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Abstract 

Rapeseed meal is high in protein and carbohydrate and is a promising feedstock for microbial valorisation, however, the fibrous structure is difficult to breakdown and involves multiple chemical and enzymatic steps to release a fermentable hydrolysate. In this investigation an innovative pre-treatment of rapeseed meal was demonstrated, involving a one-step process using microwave heating and no additional chemicals or enzymes. 57% of the biomass was solubilized over just a few minutes with minimal energy input. The hydrolysate contained a mixture of monosaccharides, oligosaccharides and micronutrients. To ferment this material the oleaginous yeast Metschnikowia pulcherrima was selected and was able to metabolise the material including some of the oligosaccharides of approximately DP8 and below, producing a lipid that was highly monounsaturated. On the laboratory scale 11% lipid could be achieved from the rapeseed meal alone, with a lipid profile akin to palm oil. On the addition of glycerol to increase the C:N ratio, over 16 g/L of yeast was achieved with  lipid content of 38% w/w. To demonstrate the scalability of the microbial process, the fermentation was demonstrated on depolymerised rapeseed meal with glycerol, in a 30 L pilot scale fermenter, yielding 12 g/L of yeast with 22% w/w lipid over 120 hours. While the lipid production needs to be further optimised on this scale, the use of rapeseed meal as a feedstock, coupled with a one-step microwave process that does not need additional pre- and post-processing stages, is an exciting route to potential commercially viable microbial oils.
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1. Introduction

Triglyceride oils are becoming an increasingly important feedstock for biofuels, further chemical products and polymer precursors. However, traditional terrestrial oil sources such as palm, rapeseed and soybean compete with arable land. For example, the rapid increase in palm and soybean plantations in South East Asia and Latin America is leading to widespread deforestation, increased localised and global pollution and a severe reduction in biodiversity in these areas (Abrams, 2016; Aini, 2015). As such, a key scientific goal is the development of a more sustainable sources of triglyceride oils. One such source are single cell oils (SCO) derived from oleaginous yeasts cultivated on lignocellulose hydrolysates. The fatty acid profile of most oleaginous yeasts typically contain elevated levels of palmitic, oleic and linoleic acid. The majority of yeast produce oils akin to rapeseed oil, high in oleic acid, and a number have been demonstrated to produce an oil with a similar fatty acid profile to palm oil, with high lipid co-efficients and productivity being observed (Whiffin, 2016).  The technology for the large scale production of yeasts is well established though the preparation of a suitable, inexpensive, feedstock remains a key issue (Papanikolaou, 2011a, 2011b). 

A number of studies have demonstrated the need for effective pre-treatments in bioethanol production (Da Silva, 2018), including the need to reduce inhibitor production (Prasad, 2018). However, like a lot of oleaginous yeasts Metschnikowia pulcherrima is well known to have elevated inhibitor tolerance (Whiffin, 2016; Zhou, 2017). Recently, we demonstrated that this yeast species was a suitable candidate for SCO production, due to high lipid levels obtainable, the ability to grow on both hexose and pentose sugars and that the yeast could be cultured in non-sterile conditions due to the low pH and ability to produce antimicrobials agents like pulcherriminic acid and 2-phenylethanol (Santomauro, 2014). There is also some evidence to suggest that the yeast can produce cellulases (Strauss, 2001), and could potentially metabolise oligosaccharide making it suitable for its exploitation in consolidated bioprocessing (CBP) as well.  Due to its ability to combat microbial invasions, the main use of M. pulcherrima to date has been as a biocide agent and in the wine industry (Belda, 2016; Oro, 2014; Turkel, 2014). 
For sustainable oil production by M. pulcherrima on a large scale, lignocellulose wastes sourced from agriculture must be used as substrate. One promising substrate is rapeseed meal (RSM), a by-product from the extraction of oil from rapeseed. After soybean and cotton, rapeseeds produce the largest amount of waste on an annual basis, with an estimated EU-28 production of 14 million tonnes of RSM in 2015 (USDA, 2016). RSM tends to have a protein content of around 40%, a range of essential micronutrients and a fiber content of approximately 15% (Invanova et al, 2016). In addition RSM is produced from the extraction process for pure rapeseed oil. An SCO production process using RSM as a feedstock could then fit into this distribution structure, without need for further infrastructure investment.
Rapeseed meal has been demonstrated to be a suitable feedstock for a number of biotechnological processes such as the production of xylanases from T. reseii and the production of succinic acid, in a titre of 23 g/L, from Actinobacillus succinogenes (Lomascolo, 2012). However, to date the processing of rapeseed meal is dependent on enzymes and multiple stages for processing which severely hamper the economics of the process. One of the most energy and cost inefficient stages of this process is the chemical hydrolysis of the meal, which releases the digestible components for enzymatic degradation. 
It is well-known that microwaves (MW) have the potential to be a very energy efficient method of heating, especially aqueous solutions, due to the high polarity of water. Furthermore, MWs have a number of other advantages such as selectivity, higher reaction rate and controllability (Ganzler, 1986; Lanigan, 2010). Recently, a method for the hydrothermal microwave depolymerisation of lignocellulosic materials, that produce substantial quantities of sugar, without the need for additional celluloses and additives, was reported (Fan, 2013). The temperature that was optimally used was significantly below conventional heating technologies previously reported for the depolymerisation (Fan, 2013). For example, the MW process was demonstrated to produce over 20% of glucose at 220°C from microcrystalline cellulose under additive free conditions. This process only produced trace levels of HMF and furfural (Chen, 2015). Potentially this method for depolymerisation could be more commercially viable, due to minimum pre-and post- enzymatic treatment. However, due to complexity of real biomass, the process can make the ratio between sugars and inhibitors production unpredictable. Therefore, it is important to find a balance between the MW pre-treatment and a fermentation process, enabling the industrial application of combined technologies for SCO production.  
There are a few reports of rapeseed meal being demonstrated as a promising feedstock for industrial biotechnology. For example, as a major source of microbial amino nitrogen for general fermentations (Wang 2010), a consolidated bioprocess for the production of succinic acid (Chen 2011) and as a source of free amino nitrogen, and some monosaccharide, for microbial oil production (Kiran 2012). Each of these studies notes the need for additional carbon sources. And in all of these studies the rapeseed meal was depolymerised using multiple steps including a conventional chemical pre-treatment and enzymatic process to release monosaccharides and free amino nitrogen. The aim of this study was to demonstrate the use of an efficient one-step microwave heating for the depolymerisation process and coupling that to an oleaginous yeast that can effectively use the carbon released. To that end M. pulcherrima has been recently reported to convert a range of feedstocks, hydrolysed with a one-step MW process with YM/M from the solubilised hydrolysate of up to 50% (Fan, 2018). The aim of this investigation was to fully characterize the resulting rapeseed meal hydrolysate from the microwave process, optimize the fermentation on this hydrolysate, and assess whether a suitable yeast oil substitute could be produced in a scaled up 30 L fermentation in a suitable timeframe. A simplified flow chart of the process is given in Figure 1.  
2. Materials and Methods

