteristics’, Applied Biochemistry
and Biotechnology. Edited by B. H. Davison, C. E. Wyman, and M. Finkelstein. Totowa, NJ: Humana
Press, 63, pp. 73-85. doi: 10.1007/978-1-4612-2312-2_8.

Pignéde, G., Wang, H., Fudalej, F., Seman, M., Nicaud, J., Gaillardin, C. & Pigne, G. (2000)
‘Characterization of an Extracellular Lipase Encoded by L/P2in Yarrowia lipolytica, 182(10), pp.
2802-2810. doi: 10.1128/JB.182.10.2802-2810.2000.Updated.

Pinto, G. A. S. (1998) Producdo de uma mistura enzimatica hidrolitica por Aspegillus niger 3T5B8

em fermentacéo submersa.

Poli, J. S., da Silva, M. A. N., Siqueira, E. P., Pasa, V. M. D., Rosa, C. A. & Valente, P. (2014)
‘Microbial lipid produced by Yarrowia ljpolytica QU21 using industrial waste: A potential feedstock
for biodiesel production’, Bioresource Technology. Elsevier Ltd, 161, pp. 320-326. doi:
10.1016/j.biortech.2014.03.083.

Rakicka, M., Lazar, Z., Dulermo, T., Fickers, P. & Nicaud, J. M. (2015) ‘Lipid production by the
oleaginous yeast Yarrowia lipolytica using industrial by-products under different culture conditions.’,

Biotechnology for biofuels. BioMed Central, 8(1), p. 104. doi: 10.1186/s13068-015-0286-z.

105



Rathi, P., Goswami, V. K., Sahai, V. & Gupta, R. (2002) ‘Statistical medium optimization and
production of a hyperthermostable lipase from Burkholderia cepacia in a bioreactor’, Journal of

Applied Microbiology, 93(6), pp. 930-936. doi: 10.1046/).1365-2672.2002.01780.x.

Ratledge, C. & Cohen, Z. (2008) ‘Microbial and algal oils: Do they have a future for biodiesel or as
commodity oils?’, Lipid Technology, 20(7), pp. 155-160. doi: 10.1002/lite.200800044.

Rodrigues, G. & Pais, C. (2000) ‘The influence of acetic and ther weak carboxylic acids on growth
and cellular death of the yeast Yarrowia ljpolytica , Food Technology and Biotechnology, 38(1), pp.
27-32.

Roostita, R. & Fleet, G. H. (1996) ‘The occurrence and growth of yeasts in Camembert and Blue-
veined cheeses’, /ntemnational Journal of Food Microbiology, 28(3), pp. 393-404. doi:
10.1016/0168-1605(95)00018-6.

Rosenberg, M. (1991) ‘Basic and Applied Aspects of Microbial Adhesion at the Hydrocarbon: Water
Interface’, Critical ~ Reviews in  Microbiology, 18(2), pp. 159-173.  doi:
10.3109/10408419109113512.

Ruiz-Herrera, J. & Sentandreu, R. (2002) ‘Different effectors of dimorphism in Yarrowia lipolytica

Archives of Microbiology, 178, pp. 477-483. doi: 10.1007/s00203-002-0478-3.

Saisubramanian, N., Edwinoliver, N. G., Nandakumar, N., Kamini, N. R. & Puvanakrishnan, R.
(2006) ‘Efficacy of lipase from Aspergillus niger as an additive in detergent formulations: A
statistical approach’, Journal of Industrial Microbiology and Biotechnology, 33(8), pp. 669-676.
doi: 10.1007/s10295-006-0100-9.

Salehmin, M. N., Annuar, M. S. & Chisti, Y. (2014) ‘High cell density fed-batch fermentation for the

production of a microbial lipase’, Biochemical Engineering Journal, 85, pp. 8-14.

Sanchez, M., Prim, N., Randez-Gil, F., Pastor, F. I. J. & Diaz, P. (2002) ‘Engineering of baker's
yeasts, Escherichia coli and Bacillus hosts for the production of Bacillus subtilis lipase A',

Biotechnology and Bioengineering, 78(3), pp. 339-345. doi: 10.1002/bit.10201.

Sarda, L. & Desnuelle, P. (1958) ‘Actions of pancreatic lipase on esters in emulsions’, Biochimica

et biophysica acta. Not Available, 30(3), pp. 513-521.

106



Sarris, D., Galiotou-Panayotou, M., Koutinas, A. A., Komaitis, M. & Papanikolaou, S. (2011) ‘Citric
acid, biomass and cellular lipid production by Yarrowia lipolytica strains cultivated on olive mill
wastewater-based media’, Journal of Chemical Technology and Biotechnology, 86(11), pp. 1439-
1448. doi: 10.1002/jctb.2658.

Sathish Yadav, K. N., Adsul, M. G., Bastawde, K. B., Jadhav, D. D., Thulasiram, H. V. & Gokhale,
D. V. (2011) ‘Differential induction, purification and characterization of cold active lipase from

Yarrowia lipolytica NCIM 3639’, Bioresource Techinology. doi: 10.1016/j.biortech.2011.09.013.

