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Abstract 
The work performed in this thesis 

intended to develop the necessary tools to 

understand key metabolic features of 

Pseudozyma spp. in the production of 

mannosylerythritol lipids from ᴅ-glucose and 

ᴅ-xylose, and get the first insights in the 

respective biochemical and molecular assets. 

Firstly, it was confirmed that the carbon sources 

differently affects MEL production by 

Pseudozyma spp. P. aphidis produced higher 

MEL titres from ᴅ-glucose, while P. antarctica 

produced similar MEL titres from ᴅ-glucose and 

ᴅ-xylose. Comparing the two strains, P. 

antarctica was the best MEL producer in the 

conditions tested. Along with the carbon source, 

the influence of the nitrogen source in MEL 

production was also assessed, but ammonia 

was prejudicial for MEL production. The activity 

of the enzymes involved in metabolic pathways 

potentially contributing for MEL production, 

through the consumption and production of 

NADPH, were implemented and evaluated. The 

oxidative PPP is, apparently, the major source of 

NADPH in the production of MEL both from  

 

ᴅ-glucose and ᴅ-xylose. However, the induction 

of this pathway by ᴅ-xylose, in response to the 

higher demand for NADPH, is much more 

effective in P. antarctica, justifying the relative 

high MEL titres in ᴅ-xylose medium. From the 

analysis of the Pseudozyma spp genomes, the 

genes related with MEL production (assembly of 

building blocks and export) and with the 

consumption and the production of NADPH were 

identified and gene-specific primer pairs were 

designed to be used in Real-Time RT-PCR. In 

accordance with enzyme activities, in P. 

antarctica the transcript levels of the genes 

involved in NADPH production are significant 

higher in ᴅ-xylose than in ᴅ-glucose. Moreover, 

P.antarctica EMT1 (assembling 

mannosylerythritol) is also highly overexpressed 

in ᴅ-xylose, which supports the relative high 

MEL titres in ᴅ-xylose medium even if it requires 

carbon recycling through oxidative PPP. 
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Introduction 
In the twentieth century major research 

emphasis was given for the development of 

petroleum-, coal-, and natural gas-based 

refinery to exploit the cheaply available fossil 

feedstock. These feedstocks are used in a 

variety of industries, for example, fuel, fine 

chemicals and pharmaceuticals.1 Nowadays a 

new concept is emerging: the bioeconomy, that 

pursues the vision of producing chemicals and 

fuel from renewable feedstock.2 To building up a 

bio-economy, it is important to bet in products 

wholly or partly derived from biomass 

Lignocellulosic feedstock can offer the potential 

to provide sources of organic carbon and offer 

interesting carbon sources for the sustainable 

production of bio-based chemicals. 3 The 

utilization of cellulose and hemicellulose 

fractions of lignocellulosic materials allows the 

production of fuels (e.g. ethanol)4,5 and 

chemicals (e.g. lactic acid) through biochemical 

conversion processes6.  

The biosurfactants has aroused great 

interest, since they have unique properties 

including structural diversity, higher 

biodegradability, lower toxicity, higher foaming 

ability, higher selectivity and specific activity at 

extreme conditions (pH, temperature and ionic 

strength) and mild production conditions when 

compared to the chemical surfactants.7 

Biosurfactant containing 4-O-β-D-

mannopyranosylmeso-erythritol as the 

hydrophilic group and a fatty acid and/or an 

acetyl group as the hydrophobic moiety is known 

as mannosylerythritol lipid (MEL).can be applied 

in a variety of applications due to its versatile 

physico-chemical features.3 Recently, it was 

shown that this molecule can be produced from 

lignocellulosic sugars, besides the most 

common substrate, soybean oil.4  

The aim of this study was to develop tools 

to understand key metabolic features of 

Pseudozyma spp. in the production of 

mannosylerythritol lipids from lignocellulosic 

sugars (ᴅ-glucose and ᴅ-xylose), by combining 

physiological, biochemical and molecular 

approaches. The genomes of Pseudozyma spp., 

like P. aphidis and P. antarctica, were recently 

released, thus allowing systems biology studies, 

namely through transcriptomics approaches8, or 

more specific molecular biology studies (e.g. 

