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The aim of this work was to evaluate the efficiency of different cell disruption techniques on oil extraction from Y. lipolytica oleaginous yeast. The techniques tested were mechanical expression (ME), moderate pulsed electric field assisted mechanical expression (MPEF-ME), high pulsed electric fields (HPEF), high voltage electrical discharges (HVED), ultrasound (US), and high-pressure homogenization (HPH). The impact of each cell disruption technique on fatty acid composition was investigated. Results show that the most efficient technique for Y. lipolytica disruption was HPH leading to the obtaining of 83.8±4.8% oil extraction yield, compared to only 19.8±0.5% for the control, without any pre-treatment. In terms of fatty acid composition, HVED induced significant changes in almost all the analyzed fatty acids, while US was the softest technique. HPH, ME and MPEF-ME induced changes in the content of some fatty acids.

Introduction

Single cell oils (SCO) could be defined as the edible oils that are synthesized by microorganisms and are similar in type and composition to those oils and fats produced by plants or animals [START_REF] Cohen | Single cell oils: Microbial and algal oils[END_REF]. Microbial SCO seems to be an interesting alternative to crude, plant, and fish oils, especially when considering the foreseeable depletion of crude oil and the need to reduce greenhouse gas emissions, along with overfishing and the high arable land surfaces required to cultivate oilseed plants [START_REF] Schulze | Microbial lipid production with oleaginous yeasts[END_REF]. In addition, the microorganisms used to produce oils are generally able to grow in a wide range of carbon substrates, which could be the waste and by-products (e.g. sugar beet molasses, hydrolysates of starch and cellulose, etc) generated in the food industry [START_REF] Li | Perspectives of microbial oils for biodiesel production[END_REF][START_REF] Ward | Omega-3/6 fatty acids: Alternative sources of production[END_REF]. Moreover, enhanced oil content could be reached with genetically modified organisms, especially when the genome is sequenced, such as for Yarrowia lipolytica [START_REF] Dujon | Genome evolution in yeasts[END_REF]. Thus, high oil producing strains of this yeast have been developed by overexpressing various modifying fatty acid enzymes such as desaturases, acyltransferase, hydroxylase, and cyclopropane synthase [START_REF] Papanikolaou | Yarrowia lipolytica: A model microorganism used for the production of tailor-made lipids[END_REF][START_REF] Ledesma-Amaro | Yarrowia lipolytica as a biotechnological chassis to produce usual and unusual fatty acids[END_REF]. Despite these advantages, microbial SCO are still facing high production costs compared to that obtained from plants for example, and therefore mainly destined to produce oil enrichment with health-promoted fatty acids such as very long chain polyunsaturated fatty acids (e.g., docosahexaenoic acid (DHA; 22:6, ω-3) and arachidonic acid (ARA; 20:4, ω-6)) [START_REF] Nichols | Long-chain omega-3 oils-an update on sustainable sources[END_REF][START_REF] Ochsenreither | Production strategies and applications of microbial single cell oils[END_REF]. One of the most energy and time-consuming steps in microbial SCO production is biomass recovery from the fermenter, and the oil extraction process [START_REF] Cohen | Single cell oils: Microbial and algal oils[END_REF]. In addition, one of the bottlenecks of the entire process is the need to operate at moderate temperatures in order to avoid fatty acid alteration, oxidation, and the rancidity of the oil. In this way, replacing the current disruption techniques of microorganisms for oil extraction is of paramount importance. Although some methods (e.g. bead milling, microwave, ultrasound, freezing or defrosting, high-pressure homogenization (HPH), and cold drying) have been introduced in the available literature for the extraction of oil from Y. lipolytica [START_REF] Meullemiestre | Microwave, ultrasound, thermal treatments, and bead milling as intensification techniques for extraction of lipids from oleaginous Yarrowia lipolytica yeast for a biojetfuel application[END_REF][START_REF] Drévillon | Lipid extraction from Yarrowia lipolytica biomass using high-pressure homogenization[END_REF], several other alternative techniques such as high pulsed electric fields (HPEF), high voltage electrical discharges (HVED), mechanical expression (ME), and moderate pulsed electric fields assisted mechanical expression (MPEF-ME) have not yet been investigated. PEF represents one of the most emerging non-thermal technologies characterized by its short treatment times and low processing temperatures [START_REF] Roselló-Soto | Emerging opportunities for the effective valorization of wastes and by-products generated during olive oil production process: Non-conventional methods for the recovery of high-added value compounds[END_REF]. Its mechanism of action consists of cell electroporation when exposed to a high electrical field, largely exceeding the transmembrane potential of the cell [START_REF] Barbosa-Cánovas | Preservation of foods with pulsed electric fields[END_REF][START_REF]Electrotechnologies for extraction from plant foods and biomaterials[END_REF]. HVED technology has been applied to the disintegration of plant cells [START_REF] Boussetta | Extraction of valuable biocompounds assisted by high voltage electrical discharges: A review[END_REF] and microorganisms [START_REF] Delsart | Impact of pulsed-electric field and high-voltage electrical discharges on red wine microbial stabilization and quality characteristics[END_REF][START_REF] Liu | Yeast cell disruption strategies for recovery of intracellular bio-active compounds-A review[END_REF][START_REF] Shynkaryk | Electrically-assisted extraction of bio-products using high pressure disruption of yeast cells (Saccharomyces cerevisiae)[END_REF]. The principle here is to produce an arc discharge from a needle electrode to one that is grounded, or between two needle electrodes. This arc discharge is associated with several phenomena such as bubble formation and cavitation, UV radiation, high-pressure shockwaves, and high liquid turbulence, which together induce cell disintegration [START_REF] Barba | Green alternative methods for the extraction of antioxidant bioactive compounds from winery wastes and by-products: A review[END_REF][START_REF] Boussetta | Pulsed electrical discharges: Principles and application to extraction of biocompounds[END_REF]. High-pressure homogenization has been widely investigated for microbial cell disruption [START_REF] Diels | High-pressure homogenization as a non-thermal technique for the inactivation of microorganisms[END_REF][START_REF] Franchi | High-pressure homogenization: a nonthermal process applied for inactivation of spoilage microorganisms in beer[END_REF][START_REF] Middelberg | Microbial cell disruption by high-pressure homogenization[END_REF]. Its mechanism of action consists of pumping a cell suspension and forcing it under pressure through a narrow gap, where it is accelerated (200 m.s -1 ) [START_REF] Floury | Analysis of a new type of high pressure homogeniser. A study of the flow pattern[END_REF], after which it undergoes shear stress, cavitation, turbulence, and friction [START_REF] Lacroix | Inactivation of pectin methylesterase and stabilization of opalescence in orange juice by dynamic high pressure[END_REF][START_REF] Tribst | Ultra-high pressure homogenization treatment combined with lysozyme for controlling Lactobacillus brevis contamination in model system[END_REF], leading to cell fragmentation. Ultrasound is another technology used for cell disruption. The principle is based on cavitational phenomena, through the formation of vapor bubbles and their implosion near the cell surfaces, thereby causing the cell permeabilization [START_REF] Chemat | Applications of ultrasound in food technology: Processing, preservation and extraction[END_REF][START_REF] Koubaa | Oilseed treatment by ultrasounds and microwaves to improve oil yield and quality: An overview[END_REF]. Hence, investigating the potential of the above-mentioned technologies for the disruption of Y. lipolytica cells is of great importance. In this way, this work is devoted to comparing the efficiency of ME, MPEF-ME, HPEF, HVED, HPH, US, and bead milling for oil recovery from Y. lipolytica. The impact of cell disruption technique on fatty acid composition was also investigated.