2.1 Reagents

All the chemical reagents were purchased from Sigma Aldrich (UK) and used without further purification. The rapeseed meal and the waste glycerol were provided by Croda International (Widnes, UK). The rapeseed meal was ground after the lipid extraction process, and sieved prior to microwave hydrolysis this yielded particle between 250-500 µm.
2.2 Strain and culture conditions

The strain of Metschnikowia pulcherrima used was purchased from the National Collection of Yeast Cultures (Institute of Food Research, Norwich, UK). The strain was periodically refreshed on YPD agar plates (yeast extract 10 g/L; peptone 20 g/L; dextrose 20 g/L) and incubated at 20 °C for 48 h. For the inoculation of cultures of depolymerized rapeseed meal, 1% (v/v) of cultures of M. pulcherrima were grown in 10 ml YMS (yeast extract 30 g/L; D-mannitol 5 g/L; L-sorbose 5 g/L) and incubated at 20 °C for 48 h, 180 rpm.

For the lab scale cultures of M. pulcherrima in depolymerized rapeseed meal without supplementations, the cultures were incubated at 20 °C for 96 h with an agitation of 180 rpm. Cultures were supplemented with glucose and glycerol were incubated at 20 °C, 180 rpm for 288 h. All fermentations were completed in triplicate and the standard error presented in the figures as error bars.
For the culture on 30 L scale, M. pulcherrima was inoculated in 50 ml YMS and incubated at 20 °C, 180 rpm, for 48 h. The 50 ml inoculum was used to inoculate 1 L of YMS and incubated under the same conditions. After 48 h, the biomass was centrifuged, re-suspended in 1 L of fresh YMS media and incubated for 12 h in the same conditions. 600 ml were used to inoculate the 30 L reactor. None of the media or the fermenter were sterilized prior to use. The experiment was carried out for 7 days with an agitation of 300 rpm, a constant aeration of 30 L/min at a temperature of 25 °C.

2.3 Depolymerization of rapeseed meal 

The depolymerisation of rapeseed meal was undertaken using an Anton Parr Monowave 300 microwave reactor (Anton Parr GmbH, Austria). For this, 1 g ± 0.1 g of rapeseed meal was weighed into a 25 ml glass vial (provided by Anton Parr) and 20 ml of distilled water added in order to make a sample to water ratio of 1:20. To this mixture, a PTFE magnetic stirrer bar was added. Upon inserting the glass vial into the Anton Parr, the stirring rotation was set to 1000rpm on the microwave. Experiments were subsequently performed to ascertain the optimum condition for the production of fermentable sugars from the fixture by systematically testing differing ratios of rapeseed meal to water and sodium chloride concentration. All experiments were performed at temperature range between 140-190 °C with varying holding time under dynamic microwave conditions; with a maximum of 850 W microwave power applied. 

Once conditions had been optimised, further experiments were performed in which additional carbon sources were added to the microwave mixture; these being either glucose, glycerol or rapeseed straw. For this set of experiments samples were heated to 190 oC under microwave irradiation, with no holding time once the temperature had been achieved. 
2.4 Media preparation for 30L scale culture

600 g of rapeseed meal were depolymerized using a CEM MARS6 microwave (CEM UK, Birmingham) at 190 °C, with no holding time, in water containing NaCl 6 g/L. Before use, the media was stored at 4 °C. Prior to the inoculation, the depolymerized RSM was added with crude glycerol and diluted with deionised water to a final concentration of RSM 20 g/L, NaCl 2 g/L and crude glycerol 100 g/L.
2.5 Lipid extraction and analysis

A modified version of the ‘Bligh and Dyer’ method was used to extract oils. In brief: 0.1 g of freeze-dried biomass was added to 10 ml HCl 4M at 60 ⁰C under agitation for 2 h. The sample was then left to cool down and 20 ml of a solution of chloroform/methanol 1:1 was added. The samples was let agitating for at least 24 h before recovering the chloroform phase. The oil content was determined gravimetrically after removing the solvent.