transcript analysis of specific pathways). MEL 

production requires three main building blocks: 

mannose, erythritol and medium-chain fatty 

acids. To yield mannose and erythritol from 

lignocellulosic monosaccharides, ᴅ-glucose and 

ᴅ-xylose are metabolized through the metabolic 

pathways, glycolysis and PPP3. Fatty acid 

biosynthesis is required to generate the lipidic 

moiety of MEL and is dependent of high NADPH 

availability. Thus, apart from the enzymes and 

respective coding genes for MEL biosynthesis, it 

is relevant to identify those related with NADPH 

production and consumption, in order to fully 

understand the main metabolic pathways 

involved in the conversion of ᴅ-glucose and ᴅ-

xylose into MEL. 
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Material and Methods 
Microorganisms and maintenance 

The two Pseudozyma yeasts strains, P. 

antarctica PYCC 5048T (CBS 5955) and P. aphidis 

PYCC 5535T (CBS 6821), were provided by the 

Portuguese Yeast Culture Collection (PYCC), CREM, 

FCT/UNL, Caparica, Portugal. Stains were plated in 

Yeast Malt Agar (YM-agar) medium (yeast extract 3 

g/l, malt extract 3 g/l, peptone 5 g/l ᴅ-glucose 10 g/l 

and agar 20 g/l) and incubated for 3 days at 25°C. 

Cultures were kept at 4°C and renewed every 2 

weeks and stored at -80°C in 20% glycerol to be 

recovered when necessary. 

Media and cultivation conditions 

Inoculum was prepared by incubation of stock 

cultures of P. antarctica and P. aphidis at 28°C, 140 

rpm, for 48 h, in liquid media containing ᴅ-glucose or 

ᴅ-xylose (40 g/l), NaNO3 (3 g/l) or NH4Cl (1.89 g/l), 

MgSO4 (0.3 g/l), KH2PO4 (0.3 g/l) and yeast extract (1 

g/l). Cells were harvested and transferred to fresh 

medium to obtain an initial Optical Density (OD) at 

640 nm of approx. 0.5 in Erlenmeyer flasks containing 

200 ml of medium (headspace to volume ratio of 5:1) 

and incubated under the same conditions9,10. 

Alternatively, inoculum was prepared in medium 

containing ᴅ-glucose and NaNO3 and cells harvested 

and transferred to the different combinations of 

carbon and nitrogen source (data not shown). 

Sampling  and  growth  and  biomass 

determination 

To analyze the profile of yeast growth 

(biomass), sugar consumption and MEL and fatty acid 

production, samples were collected periodically and 

processed according to each goal. Culture samples of 

1 mL were used for biomass and sugar quantification. 

Cells were harvested at 10,000 g, for 10 min, at 4ºC, 

washed with deionized water and dried at 100°C for 

24 h to determine cell dry weight (CDW)4. The 

supernatants were stored at -20ºC for sugar analysis. 

For MEL (and fatty acid) quantification, culture 

samples of 3 mL were collected, freeze-dried and 

weighted for further analysis. 

Sugar quantification 

Supernatants were diluted (1/10) with a sulfuric 

acid 0.05 M solution (1:1) and centrifuged at 10,000 g, 

for 1 min, and analyzed for glucose or xylose 

quantification by high performance liquid 

chromatography (HPLC) system (Merck Hitachi, 

Darmstadt, Germany, or Agilent 1100 Series HPLC 

System, Germany) equipped with a refractive index 

detector and a Rezex ROA-Organic acid H+ column 

(300 mm ~ 7.8 mm, Phenomenex), at 40°C4. Sulfuric 

acid (0.005 M) was used as mobile phase at 0.5 

ml/min.  

MEL and fatty acid quantification 

The quantification of MEL and fatty acids in 

biological samples was determined by methanolysis 

and GC analysis of methyl esters4,11. The samples 

dissolved in water were stored and freeze-dried, and 

the tubes containing the samples were weighed 

before and after freeze-drying. The freeze-dried mass 

sample was transferred to one reaction tube (Schott 

AG, Germany). Pure methanol (20 ml) was cooled 

down to 0°C and 1 ml acetyl chloride was added, 

which generated a water-free HCl/methanol solution. 