Materials and methods

Yarrowia lipolytica culture

Y. lipolytica strain JMY5578 (pox1-6Δ tgl4Δ p4UAS1pTEF-EcCFA pTEF-LRO1) overexpresses both the Escherichia coli cyclopropane synthase under the strong promoter p4UAS1-TEF [START_REF] Dulermo | Using a vector pool containing variable-strength promoters to optimize protein production in Yarrowia lipolytica[END_REF], and the Y. lipolytica LRO1 gene encoding a phospholipid diacylglycerol acyltransferase. This strain is able to accumulate cyclopropane fatty acids and was previously used in the study of Merlier and co-workers [START_REF] Merlier | A gas chromatography full scan high resolution Orbitrap mass spectrometry method for separation and characterization of 3-hydroxymethyl pyridine ester of fatty acids at low levels[END_REF]. The microbial biomass was produced by fed-batch fermentation in 5-L fermentors at the BIOGIS Center (Venette, France). The medium composition was as follows: yeast extract (15 g.L -1 ), dextrose (50 g.L -1 ), NH 4 Cl (12 g.L -1 ), and KH 2 PO 4 (3 g.L -1 ). Y. lipolytica was cultivated during 63 h under aerobic conditions (8 L of air.min -1 ), continuous agitation (1000 rpm), and at 301 K. The pH was automatically adjusted to 6 using a solution of NaOH (1 N).