30 mg of freeze-dried biomass were added to 3 ml of a solution of methanol and sulfuric acid 1%. The samples were then incubated at 90 ⁰C for 3 h, cooled to room temperature before hexane (3 ml) was added. 1 ml for the upper layer of the hexane phase was recovered and analyzed through GC-MS. GC-MS analysis was carried out using an Agilent 7890A Gas Chromatograph (Agilent Technologies, UK) equipped with a capillary column (60 m × 0.250 mm internal diameter) coated with DB-23 ([50%-cyanpropyl]-methylpolysiloxne) stationary phase (0.25 μm film thickness) and a He mobile phase (flow rate: 1.2 ml/min) coupled with an Agilent 5975C inert MSD with Triple Axis Detector. 1 μl of the solution was loaded onto the column, pre-heated to 150 °C. This temperature was held for 5 mins and then heated to 250 °C at a rate of 4 °C/min and then held for 2 mins.
2.6 HPLC analysis

The mono- and oligo- saccharides were analyzed using an Agilent 1260 Inﬁnity HPLC instrument equipped with an Agilent Hi-PlexH (300×7.7mm, 8μm particle size) column. The mobile phase used was 0.005 M H2S04 which was isocratic (no gradient), with a  ﬂow-rate of 0.4 mLmin−1, column temperature of 60 °C, refractive index detector at 55 °C, total run time of 35 mins, and injection volume of 5 μL were used. External standards were prepared at ﬁve different concentrations (0.5, 0.75, 1.0, 1.5, 2.0 mgmL−1).
3. Results and Discussion 

3.1 Lab scale production 

By using a microwave hydrothermal process, at 190 °C with a sample to water ratio of 1:20, it was possible to solubilise approximately 57% of the RSM raw material. The hydrolysate demonstrated excellent retention of natural nutrients, such as K and P, needed for growth as well as the production of sugars and inhibitors (table 2). 
To understand the temperature range of the microwave activation of RSM, the heating rate profile of this biomass was investigated (Fig. 2). The four major activation points of RSM occurred at 120, 140, 170 and 190 °C, with the most abundant at 170 °C with rate of heating of around 200 °C /min. It has been previously reported that approximately 180 °C is the activation point of amorphous cellulose (Fan, 2013), where temperatures of around 140 °C are associated with hemi-cellulose decomposition. Therefore, to optimize the microwave process, RSM was depolymerized at different temperatures in the  range  120-190 °C,  and the yeast cultured on the hydrolysate (Fig. 3a). The experiments were carried out using different holding times, from 0 to 15 min. The solids were removed and M. pulcherrima was cultured on the liquid fraction. 
At lower temperatures (between 120 to 160 °C) the conditions are suitable for the extraction of proteins and the depolymerisation of hemicellulose, however, at higher temperatures increased breakage of the 1-6 glucosidic bonds in amorphous cellulose takes place, resulting in higher sugar yields [Fan, 2013]. Correspondingly, M. pulcherrima, grew poorly on the hydrolysate depolymerised at the low temperatures, but by 190 °C approximately 2.5x more yeast biomass was observed. This is in good agreement with the efficiency of interaction of MW irradiation with RSM. In addition, longer holding times tended to result in higher yeast biomass, until the RSM was depolymerized above 180 °C where a reduction in the yeast biomass content was observed. This is  likely due to the breakdown of sugars into inhibitory compounds at the longer reaction times. The same result was achieved at 190 °C with no holding time as opposed to five minutes, the optimal conditions for the preparation of RSM was therefore chosen to be 190 °C, with no holding time from this point on.
The carbohydrate profile of the supernatant of cultures of M. pulcherrima was analysed (fig 3b).  The monosaccharides were used quickly with little left after fermentation. The oligosaccharides in the DP2-DP5 range are metabolised slower, though none of these components were observed in the broth after 144 h. The large oligosaccharides in DP6-DP8 range appear to be reduced after 72 h, though the oligosaccharides in the DP9+ range remain relatively constant. After 144 h, there are more oligosaccharides in the DP6-8 range again, potentially produced from the partial hydrolysis of the DP9+ compounds, which are reduced slightly compared with the start of the fermentation. This clearly demonstrates the ability of this yeast to metabolize oligosaccharides, though the larger saccharides are metabolised slower than the small compounds. This effect confirms previous literature findings on the cellulazes produced (Strauss, 2001). As a consequence, there is no need for a complete depolymerisation of cellulosic waste into simple sugars for M.pulcherrima to grow, as even a less energetically demanding and incomplete process can be metabolised. However, for an effective production of cellulases by this species, the presence of simple sugars are still seemingly required.
Previous studies have shown that optimal M. pulcherrima cultures have elevated levels of NaCl (Santomauro, 2014). In addition, NaCl is also known to improve the extraction of globulin proteins from oilseeds due to the higher ionic strength of the medium. A higher ionic strength is beneficial in the redisposition of the protein chains that, in order to pass into solution, must rearrange their structure to expose hydrophilic groups on the outside and hydrophobic on the inside, creating an emulsion as a consequence (Gerzhova, 2016). Using the optimized conditions for depolymerisation (190 °C, 0 min holding time), the use of NaCl during microwave-assisted depolymerisation was studied and concentrations ranging from 1 to 10 g/L were added to the RSM prior to depolymerisation (fig. 4a). The addition of salt was beneficial to M. pulcherrima up to a concentration of 6 g/L, after which the growth started to decline again to reach the same values without salt addition. The value of 6 g/L is similar to the one previously reported to be effective in breaking the bonding between proteins and phenolics in rapeseed meal (Purkayastha, 2015). With additions beyond 6 g/L, a salting-out effect on proteins could occur as well as a toxic effect on M.pulcherrima. This suggests that it is important to optimize the NaCl in the additional starting material. 