Saygin, A., Sahin-Yesilcubuk, N. & Aran, N. (2014) ‘Effects of different oil sources and residues
on biomass and metabolite production by Yarrowia ljpolytica YB 423-12', JAOCS, Journal of the
American Oil Chemists’ Society, 91(9), pp. 1521-1530. doi: 10.1007/s11746-014-2506-2.

Spencer, J. F. T., Ragout de Spencer, A. L. & Laluce, C. (2002) ‘Non-conventional yeasts’, Applied
Microbiology and Biotechnology, 58(2), pp. 147-156. doi: 10.1007/s00253-001-0834-2.

Suzzi, G., Lanorte, M. T., Galgano, F., Andrighetto, C., Lombardi, A., Lanciotti, R. & Guerzoni, M.
E. (2001) ‘Proteolytic, lipolytic and molecular characterisation of Yarrowia lipolytica isolated from
cheese’, /nternational Journal of Food Microbiology, 69(1-2), pp. 69-77. doi: 10.1016/S0168-
1605(01)00574-8.

Tai, M. & Stephanopoulos, G. (2013) ‘Engineering the push and pull of lipid biosynthesis in
oleaginous yeast Yarrowia ljpolytica for biofuel production’, Metabolic Engineering. Elsevier, 15(1),

pp. 1-9. doi: 10.1016/j.ymben.2012.08.007.

Talon, R., Montel, M. C. & Berdague, J. L. (1996) ‘Production of flavor esters by lipases of
Staphyloccus warneri and Staphylococcus xylosus , Enzyme and Microbial Technology, 19(8), pp.
620-622. doi: 10.1016/S0141-0229(96)00075-0.

Tamilarasan, K. & Dharmendira Kumar, M. (2011) ‘Optimization of medium components and
operating conditions for the production of solvent-tolerant lipase by Bacillus sphaericus MTCC

7542, African Journal of Biotechnology, 10(66), pp. 15051-15057. doi: 10.5897/AJB11.1143.

Tan, T., Zhang, M., Wang, B., Ying, C. & Deng, L. (2003) ‘Screening of high lipase producing
Candida sp. and production of lipase by fermentation’, Process Biochemistry, 39(4), pp. 459-465.
doi: 10.1016/S0032-9592(03)00091-8.

107



Toida, J., Arikawa, Y., Kondou, K., Fukuzawa, M. & Sekiguchi, J. (1998) ‘Purification and
characterization of triacylglycerol lipase from Aspergillus oryza€', Bioscience, biotechnology, and

biochemistry, pp. 759-763. doi: 10.1271/bbb.62.759.

Tomaszewska, L., Rywinska, A. & Gladkowski, W. (2012) ‘Production of erythritol and mannitol by
Yarrowia lijpolytica yeast in media containing glycerol’, Journal of Industrial Microbiology and

Biotechnology, 39(9), pp. 1333-1343. doi: 10.1007/s10295-012-1145-6.

Tribe, L. A., Briens, C. L. & Margaritis, A. (1995) ‘Determination of the volumetric mass transfer
coefficient (A 4) using the dynamic “gas out-gas in” method: analysis of errors caused by dissolved
oxygen probes’, Biotechnology and Bioengineering, 46(4), pp. 388-392. doi:
10.1002/bit.260460412.

Tsigie, Y. A., Wang, C. Y., Kasim, N. S., Diem, Q. Do, Huynh, L. H., Ho, Q. P., Truong, C. T. & Ju,
Y. H. (2012) ‘Oil production from Yarrowia lipolytica Polg using rice bran hydrolysate’, Journal of
Biomedicine and Biotechnology, 2012. doi: 10.1155/2012/378384.

Tsoutsos, T. D., Tournaki, S., Paraiba, O. & Kaminaris, S. D. (2016) ‘The used cooking oil-to-
biodiesel chain in Europe assessment of best practices and environmental performance’,
Renewable and  Sustainable Energy  Reviews. Elsevier, 54, pp. 74-83. doi:
10.1016/j.rser.2015.09.039.

Vasdinyei, R. & Dedk, T. (2003) ‘Characterization of yeast isolates originating from Hungarian dairy
products using traditional and molecular identification techniques’, /nternational Journal of Food

Microbiology, 86(1-2), pp. 123-130. doi: 10.1016/S0168-1605(03)00251-4.

Verlinden, R. A., Hill, D. J., Kenward, M. a, Williams, C. D., Piotrowska-Seget, Z. & Radecka, I. K.
(2011) ‘Production of polyhydroxyalkanoates from waste frying oil by Cupriavidus necator', AMB
Express, 1(1), p. 11. doi: 10.1186/2191-0855-1-11.