Glucose (900 g.L -1 ) was added after 24 h culture, at a rate of 2 g.L -1 .h -1 . The culture broth was centrifuged at 3076 g (Sigma 3-16P, Fisher Bioblock Scientific) during 10 min, and the pellet of biomass was washed twice with water. This step was performed by adding one volume of water to the pellet followed by centrifugation for 40 min at 3076 g. The final biomass concentration was adjusted with water to get either 15% or 25% dry matter, depending on the pre-treatment being applied.

Oil quantification in Y. lipolytica 2.2.1. Oil extraction

The washed cell suspension was lyophilized using Alpha 1-4 LD Plus equipment (Martin Christ, Germany). A sample of 100 mg lyophilized cells was introduced in triplicate into screw tubes containing a ceramic bead in each one. The tubes were shaken vigorously using Precellys-24 homogenizer (Ozyme, France), for 3x30 s at 6000 counts per minute (cpm). After grinding, 1 mL of chloroform:methanol (2:1, v:v) mixture was added and the tubes were vortexed for sample solubilization. Another agitation step using Precellys-24 homogenizer, for 3x30 s at 6000 cpm, was performed and the mixtures were then centrifuged for 3 min at 6000 g. The supernatant was transferred to a new tube and the extraction was repeated under the same conditions. In order to remove the non-lipidic compounds, 2 mL of KCl (1 M):methanol solution (4:1, v:v, with 0.034% of MgCl 2 ) was added to the 2 mL collected after grinding and centrifugation, and the mixture was agitated vigorously for 2 min. All tubes were then left motionless until phase separation and the lower phase (containing lipids) was recovered and evaporated under a nitrogen flow at 323 K.

Fatty acid methyl esters preparation and analysis

The recovered oil was transesterified in order to generate fatty acid methyl esters (FAMEs). For quantification, 100 µL of an internal standard (C12:0, 5 mg.mL -1 ) was added. Afterward, 750 µL of methanolic HCl (4%) was added, and the mixture was heated for 1 h at 353 K. FAMEs were then extracted by adding 1.5 mL n-heptane, vortexing vigorously, and centrifuging for 2 min at 100 g. The upper phase containing n-heptane and FAMEs was recovered and transferred into a new tube. The FAMEs extraction step was repeated and n-heptane in the pooled supernatants was evaporated under a nitrogen flow. FAMEs were then dissolved in n-heptane (the volume used depending on the quantity of lipids) and analyzed using a Shimadzu gas chromatographyflame ionization detector (GC-FID) equipment as previously demonstrated [START_REF] Koubaa | Recovery of oil, erucic acid, and phenolic compounds from rapeseed and rocket seeds[END_REF], with slight modifications. The GC-FID instrument was equipped with a BPX-70 capillary column (30 m length, 0.25 mm diameter, and 0.25 mm film thickness) (Fisher Scientific, Illkirch, France). The GC oven temperature was set first at 393 K and held for 2 min, then increased to 523 K at 283 K.min -1 and held for 2 min. The H 2 carrier gas flow was set to 1.2 mL.min -1 and the injection volume was 1 µL with split 10. FAME standards were injected in order to identify the different eluted molecules.

Cell disruption pre-treatments 2.3.1. Yeast mechanical expression

Mechanical expression (ME) was performed using 85 g yeast suspension (25% DM) during 45 min and at 5.10 5 Pa (Figure 1). Filters (in polyvinylidene fluoride) with 0.2 µm pore size were used to retain the yeast cells. The water content in the cake was determined after pressurization using a Memmert oven at 373 K. Both filtrate and cake were kept at 277 K for oil quantification.