Increasing levels of RSM also afford higher yeast biomass, with a linear increase observed over a 20 g/L – 70 g/L range (fig. 4b). By increasing the RSM by 10 g/ L, a 0.75 g /L increase in yeast biomass was achieved, finishing with over 6 g/L of yeast from 70 g/L of RSM. This suggests that there is nothing particularly inhibitory in the RSM and rather that the cultures are limited by a lack of accessible carbon.  
To increase the yeast biomass, three alternative carbon sources were considered; glucose, glycerol and depolymerized rapeseed straw (RSS). In particular, glycerol and RSS were chosen for being the main by-product from the production of rapeseed oil and, as a consequence, readily available within the supply chain where RSM is also produced. 

When supplemented with RSS the yeast biomass is not increased substantially, with only 2 g/L of yeast being achieved though the yeast did produce approximately 60% w/w lipid (fig. 5). However, supplementing with glycerol or glucose gave yeast biomass concentrations of up to 15 g/L. The yeast grew better on glycerol than glucose, with 60 g/L for both glycerol and glucose being the optimal loading. The increase in biomass production was also accompanied by an increase in lipid production that reached 40% of the biomass. This is a similar value to reported in literature of M. pulcherrima grown in optimized synthetic media (Santomauro, 2014). This demonstrates that while RSM is lacking in accessible carbohydrate and needs to be supplemented for an effective fermentation, the macro and micronutrients needed for growth are present. The elemental analysis of rapeseed meal for example showed a nitrogen content of 4.95 ±0.05%, with a C:N ratio of around 8.8, far from the optimal value for growth and lipid accumulation previously reported in literature for Metschnikowia pulcherrima (Santomauro, 2014)

The fatty acid profile of the lipid from the cultures was also assessed by GC-MS (table 3). Interestingly, on rapeseed meal alone the lipid produced is high in polyunsaturated lipids, giving a lipid closer to soybean oil. However, with additional carbon supplementation more monounsaturated esters are produced, and when glycerol is used the lipid profile is akin to rapeseed oil. It is possible that the metabolic pathways involving the desaturation of fatty acids could be induced or repressed according to the carbon source being metabolized.
3.2 30L Batch Fermentation 

Due to the high yeast biomass obtained as well as the production of a suitable lipid substitute, the fermentation of RSM with glycerol was scaled to a 30 L stirred tank fermenter. RSM was depolymerized using a microwave reactor, with additional NaCl (2 g/L). The RSM was then used at 20 g/L with industrially sourced waste glycerol, a byproduct from the production of fatty acids. The fermentation was held at 25 °C, a constant airflow (30 L/min) and stirred using an impeller at 300 rpm (fig. 6). M. pulcherrima thrived under these conditions and reached stationary phase after only 60 h, producing a final maximum biomass concentration of over 11 g/L after 6 days (fig. 5). 