Two ml of HCl/methanol solution was added to the 

freeze-dried mass and incubated for 1 h at 80°C for 

reaction into methyl esters. Heptanoic acid (4% in 

hexane) was used as internal standard. The resulting 

product was extracted with hexane (1 ml) and 1 μl of 
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the organic phase was injected in a GC system 

(Hewlett-Packard, HP5890), equipped with a FID 

detector and a SUPELCOWAX® 10 capillary column 

(L × I.D. 60 m × 0.32 mm, df 0.25 μm). The oven was 

programmed from 90°C (held for 3 min) to 200°C at 

15°C/min. Nitrogen gas was used at a flow rate of 50 

ml/h. The quantification of MELs were based in the 

amount of C8, C10 and C12 fatty acids considering a 

molecular weight between 574 and 676 g/mol 

depending on the length of the two acyl chain (C8 to 

C12) 

Enzymatic activity assays 

After 4 days of incubation, a culture sample of 10 mL 

was harvested at 10.000 g for 10 min. The 

supernatant was discarded and the cell pellet was 

washed with demineralized water. The cells were 

disrupted with 1 mL Y-PER™ (Yeast Protein 

Extraction Reagent, Pierce, Thermo Scientific, USA) 

per 0.6 g cell wet weight, for 50 min shaking at room 

temperature. The protein content of the supernatant 

was determined using Pierce™ BCA protein assay kit 

(Thermo Scientific, USA). The enzyme activities were 

performed following methodologies previously 

reported for other yeasts12, through 

spectrophotometric assays carried out in a Shimadzu 

UV 2401PC Spectrophotometer, at 25ºC, with a total 

reaction volume of 250 µL, where the production and 

consumption of NADPH were followed at 340nm.. 

The Glucose-6-phosphate dehydrogenase 

(EC. 1.1.1.49) activity was assayed with 50 mM 

Tris/HCl buffer (pH 8-0), 5 mM MgCl and 0.4 mM 

NADP+. The reaction was started with 5 mM glucose 

6-phosphate. The 6-Phosphogluconate 

dehydrogenase (EC: 1.1.1.44) activity was assayed 

with 50 mM glycylglycine buffer (pH 8.0) and 0.4 mM 

NADP+. The reaction was started with 2 mM 6-

phosphogluconate 

RNA Extraction and purification  

Total RNA extraction and purification was 

performed with P. antarctica and P. aphidis cultures 

grown in 40 g/l ᴅ-glucose or ᴅ-xylose and 3 g/l NaNO3 

for 4 days at 28°C and 140 rpm. One ml culture was 

frozen in liquid nitrogen and kept at -70ºC until the 

RNA extraction procedure. The RNA extraction was 

performed using the Direct-Zol MiniPrep (Zymo 

Research)13, with a few modifications. After 

purification, all RNA samples were analyzed in a 

NanoDropTM spectrophotometer (2000c Thermo 

Scientific) for quantification and quality control 

(260/230 nm and 260/280 nm ratios), and then stored 

at -70°C. 

Transcript analysis 

P. antarctica and P. aphidis RNA samples 

were used as template for one-step Real-Time RT-

PCR reactions (Applied Biosystems)14 to determine 

relative mRNA levels of genes related with MEL 

production and NADPH consumption and production 

against ACT1 and TAF10 mRNA levels, used as 

reference genes. Real-Time RT-PCR was performed 

with 50 ng of total RNA per condition, with the 

following RT program: Power SYBR Green RNA-to-

CT
TM 1-Step Kit (30 min 48°C; 10 min 95°C; 40 cycles: 

15 s 95°C; 1min 60°C). All reactions were performed 

in triplicate and specificity of amplification products 

was confirmed by the melting curve analysis.  
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Results and Discussion 
Influence  of  the  carbon  source  in  the 

metabolism of P. aphidis and P. antarctica 

The two strains, P. aphidis and P. 
antarctica, were cultivated in a medium 
containing ᴅ-glucose or ᴅ-xylose as carbon 
source, and NaNO3 as nitrogen source. These 
conditions were previously described as 
conditions in which both yeasts can produce 
MEL4. Growth, sugar consumption and MEL 
production under these conditions were 
evaluated and the main physiological 
parameters determined (Figure 1, Table 1).  