Moderate PEF assisted mechanical expression of yeasts

The effect of moderate pulsed electrical fields (MPEF) was studied during pressurization (Figure 1). The same conditions as those described in section 2.3.1 were applied with the difference that in addition to both filters, two electrodes were added and were connected to a high voltage pulse generator (5 kV, 1 kA) (Hazemeyer, Saint Quentin, France), providing monopolar pulses of near-rectangular shape. PEF pre-treatment was carried out after 30 min pressurization at a moderate electric field strength of E = 900 V.cm -1 , using 20 trains of n = 10 pulses, and a pulse duration of dt = 100 μs. The time of PEF pretreatment was thus 20 ms. Specific software, developed by "Service Electronique UTC" (Compiègne, France) was used with a data logger to measure the current and voltage during the pre-treatment.

Electroporation using high PEF

The impact of high PEF (HPEF) was also studied on yeast cells without pressurization. This experiment was performed by preparing 200 g of yeast cell suspension (15% DM) in a 1-L cylindrical batch treatment chamber (Figure 1). Two parallel stainless steel electrodes were used for electroporation, where the distance between them was fixed to 2 cm, which allows the delivery of ≈20 kV.cm -1 electrical field intensity. One train of 500 pulses was used for HPEF pre-treatment with pulse duration of 10 µs. The time of HPEF pre-treatment was thus equal to 5 ms. The shape of PEF pulses was rectangular

High voltage electrical discharges

Yeast cells were pre-treated using high voltage electrical discharges (HVED). A 1-L batch cylindrical chamber containing a stainless steel cylindrical needle (diameter = 10 mm) and a grounded plate electrode (diameter = 45 mm) was connected to a high-voltage pulse generator of 40 kV and 10 kA (Tomsk Polytechnic University, Russia), and was used for the pre-treatment (Figure 1). A cell suspension of 200 g (15% DM) was introduced in the treatment chamber and the distance between the electrodes was fixed to 1 cm, allowing the delivery of ≈40 kV.cm -1 electric field strength. For each treatment, a number of pulses of n = 500 was applied with a pulse duration of 10 μs. The pulses were delivered every 0.3 s (frequency 0.3 Hz), thereby making a total treatment time of 5 ms.

Ultrasound pre-treatments

A suspension of 300 g yeast cells (15% DM) was introduced in a double-jacketed reactor and pre-treated using ultrasounds (US). An US processor UP 400S (Hielscher GmbH, Germany) was connected to a titanium probe (H14 Hielscher GmbH, Germany), having a diameter of 14 mm and a maximum submerged length of 90 mm (total length = 100 mm) was used. The experiments were conducted in batch mode using the maximum operational US power of 400 W (100% amplitude), a frequency of 24 kHz, and a duty cycle of 50% (1 s sonication followed by a rest period of 1 s). The pre-treatment duration was 1 h and the temperature of the solution was monitored by Huber Unistat Tango (France) equipment. It was either maintained at 293 K using silicone oil injected in the jacket or without temperature control, thereby increased from 293 K to 348 K.

High-pressure homogenization (HPH)

HPH of yeast cells was performed using GEA Niro Soavi PandaPlus 2000 equipment. A cell suspension (600 g, 15% DM) was pumped and homogenized 20 times (20 passes), which is a sufficient treatment time allowing maximizing cell disruption. The temperature of the suspension was maintained at 298 K during the pre-treatment, whereas the pressure was manually adjusted to 1500.10 5 Pa, which was close to the highest pressure delivered by the system.

Oil extraction and analysis

After the pre-treatments, yeast suspensions were lyophilized. Liquid:solid extraction of oil was performed by mixing 10 g of lyophilized yeast cells with 100 mL n-hexane (ratio of 1:10). The mixture was agitated during 1 h at ambient temperature under a constant agitation of 700 rpm. The suspension was then centrifuged at 3373 g, and n-hexane was recovered and evaporated under vacuum using a rotary evaporation system (Heidolph VV where total oil content was determined as described in section 2.2 of the experimental section and verified using a Soxhlet instrument after 24 h extraction using n-hexane.

Optical microscopy

Optical microscopy pictures of yeast cells before and after HPH were obtained using an optical microscope BX60 (Olympus, France).

Statistical analysis

All experiments were performed in triplicate and presented in the graphs as the average value ± standard deviation (SD). The fatty acid analysis was performed on each extraction. One-way analysis of variance (ANOVA) was used to determine the significant differences using StatPlus V6 software for Macintosh systems.