Wadekar, S. D., Kale, S. B., Lali, A. M., Bhowmick, D. N. & Pratap, A. P. (2012) ‘Microbial synthesis
of rhamnolipids by pseudomonas aeruginosa (ATCC 10145) on waste frying oil as low cost carbon
source', Preparative Biochemistry and Biotechnology, 42(3), pp. 249-266. doi:
10.1080/10826068.2011.603000.

108



van der Walt, J. P. & von Arx, J. A. (1980) ‘The yeast genus Yarrowia gen. nov.’, Anfonie van

Leeuwenhoek, 46(6), pp. 517-521. doi: 10.1007/BF00394008.

Wei, S. P., Zheng, W. J., Zhao, F., Jiang, Z. L. & Zhou, D. S. (2013) ‘Microbial conversion of waste

cooking oil into riboflavin by Ashbya Gossypi/, Bioscience Journal, 29(4), pp. 1000-1006.

Wu, L., Ge, G. &Wan, J. (2009) ‘Biodegradation of oil wastewater by free and immobilized Yarrowia
lipolytica W29', Journal of Environmental Sciences, 21(2), pp. 237-242. doi: 10.1016/S1001-
0742(08)62257-3.

Xiong, D., Zhang, H., Xie, Y., Tang, N., Berenjian, A. & Song, Y. (2015) ‘Conversion of mutton fat
to cocoa butter equivalent by increasing the unsaturated fatty acids at the Sn-2 position of
triacylglycerol through fermentation by Yarrowia lipol/tica’, American Journal of Biochemistry and

Biotechnology, 11(2), pp. 57-65. doi: 10.3844/ajbbsp.2015.57.65.

Yen, H. W. & Zhang, Z. (2011) ‘Effects of dissolved oxygen level on cell growth and total lipid
accumulation in the cultivation of Rhodoforula glutinis’, Journal of Bioscience and Bioengineering.

The Society for Biotechnology, Japan, 112(1), pp. 71-74. doi: 10.1016/|.jbiosc.2011.03.013.

Zhao, H., Zheng, L., Wang, X., Liu, Y., Xu, L. & Yan, Y. (2011) ‘Cloning, expression and
characterization of a new lipase from Yarrowia lipoltica, Biotechnology letters. Netherlands,

33(12), pp. 2445-2452. doi: 10.1007/s10529-011-0711-8.

Zinjarde, S. S., Kale, B. V, Vishwasrao, P. V & Kumar, A. R. (2008) ‘Morphogenetic behavior of
tropical marine yeast Yarrowia lipolytica in response to hydrophobic substrates’, Journal of

microbiology and Biotechnology, 18, pp. 1522-1528.

109



110



SCIENTIFIC OUTPUTS

The results described herein were already presented in two International Congresses (oral
communications) and two manuscripts (one review and one research paper) are being prepared

for submission to Peer review journals.

Oral communications

1. Lopes, M., Miranda, S. M., Pereira, A. S., Belo, |. Lipofactory: Yarrowia lipolytica as a cell
factory to produce microbial oils from hydrophobic substrates. European Biotechnology Congress

2017, May 25 - 27, Dubrovnik, Croatia, 2017.

The abstract of this oral communication is published in Journal of Biotechnology: Lopes, M.,
Miranda, S. M., Pereira, A. S., Belo, |. (2017) Lipofactory: Yarrowia ljpol/tica as a cell factory to
produce microbial oils from hydrophobic substrates. Journal of Biotechnology, 256:S19.

DOI:10.1016/jbiotec.2017.06.614.

2. Miranda, S. M., Pereira, A. S., Belo |., Lopes, M. Waste cooking oils: low-cost substrate for co-
production of lipase and microbial lipids. 4th International Conference “Wastes - Solutions,

treatments and opportunities”, September 25 - 26, Porto, Portugal, 2017.

A full paper with the results presented in this conference is published as a chapter in the book:
Miranda, S. M. Pereira, A. S., Belo, I., Lopes, M. Waste cooking oils: low-cost substrate for co-
production of lipase and microbial lipids. /7 Vilarinho, C., Castro, F., Lopes, M. L. Wastes -
Solutions, treatments and opportunities I, Taylor & Francis Group, 2017. ISBN: 978-1-138-19669-
8.

Poster communications:

1. Lopes, M., Braga, A., Ferreira, P., Pereira, A. S., Guerreiro, C., Miranda, S. M., Belo, I.
Yarrowia lipolytica as a cell factory to produce valuable compounds. CEB Anual Meeting 2017, July

6, Braga, Portugal, 2017.

111



The abstract with the results presented in this conference is published in the book of proceedings:
Ferreira, E. C. (2017). Book of Abstracts of CEB Annual Meeting 2017. Universidade do Minho

(Centro de Engenharia Biologica). Braga, Portugal.

Manuscripts in preparation:

1. Co-production of lipase and microbial lipids by Yarrowia /ipolytica from the low-cost substrate

waste cooking oils (research paper).

2. Microbial valorization of waste cooking oils: valuable compounds production (review paper).

112