Pseudozyma aphidis and P. antarctica were 
able to grow in media containing ᴅ-glucose or ᴅ-
xylose as sole carbon and energy source with a 
specific growth rate between 0.19 and 0.24 h−1. 
The lowest specific growth rate was found for P. 
antarctica in ᴅ-xylose (0.19 h-1). Sugar 
consumption rates were lower for P. aphidis 
cultured in glucose and xylose (0.38 and 0.33 
g/l/h, respectively) when compared with P. 
antarctica cultures (0.43 and 0.45 g/l/h, 
respectively). 

In media with nitrate, MEL titres were in 
the range of 2-5 g/l for P. antarctica4. The results 
already published showed that P. antarctica 
PYCC 5048T was the most efficient MEL 
producer from either ᴅ-glucose or ᴅ-xylose. 
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Figure 1: Sugar consumption ( ) and MEL (▲) and biomass production ( ) with P. aphidis (A, B) 
and P. antarctica (C, D), using D-glucose (A, C) or D-xylose (B, D) as carbon source and NaNO3 as 
nitrogen source, at 28 ºC and 140 rpm. 
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Table 1: Physiological parameters obtained from P. aphidis and P. antarctica cultivations in ᴅ-glucose or ᴅ-xylose, 
using NaNO3 as nitrogen source, at 28ºC and 140 rpm. 

Strain P. aphidis P. antarctica 

Carbon source ᴅ-Glucose ᴅ-Xylose ᴅ-Glucose ᴅ-Xylose 

µ (h−1) 0.24 0.21 0.21 0.19 

Biomassmax (g/l) 10.1 9.1 10.7 8.5 

Sugar consumption rate (g/l/h) 0.38 0.33 0.43 0.45 

YXmax/S (g/g) 0.25 0.23 0.27 0.21 

MELmax (g/l) 1.28 0.86 1.70 1.88 

 

In this study, MEL production did not reached 

concentrations as high as the ones reported in 

literature, partially because the media used 

contained 3 g/l nitrate. 

Overall, the use of NH4Cl as nitrogen 

source and similar inoculum and cultivation 

media did not improve sugar consumption rate 

neither MEL production.  

Enzymatic  activities  in  P.  aphidis  and  P. 

antarctica 

One of the most important routes to 

produce NADPH is the oxidative part of PPP15,12, 

so the two respective enzymes, G6PDH and 

6PGDH, were evaluated in P. aphidis and P. 

antarctica  in ᴅ-glucose or ᴅ-xylose as carbon 

source and NaNO3 or NH4Cl as nitrogen source 

(Figure 2).  

While P. antarctica seems to follow the 

induction of oxidative PPP enzymes in response 

to the higher NADPH requirements for ᴅ-xylose 

and NaNO3 assimilation, P. aphidis does not 

respond with such efficiency to the need of 

NADPH. Both G6PDH and 6PGDH are NADPH 

producers through the oxidative PPP16,15, and 

the results revealed that this pathway is an 

important NADPH provider for MEL synthesis 

from ᴅ-glucose and ᴅ-xylose. In P. aphidis the 

production of NADPH is higher in ᴅ-

glucose/NaNO3, which can explain the higher 

MEL concentration (1.28 g/L). On the other 

hand, P. antarctica apparently has a higher 

carbon flux through oxidative PPP in ᴅ-

xylose/NaNO3, which can compensate the 

higher NADPH requirement for the utilization of 

these carbon and nitrogen sources. This result is 

consistent with the similar MEL concentration 

obtained under this condition (1.88 g/L). 
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planning of systems biology approaches will now 

benefit from the information gather in this thesis. 

These approaches can include transcriptomics 

(e.g. RNAseq) and metabolomics (13C-labeled 

carbon sources followed by NMR). An  approach 

suggested is metabolomics analysis, for 

example by 13C-NMR to investigate in vivo of 

carbon flux distribution through metabolic 

pathways. The NMR allow the quantification of 

fluxes using 13C-labeled substrates17. In this 

specific case the metabolism of 13C-ᴅ-glucose 

and 13C-ᴅ-xylose can be followed and further 

understand the complexity of metabolic fluxes 

for MEL production. 
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