The lipid content increased throughout the exponential phase and the initial stationary phase until 120h, where a maximum of 22% was reached. After that point, the oil content remained constant for 24h before being consumed by the yeast. The kinetics of lipid accumulation were quite similar to that observed for Y. lipolytica where the majority of the content is produced at the end of the exponential phase (Papanikolaou 2001, 2003). In this case, the lipid accumulation appears to be a basal metabolic activity of the cells that is strictly connected to the growth rate. However, this behavior is quite different from what already reported in literature about lipid accumulation in M. pulcherrima, where the majority of the production is thought to occur in advanced stationary phase (Santomauro, 2014). It is possible that the different culture conditions (higher temperature, a complex media) triggered this trend.
While the lipid content was reduced compared to the smaller scale, the fatty acid profile demonstrated a similar level of monounsaturation, producing a suitable rapeseed oil substitute (fig. 6b). This suggests that while the lipid content must be increased to deliver a cost effective process, the industrial conditions the fermentation was held under deliver a suitable rapeseed oil type substitute using the feedstocks investigated, and has significant potential for further scale up. 
As previously shown, M. pulcherrima can be grown in minimal sterile conditions, due to the production of a range of anti-microbial compounds. This makes the yeast highly suitable for bioprocessing (Fan, 2018). As such, the 30 L fermentation was undertaken in non-sterile conditions, yet no contamination was observed. One possible antimicrobial compound the M. pulcherrima is capable of producing is 2-phenylethanol, and the fermentation broth was analysed for the production of this metabolite. The increase in biomass was accompanied by a related production of 2-phenylethanol, up to a maximum concentration of 190 mg/L, a magnitude higher than that seen generally in wine fermentations (Clemente-Jimenez, 2004). One possibility is that the complex media in the RSM could induce a higher production of this compound due to the presence of phenylalanine. The concentration of nitrogen also plays an important role in 2-phenylethanol production, with 0.25% yeast extract reported in literature as optimal for 2PE production in Pichia fermentans (Huang, 2000). As such, not only is RSM hydrolysate a suitable media for fermentation but allows the production of excessive 2-phenylethanol in the broth, aiding in the axenic growth of M. pulcherrima.
3.3 Practical implications of this study
Only a handful of reports have demonstrated the use of rapeseed meal as a suitable feedstock for microbial fermentation. For example, Wang et al demonstrated that hydrolytic enzymes from Aspergillus oryzae could release amino nitrogen and a range of other non-carbon nutrients, suitable for fermentation (Wang 2010). While promising the proposed system, to produce ethanol from S. cerevisiae, still needed a source of glucose and the production of the original enzymes to break the RSM down in the first place. Similar processes, with additional enzymes for the breakdown of rapeseed meal and additional carbon sources, have been demonstrated for the production of succinic acid (Chen 2011) and microbial oil production (Kiran 2012). In However, by using the microwave processing stage, the production of enzymes become unnecessary to produce the nutrients needed for fermentation, and by using M. pulcherrima, more of the carbon (in the form of oligosaccharides) was accessed than the previous literature.   
Various cost estimates have been attempted for oleaginous yeasts,REF including M. pulcherrima from sucrose or lignocellulosic hydrolysate (Parsons 2018). These place the cost of lipid of approximately between $2,000-$5,000 tonne-1. Microwave generation has huge potential to be a more efficient method of heating when compared with conventional heating,REFREF and could be used to efficiently break down the biomass, reducing costs of the overall lipid product. However, more work is needed to understand the energy demand and techno-economics associated with microwave hydrothermal treatment of biomass at the per tonne rather than per kilogram scale. Significant biomass and lipid yield using RSM hydrolysate with the addition of glycerol was demonstrated via batch fermentation; however, economic viability at commercial scale means that the process must also be demonstrated in at least a semi-continuous mode.  This adds additional challenges in terms of maintaining sterility, but with high levels of antimicrobial 2PE produced this indicates that M. pulcherrima is a promising yeast to scale up lipid production from waste biomass. The fact that M. pulcherrima has been shown to utilize oligosaccharides during fermentation is also highly promising, meaning that expensive enzymatic breakdown of biomass is not required. This makes this particular yeast highly appropriate to couple together with a low-energy microwave step for biomass hydrolysis.  
4. Conclusions

RSM was pre-treated through a low-energy microwave step replacing the classical thermal and enzymatic depolymerisation. The microwave process was coupled with a suitable yeast, M. pulcherrima, which was able to metabolise a wide range of the solubilised carbohydrate, produce lipid under non-sterile conditions. As RSM is relatively carbon poor, high yeast biomass could only be accessed through increased loadings of RSM or through supplementation with glycerol. Using this yeast, a culture with a high biomass concentration on a 30 L scale was obtained, and significant amount of lipids and 2PE were produced over 120 hours. 
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Figure 1. Schematic detailing the unit operations for the proposed rapeseed meal SCO process
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Figure 2. a) Heating rate profile of RSM under MW irradiation b) the RSM before and after MW treatment (sample to water ratio of 1:20, 190 oC with no holding)
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Figure 3 a) Final M. pulcherrima biomass cultured on the liquid fraction from depolymerised RSM in a microwave reactor with holding times between 0-15 minutes and temperatures between 120 °C – 190 °C; b) HPLC chromatograph of the depolymerised RSM (20 g/L, 190 °C, 0 hold) at 0, 72 and 144 h of fermentation (20°C, 180 rpm) 
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Figure 4 a) Final biomass of M. pulcherrima in RSM 20g/L depolymerized at 190°C with additional amounts of  NaCl, grown at 20°C, 180 rpm, over 96h; b) Final biomass of M. pulcherrima in RSM depolymerized at 190°C, at concentrations between 20 and 70 g/L, over 96h. Standard deviation (n=3) is given as error bars
[image: image7.png]©
=

©
S

T N O WL NO
S8 S

(1/8) ssewolq 1seap



Figure 5 The effect of supplementary glucose (Glu), glycerol (Gly) and rapeseed straw (RSS) to the RSM hydrolysate on the yeast biomass and lipid production using MW heating (190 °C with 0 hold time) over 12 days, numbers in the axis title indicate the concentration of initial feedstock source in g/L. Shaded area indicates the lipid content (% w/w dry cell). Standard deviation (n=3) is given as error bars
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Figure 6: a) The growth, lipids (% w/w dry cell) and 2-phenylethanol production from M. pulcherrima in a controlled 30L bioreactor held at 25 °C, 300 rpm on crude glycerol (100 g / L) and microwave depolymerised RSM with an additional 2 g / L NaCl b) Fatty acid profile of the resulting lipid after 144 hours


Table 1 – Average composition of rapeseed meal, adapted from (13)
	Main analysis
	Average amount
	Coefficient of variation