Results and discussion

Oil quantification and fatty acid composition

Results for oil quantification in Y. lipolytica show that the JMY5578 strain contains 11±3% oil dry matter basis. This value is lower than that obtained in the wild type strain, which is ≈36% [START_REF] Beopoulos | Yarrowia lipolytica as a model for bio-oil production[END_REF], probably due to the accumulation of unusual fatty acids. Fatty acid composition determined using GC-FID is presented in table 1. The results obtained show that despite the lower oil content accumulated, compared to the wild type strain of Y. lipolytica, cyclopropane fatty acids (CFAs) were detected, consisting mainly of C17-CFA and C19-CFA. The contents in fatty acids were very close to that found recently by Merlier and co-workers [START_REF] Merlier | A gas chromatography full scan high resolution Orbitrap mass spectrometry method for separation and characterization of 3-hydroxymethyl pyridine ester of fatty acids at low levels[END_REF].

Cell disruption and oil extraction

Y. lipolytica cells were disrupted using different technologies including mechanical expression (ME), moderate PEF assisted mechanical expression (MPEF-ME), high pulsed electric fields (HPEF), high voltage electrical discharges (HVED), ultrasound (US), and high-pressure homogenization (HPH). Results presented in figure 2 show that the lowest extraction yields were obtained using ME and MPEF-ME, compared to the control (diffusion in n-hexane after lyophilization without any pre-treatment). This is probably due to the low pressure applied (5.10 5 Pa) to the cells, which was mainly used to dehydrate the sample, initially containing 25% DM, and was not sufficient to disrupt the cell membranes. In addition, no significant differences were observed between the oil yields obtained after ME and MPEF-ME. Therefore, moderate PEF was insufficient for the extraction of lipids from JMY5578. Increasing the electrical field strength up to 20 kV.cm -1 without mechanical expression led to some increase in the oil extraction yield from 19.8±0.5% (control) to 29.4±3% (HPEF). The damage occurring after exposing microbial cells to high electrical fields has been considered the main cause of cell inactivation for many decades [START_REF] Sale | Effects of high electric fields on microorganisms: I. Killing of bacteria and yeasts[END_REF], and was reported as the electromechanical instability of the cell membrane [START_REF] Coster | The mechanism of electrical breakdown in the membranes of Valonai utricularis[END_REF][START_REF] Jacob | Microbiological implications of electric field effects II. Inactivation of yeast cells and repair of their cell envelope[END_REF]. So far, the inactivation phenomenon is underlined by electroporation, which is a direct result of the electrical breakdown, and both lead to perforating the cytoplasmic membrane, which allows in this study further release of oil from Y. lipolytica, compared to the untreated material (control).

No significant difference was observed between HVED (31.7±6.5%) and HPEF (29.4±3%). HPEF and HVED could be very effective for the selective extraction of ions, sugars, colorants, and proteins from the electroporated cells [START_REF] Shynkaryk | Electrically-assisted extraction of bio-products using high pressure disruption of yeast cells (Saccharomyces cerevisiae)[END_REF][START_REF] Ganeva | High yield electroextraction of proteins from yeast by a flow process[END_REF]. However, the effectiveness of these treatments for lipid extraction from Y. lipolytica was not demonstrated through this work.

Some increase in oil recovery was also observed when applying US as pre-treatment. In fact, two experiments were performed: 1) US pre-treatment with the temperature maintained at 293 K, and 2) US pre-treatment up to the temperature elevation to 348 K (insert in figure 2). Results show that applying the US with temperature maintain at 293 K led to increasing the extraction yield from 19.8±0.5% (without pre-treatment) to 35.5±6.1%. These results show that the US has a positive impact on the cell disruption and thus leads to an increased oil extraction yield. This fact is mainly related to the acoustic cavitation and the formation of gas micro-bubbles in the microbial suspension [START_REF] Capelo-Martínez | Ultrasound in chemistry: analytical applications[END_REF]. The gas bubbles grow until reaching an unstable size then collapse violently.

Intense local energy is thereby released with important chemical (i.e., free radicals) and mechanical effects (i.e., micro-jets) leading to particle and cell destruction [START_REF] Chemat | Applications of ultrasound in food technology: Processing, preservation and extraction[END_REF][START_REF] Mason | Sonochemistry[END_REF].

However, despite the significant increase of oil yield compared to the untreated sample (control), the US as a cell disruption method remains insufficiently efficient to release all the oil content. This result was in agreement with that reported in previous works [START_REF] Halim | Microalgal cell disruption for biofuel development[END_REF][START_REF] Lee | Comparison of several methods for effective lipid extraction from microalgae[END_REF][START_REF] Wang | Combined enzymatic and mechanical cell disruption and lipid extraction of green alga Neochloris oleoabundans[END_REF][START_REF] Wang | Disruption of microalgal cells using high-frequency focused ultrasound[END_REF].

The 

Impact of disruption method on the fatty acid composition

The fatty acid composition of the different oils obtained after cell disruption was analyzed using GC-FID. Results presented in table 2 show that the disruption method affects the fatty acid profile. Compared to control, without pre-treatment, ANOVA analysis showed that these changes differ from one cell disruption method to another. For instance, US treatment did not lead to any significant change (p>0.05) in fatty acid composition, whether applied at 293 K or up to 348 K. It should be noted that some previous works discussed the fatty acid composition following the application of US for oil extraction. Luque-García and Luque de Castro used a laboratory scale equipment of US-assisted Soxhlet extraction for oil recovery from oleaginous seeds (sunflower, rape, and soybean) and reported no changes in the fatty acid composition when applying US, compared to conventional extraction method (Soxhlet) [START_REF] Luque-García | Ultrasound-assisted Soxhlet extraction: an expeditive approach for solid sample treatment: Application to the extraction of total fat from oleaginous seeds[END_REF]. However, some other authors discussed the possible degradation of lipids by US [START_REF] Pingret | Degradation during application of ultrasound in food processing: A review[END_REF], which could most probably be related to the extraction parameters, oil, and matrix properties. In the current work, applying MPEF-ME only led to a significant difference in minor fatty acids (C20:0) (Table 2). Some significant changes (p<0.05) in fatty acid composition were reported following the application of ME and HPH. The review of the literature shows that the information required to explain such changes between the control and the samples pre-treated by ME, MPEF-ME, or HPH is scarce and this subject requires further investigations. The most destructive method applied to disrupt the cells was HVED.

Using this method, all the fatty acids, except C14:0, C18:0 and C18:2, showed significant changes (p<0.05) in their composition compared to the untreated sample. This result could be explained by the formation of free radicals and other reactive species in the extraction medium when applying HVED [START_REF] Boussetta | Extraction of valuable biocompounds assisted by high voltage electrical discharges: A review[END_REF][START_REF] Koubaa | Current and new insights in the sustainable and green recovery of nutritionally valuable compounds from Stevia rebaudiana Bertoni[END_REF], which thus may enhance the degradation of oil. Taken together, the results of oil extraction yield and fatty acid composition show that although some changes were noticed in fatty acid composition, HPH could be selected as the most efficient cell disruption method, allowing the recovery of the highest oil yield.

Optical microscopy

Microscopy pictures were taken before and after HPH treatment (1500.10 5 Pa, 20 passes) (Figure 3). Results show some intact cells and aggregated fragments before and after the HPH treatment. After 20 passes in the homogenizer (Figure 3.B) some aggregates were present in the suspension, and the number of intact cells was reduced compared to the untreated sample (Figure 3.A). The high shear stress applied to the cells leads to their fragmentation and thereby the release of their content. This result is supported by the additional oil extraction yields obtained after HPH treatment (Figure 2). The aggregation of the cells and their fragments could be explained by the modification of particles electrokinetic potential, which needs further investigation for deeper analysis.

Conclusion

The most effective technique in term of oil recovery yield from the oleaginous yeast Y. lipolytica was HPH, as compared to the ME, MPEF-ME, HPEF, HVED, and US. GC-FID analyses showed that the cell disruption methods may affect the fatty acid composition, with the highest degradation being observed using HVED, and the lowest using US. Although effective at laboratory scale, further analyses and process optimization of HPH should be performed, especially for evaluating the total oil cost, including all upstream and downstream processing steps. 

  2011) and a water bath at 313 K (Heidolph OB 2001). Oil extraction yield was determined according to Equation (6) below. Oil yield (%) = 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑜𝑖𝑙 𝑚𝑎𝑠𝑠 (𝑔 𝑝𝑒𝑟 100𝑔 𝐷𝑀) 𝑇𝑜𝑡𝑎𝑙 𝑜𝑖𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔 𝑝𝑒𝑟 100𝑔 𝐷𝑀) * 100 Equation (6)

  last disruption cell technology tested in this work was HPH. It is obvious from figure 2 that HPH was the most effective technique among the other tested technologies. It leads to obtaining 83.9±4.8% oil extraction yield, compared to only 19.8±0.5% for the control. This result concurs with previous works demonstrating the efficiency of HPH on the cell disruption and lipid extraction from microorganisms, such as the enhancement of lipid extraction from microalgae [43-45].
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Table 1 .