	Dry matter 
	89.78
	0.61

	Crude protein 
	42.00
	3.51

	Ether extract
	1.50
	20.88

	Crude fibre 
	14.37
	9.03

	Neutral Detergent Fiber
	39.36
	12.41

	Acid Detergent Fiber
	23.80
	11.88

	Ash 
	8.46
	9.31

	Phosphorus (g/kg DM)
	0.92
	12.05

	Calcium (g/kg DM)
	0.88
	6.33

	Gross energy, kcal/kg
	4589
	1.28

	Total glucosinolates, μmol/g
	10.07
	60.37


Table 2: Analysis of the RSM raw material and the hydrolysate after microwaving at 190 °C with 0 hold time
	Element
	RSM raw material
	Hydrolysate (190 °C, 0 min hold)

	Carbon %
	41.5
	39.3

	Hydrogen %
	6.3
	4.4

	Nitrogen %
	6.3
	4.5

	Rest %
	45.9
	51.8

	Ca (ppm)
	4316
	3876

	K (ppm)
	2626
	5375

	Mg (ppm)
	1726
	2730

	Na (ppm)
	96
	773

	P (ppm)
	10670
	10479

	HMF (mg/ml)
	
	0.055

	Furfural (mg/ml)
	
	0.016


Table 3: FAME profile of cultures of M. pulcherrima grown in depolymerized rapeseed meal (20g/L) with additional glycerol (Gly) or glucose (Glu) (60g/L).

	Compound
	RSM 70 g/L 
	RSM 20g/L, Glu 60g/L
	RSM 20g/L, Gly 60g/L

	Total lipid (% cell dry weight)
	10.7%
	20.8%
	37.3%

	C16:0
	16.5
	10.6
	18.1

	C16:1
	2.5
	4.7
	5.0

	C17:1
	0
	2.6
	1.9

	C18:0
	4.0
	1.0
	2.9

	C18:1
	41.6
	68.8
	60.7

	C18:2
	29.8
	11.3
	10.4

	C18:3
	5.6
	1.0
	1.2

	Saturates
	20.5
	11.6
	21.0

	Monounsaturates
	44.1
	76.0
	67.5

	Polyunsaturates
	35.4
	12.4
	11.6
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Chart1

		20		0.5336568029		0.5336568029

		30		0.1225085031		0.1225085031

		40		0.1189187398		0.1189187398

		50		0.5428320796		0.5428320796

		60		0.3947467543		0.3947467543

		70		0.4856953778		0.4856953778



Rapeseed meal (g/L)

Final yeast biomass (g/L)

b)

2.10875

2.6733333333

3.7225

4.135

4.8925

5.86



Grinding

		

						72h

								A600nm (1:20)								A600nm(1:20)

						RSM 20g/L		0.889		17.78		4.445		RSM 17days(3days at 20C,14days 15C)		0.523		10.46		2.615

								0.833		16.66		4.165				0.597		11.94		2.985

								0.888		17.76		4.44				0.596		11.92		2.98

										0.6409368144		0.1602342036

										17.4		4.35						11.44		2.86

						RSM 20g/L finely grinded		0.862		17.24		4.31

								0.942		18.84		4.71

								1.07		21.4		5.35

										2.0983803278		0.5245950819

										19.16		4.79





Grinding

						0.1602342036		0.1602342036		0.5245950819		0.5245950819



RSM 20g/L

RSM 20g/L finely grinded



Depolymerization conditions

		

				Time/Temp		120		130		140		150		160		170		180		190

				5		0.188		0.2		0.176		0.109		0.216		0.3		0.327		0.503

						0.194		0.211		0.211		0.236		0.226		0.229		0.376		0.511

						0.203		0.204		0.158		0.113		0.222		0.27		0.313		0.476

						0.213		0.183		0.169		0.135		0.218		0.305		0.34		0.434

						0.1995		0.1995		0.1785		0.14825		0.2205		0.276		0.339		0.481

						3.99		3.99		3.57		2.965		4.41		5.52		6.78		9.62

				g/l		0.9975		0.9975		0.8925		0.74125		1.1025		1.38		1.695		2.405

				10		0.188		0.212		0.141		0.135		0.205		0.295		0.319		0.49

						0.225		0.233		0.124		0.135		0.168		0.245		0.345		0.423

						0.203		0.181		0.141		0.146		0.181		0.287		0.398		0.385

						0.192		0.202		0.15		0.209		0.231		0.25		0.356		0.393

						0.202		0.207		0.139		0.15625		0.19625		0.26925		0.3545		0.42275

						4.04		4.14		2.78		3.125		3.925		5.385		7.09		8.455

				g/l		1.01		1.035		0.695		0.78125		0.98125		1.34625		1.7725		2.11375

				15		0.183		0.387		0.392		0.392		0.309		0.318		0.368		0.335

						0.173		0.278		0.263		0.183		0.255		0.311		0.399		0.347

						0.39		0.247		0.221		0.257		0.271		0.285		0.438		0.347

						0.233		0.184		0.24		0.187		0.242		0.303		0.436		0.327

						0.24475		0.274		0.279		0.25475		0.26925		0.30425		0.41025		0.339

						4.895		5.48		5.58		5.095		5.385		6.085		8.205		6.78

				g/l		1.22375		1.37		1.395		1.27375		1.34625		1.52125		2.05125		1.695

						120		130		140		150		160		170		180		190

				5 min		3.99		3.99		3.57		2.965		4.41		5.52		6.78		9.62

				10 min		4.04		4.14		2.78		3.125		3.925		5.385		7.09		8.455

				15 min		4.895		5.48		5.58		5.095		5.385		6.085		8.205		6.78





Depolymerization conditions

		