 1 Lipid contents and fatty acid compositions of the strain used in this work (JMY5578) and the wild type strain. CFA denotes cyclopropane fatty acid, and ND denotes not detected.

	Strain of Y. lipolytica		JMY 5578 (this study)	Wild type [36]
	% Lipid (g lipid /g biomass )		12	36
	Fatty acid	C14:0	0.3	ND
	composition (%)	C15:0	0.6	ND
		C16:0	21.4	11
		C17:0	1.7	ND
		C17:CFA	9.4	ND
		C18:0	6.6	1
		C18:1	15.7	28
		C18:2 trans	0.4	ND
		C18:2 cis	19.0	51
		C18:3	ND	1
		C19:CFA	22.5	ND
		C20:0	0.7	ND
		C24:0	1.8	ND

Table 2 .

 2 The fatty acid composition of oils extracted from Y. lipolytica after cell disruption using different technologies. ME; mechanical expression (5 bar, 45 min), PEF-ME; pulsed electric field (900 V/cm) assisted mechanical expression (5 bar, 45 min), PEF; pulsed electric fields (20 kV/cm), HVED; high voltage electrical discharges (40 kV/cm), US; ultrasound, HPH; high-pressure homogenization. MFA1 and MFA2 denote respectively modified fatty acids 1 and 2. The control represents the sample without any pre-treatment. SD denotes standard deviation.

		Control		ME		MPEF-ME	HPEF		HVED		US at 20 °C	US up to 75 °C	HPH	
	Fatty acid	Average (%)	SD (%)	Average (%)	SD (%)	Average (%)	SD (%)	Average (%)	SD (%)	Average (%)	SD (%)	Average (%)	SD (%)	Average (%)	SD (%)	Average (%)	SD (%)
	C14:0	0.24	0.12	0.31	0.01	0.21	0.10	0.30	0.00	0.07	0.11	0.29	0.08	0.39	0.03	0.30	0.01
	C15:0	0.57	0.04	0.71*	0.02	0.64	0.05	0.68*	0.02	0.69*	0.01	0.58	0.06	0.53	0.05	0.55	0.06
	C16:0	21.34	0.08	21.88	0.41	20.51	0.46	22.17*	0.30	22.57*	0.25	21.36	0.79	22.39	0.73	19.95*	0.50
	C17:0	1.71	0.25	0.72*	0.01	1.54	0.08	1.15	0.16	2.24*	0.09	2.01	0.53	2.45	0.44	2.4*	0.05
	C17:CFA	9.43	0.33	9.96	0.28	9.29	0.24	10.62*	0.26	8.44*	0.22	9.21	0.52	9.38	0.63	8.84	0.15
	C18:0	6.54	0.06	7.39	0.52	6.30	0.67	6.54	0.37	6.91	0.27	6.41	1.12	6.42	0.65	6.66	0.36
	C18:1	15.66	0.98	12.02*	0.40	14.79	0.64	14.07	0.53	17.94*	0.62	16.85	1.70	18.18	1.73	21.24*	0.16
	C18:2 trans	0.29	0.14	0.38*	0.05	0.45	0.07	0.42	0.03	0.34	0.01	0.35	0.10	0.38	0.05	0.17	0.17
	C18:2 cis	19.05	0.06	16.94	1.00	19.39	1.23	16.09*	0.22	17.68*	0.02	18.35	1.26	17.56	0.74	17.73*	0.63
	C19:CFA	22.59	1.03	26.28*	0.23	23.96	0.51	24.99*	0.26	20.53*	0.18	21.91	1.70	19.52	1.40	19.83	1.42
	C20:0	0.74	0.05	1.17*	0.07	0.99*	0.06	0.71	0.06	0.62*	0.01	0.74	0.25	0.63	0.12	0.4*	0.03
	C24:0	1.80	0.02	2.24*	0.22	1.93	0.43	2.25*	0.09	2.18*	0.06	1.93	0.57	2.16	0.42	1.94	0.11
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