T (⁰C )

Conditions for depolymerization of Rapeseed Meal

5 min

10 min

15 min



Rapeseed straw

						120C, 1h										120C, 1h								190C, 5min

						RSM/RSS		A600nm (1:20)										A600nm						RSM/RSS

						RSM 100%		0.19		3.8		0.95				50/50		0.148		2.96				100/0		0.503

								0.204		4.08		1.02						0.132		2.64						0.511

								0.211		4.22		1.055						0.145		2.9						0.476

										4.0333333333		1.0083333333								2.8333333333						0.434

						RSM 80%		0.164		3.28		0.82				55/45		0.132		2.64						0.481		9.62

								0.166		3.32		0.83						0.139		2.78				75/25		0.204

								0.17		3.4		0.85						0.175		3.5						0.346

										3.3333333333		0.8333333333								2.9733333333						0.312

						RSM 75%		0.194		3.88		0.97				60/40		0.166		3.32						0.326

								0.212		4.24		1.06						0.166		3.32						0.297		5.94

								0.221		4.42		1.105						0.174		3.48				50/50		0.152

										4.18		1.045								3.3733333333						0.121

						RSM 70%		0.194		3.88		0.97														0.1365		2.73

								0.17		3.4		0.85

								0.161		3.22		0.805

										3.5		0.875

						RSM 65%		0.177		3.54		0.885

								0.174		3.48		0.87

								0.183		3.66		0.915

										3.56		0.89

						RSM 60%		0.166		3.32		0.83

								0.166		3.32		0.83

								0.174		3.48		0.87

										3.3733333333		0.8433333333

						RSM 55%		0.132		2.64		0.66

								0.139		2.78		0.695

								0.175		3.5		0.875

										2.9733333333		0.7433333333

						RSM 50%		0.148		2.96		0.74

								0.132		2.64		0.66

								0.145		2.9		0.725

										2.8333333333		0.7083333333

						RSM 40%		0.13		2.6		0.65				65/35		0.177		3.54						0.055

								0.134		2.68		0.67						0.174		3.48						0.109

								0.115		2.3		0.575						0.183		3.66						0.1147		2.294

										2.5266666667		0.6316666667								3.56

						RSM 20%		0.101		2.02		0.505				70/30		0.194		3.88

								0.117		2.34		0.585						0.17		3.4

								0.11		2.2		0.55						0.161		3.22

										2.1866666667		0.5466666667								3.5

						RSM 0%		0.087		1.74		0.435				75/25		0.194		3.88

								0.081		1.62		0.405						0.212		4.24

								0.096		1.92		0.48						0.221		4.42

										1.76		0.44								4.18

				Value		Std dev

		RSM 100%		1.0083333333		0.0534633831

		RSM 80% // RSS 20%		0.8333333333		0.0152752523

		RSM 75% // RSS 25%		1.045		0.119794384

		RSM 70% // RSS 30%		0.875		0.0852936105

		RSM 65% // RSS35%		0.89		0.0201556444

		RSM 60% // RSS 40%		0.8433333333		0.0230940108

		RSM 55% // RSS 45%		0.7433333333		0.1153617499

		RSM 50% // RSS 50%		0.7083333333		0.0425245027

		RSM 40% // RSS 60%		0.6316666667		0.050083264

		RSM 20% // RSS 80%		0.5466666667		0.0401040314

		RSS 100%		0.44		0.0377491722



g/L



Rapeseed straw

		



RSM 100%

RSM 80%

RSM 75%

RSM 70%

RSM 65%

RSM 60%

RSM 55%

RSM 50%

RSM 40%

RSM 20%

RSM 0%



Carbon source

		



100/0

75/25

50/50



Supplementation

				0.0534633831		0.0534633831

				0.0152752523		0.0152752523

				0.119794384		0.119794384

				0.0852936105		0.0852936105

				0.0201556444		0.0201556444

				0.0230940108		0.0230940108

				0.1153617499		0.1153617499

				0.0425245027		0.0425245027

				0.050083264		0.050083264

				0.0401040314		0.0401040314

				0.0377491722		0.0377491722



Value

Rapeseed meal // Rapeseed straw loading

Yeast biomass (g / L)



Glucose

				0.0534633831		0.0534633831

				0.0152752523		0.0152752523

				0.119794384		0.119794384

				0.0852936105		0.0852936105

				0.0201556444		0.0201556444

				0.0230940108		0.0230940108

				0.1153617499		0.1153617499

				0.0425245027		0.0425245027

				0.050083264		0.050083264

				0.0401040314		0.0401040314

				0.0377491722		0.0377491722



Value

Rapeseed meal // Rapeseed straw loading

Yeast biomass (g / L)



Concentration

								20C		(8 days at 15C)						20, 12 days

								A600nm		A600nm						A600nm		pH

								4		12

						Glucose		19.2		26						36.08		1.91

								19.6		26.8						16.68		1.85

								21		26.2						15.48		1.88

								19.9333333333		26.3333333333						22.7466666667		1.88

						Xylose		0.24

								0.29

								0.29

								0.2733333333

						Cellobiose		19.8		33.2						38.4		1.65

								20.5		33.6						40.12		1.65

								19.2		32.2						40.2		1.67

								19.8333333333		33						39.5733333333		1.6566666667

						Sucrose		12.4		18.16								1.92

								10.7		18.62						34.04		1.96

								11.1		19.44						38.28		1.94

								11.4		18.74						36.16		1.94

						Sorbose		19		29.4						48		1.7

								16.8		29.6						46.4		1.65

								16.4		32.8								1.65

								17.4		30.6						47.2		1.6666666667

						Glycerol		18.5		24						29.2		1.88

								17.2		24						30.04		1.83

								17.2		24.8						30.68		1.82

								17.6333333333		24.2666666667						29.9733333333		1.8433333333

						Glucose+Tartrate buffer pH4		29.45		28.4						36.16		3.38

								30.97		30.8						35.95		3.37

								28.88		30.8						34.4		3.38

								29.7666666667		30						35.5033333333		3.3766666667

						YPD		42		39.6						51.2		7.85

								35.2		41.4						50.8		7.91

								41.4		41.4						49.6		8.06

								39.5333333333		40.8						50.5333333333		7.94





Concentration

		



Glucose

Xylose

Cellobiose

Sucrose

Sorbose

Glycerol

Glucose+Tartrate buffer pH4

YPD



Sheet8

		



Glucose

Cellobiose

Sucrose

Sorbose

Glycerol

Glucose+Tartrate buffer pH4

YPD



		

						NaCl g/L				1 g/L		2 g/L		3 g/L		4 g/L		5 g/L		6 g/L		7 g/L		8 g/L		9 g/L		10 g/L

										0.362		0.434		0.501		0.5		0.597		0.639		0.487		0.263		0.33		0.466

										0.394		0.506		0.533		0.569		0.574		0.672		0.596		0.54		0.402		0.429

										0.411		0.45		0.428		0.532		0.524		0.624		0.547		0.535		0.385		0.428

										0.419		0.473		0.5		0.514		0.654		0.648		0.587		0.455		0.407		0.398

										0.3965		0.46575		0.4905		0.52875		0.58725		0.64575		0.55425		0.44825		0.381		0.43025

										7.93		9.315		9.81		10.575		11.745		12.915		11.085		8.965		7.62		8.605

						RSM, 121C 1h				0.257		5.14

										0.215		4.3

										0.217		4.34

												4.5933333333

						K2HPO4 0.7 g/L				0.257		5.14

										0.242		4.84

										0.219		4.38

												4.7866666667

						Na2HPO4 0.7 g/L				0.231		4.62

										0.218		4.36

										0.244		4.88

												4.62

						NaCl 0.7 g/L				0.269		5.38

										0.271		5.42

										0.229		4.58

												5.1266666667

						MgCl2 0.7 g/L				0.228		4.56

										0.263		5.26

										0.213		4.26

												4.6933333333

						(K2HPO4+MgCl2+NaCl) * 0.7 g/L				0.255		5.1

										0.255		5.1

										0.257		5.14

										0.2556666667		5.1133333333





		



1 g/L

2 g/L

3 g/L

4 g/L

5 g/L

6 g/L

7 g/L

9 g/L

10 g/L



		



RSM, 121C 1h

K2HPO4 0.7 g/L

Na2HPO4 0.7 g/L

NaCl 0.7 g/L

MgCl2 0.7 g/L

(K2HPO4+MgCl2+NaCl) * 0.7 g/L



		Glucose

								A600nm

						RSM 10g/L + Glucose g/L				A600 96h						12 days

						RSM 10g/L + Glucose 20 g/L		0.423		16.92		4.23		0.529		21.16		5.29				92h

								0.452		18.08		4.52		0.513		20.52		5.13						A600nm

								0.374		14.96		3.74		0.463		18.52		4.63				RSM		0.676		13.52		3.38

										16.6533333333		4.1633333333				20.0666666667		5.0166666667						0.62		12.4		3.1

						RSM 10g/L + Glucose 30 g/L		0.732		14.64		3.66						0						0.671		13.42		3.355
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Sheet1

		Culture of M.pulcherrima on a 30-L scale

		Depolymerised Rapeseed Meal (20g/L), NaCl 2g/L and crude glycerol (100g/L)

		Settings

		volume		30L

		pH		4 +/- 0.4

		Air flow		20L/min

		Temperature		25C

		Agitation		250

		Antifoam agent		15ml

		Inoculum		600ml, YMS, (48h+24h, 20C, 180rpm; o/n 25C,120rpm)
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				t(h)		0		1		24		30		48		54.5		72		78.5		96		120		144		168

		Absorbance 600nm				0.947		1.629		17.85		24.15		44.52		47.76		51.93		55.66		53.03		52.83		54.38		51.67

				g/L		0.2104444444		0.362		3.9666666667		5.3666666667		9.8933333333		10.6133333333		11.54		12.3688888889		11.7844444444		11.74		12.0844444444		11.4822222222

				2-PE		0		0		6.725		11.75		57.365		87.47		142.125		145.6759		162.808		173.7222		185.7322		185.5363
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M.pulcherrima in RSM 20g/L, NaCl 2g/L, crude glycerol 100 g/L, 25C, 300rpm, 30L volume
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