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µ: specific growth rate, (h-1) 
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The aim of the present study was to assess the potential 
of valorisation of a solid industrial derivative of tallow, 
composed of saturated free-fatty acids (“stearin”), by 
fermentations carried out by the yeast Yarrowia 
lipolytica ACA-DC 50109 in order to produce microbial 
lipid, biomass and extra-cellular lipase. High quantities 
of biomass were produced (biomass yield of around 1.1 
± 0.1 g of total biomass produced per g of fat consumed) 
when the organism was grown in shake flasks, 
regardless of the concentration of extra-cellular 
nitrogen present. Cellular lipids accumulated in notable 
quantities regardless of the nitrogen availability of the 
medium, though this process was clearly favoured at 
high initial fat and low initial nitrogen concentrations. 
The maximum quantity of fat produced was 7.9 mg/ml 
corresponding to 52.0% (wt/wt) of lipid in the dry 
biomass. Lipase production was critically affected by 
the medium composition and its concentration clearly 
increased with increasing concentrations of fat and 
extra-cellular nitrogen concentration reaching a 
maximum level of 2.50 IU/ml. Lipase concentration 
decreased in the stationary growth phase. In bioreactor 
trials, in which higher agitation and aeration conditions 
were employed compared with the equivalent trial in 
the flasks, significantly higher quantities of biomass 
were produced (maximum concentration 30.5 mg/ml, 
yield of 1.6 g of total biomass produced per g of fat 
consumed) while remarkably lower quantities of 
cellular lipids and extra-cellular lipase were synthesised. 
Numerical models successfully simulated both 
conversion of substrate fat into biomass and production 
and subsequent hydrolysis of extra-cellular lipase and 
presented a satisfactory predictive ability verifying the 
potential for single-cell protein and lipase production by 
Yarrowia lipolytica ACA-DC 50109. In all cultures, the 
mycelial form of the culture was dominant with few 
single cells present. 
 
 
Current agricultural and industrial practice has led to an 
enormous generation of various low- or negative-cost crude 
fatty materials difficult to treat and valorise (e.g. tallow, 
waste-fats, soapstocks, rapeseed oil, grease-containing 
waste-waters, etc.) (Fickers et al. 2005a). Besides issues 
provided by the use of these substances as starting materials 
for bio-diesel production, biotechnological applications of 
fatty materials aiming at the synthesis of high-added value 
metabolites (e.g. single-cell protein, microbial lipids, 
organic acids, bio-surfactants, lipases) are of great 
economical and ecological significance (Adamczak and 
Bednarski, 1996; Čertik et al. 1997; Adamczak and 
Bednarski, 2000; Papanikolaou et al. 2001; Oswal et al. 
2002; Papanikolaou and Aggelis, 2003; Fickers et al. 2004; 
Fickers et al. 2005a; Fickers et al. 2005b; Mantzouridou et 
al. 2006; Szczęsna-Antczak et al. 2006). Amongst fatty 
materials, widely available low-added ones are various 

animal fats and tallow or their industrial derivatives, which, 
while underused nowadays due to their replacement by 
vegetable oils, could become a competitive substrate for 
various microbial transformations. Nevertheless, few 
investigations dealing with the biotechnological 
valorisation of these low added-value materials have been 
conducted so far in the literature and are mainly referred to 
the production of sophorolipids, citric acid and enzymes by 
yeasts or moulds (Bednarski et al. 1994; Adamczak and 
Bednarski, 1996; Adamczak and Bednarski, 2000; 
Kamzolova et al. 2005). 
 
The non-conventional dimorphic yeast Yarrowia (Candida-
Saccharomycopsis) lipolytica has been efficiently 
cultivated on various hydrophobic substances producing 
many extra- or intra-cellular metabolites of industrial 
significance (Fickers et al. 2005a; Finogenova et al. 2005). 
Traditionally, the most widespread biotechnological 
application of strains belonging to this species has focused 
on the production of single-cell protein (microbial biomass) 
(Barth and Gaillardin, 1996; Musiał et al. 2004). In spite of 
the fact that species of the yeast Y. lipolytica were 
considered as good candidates for single-cell oil or lipase 
production (Hadeball, 1991; Ratledge, 1994), the 
production of these metabolites by Y. lipolytica strains has 
only recently been studied in detail. Wild or genetically 
engineered strains have recently been reported capable of 
storing huge quantities of intra-cellular lipid, located in 
lipid bodies, during growth on various hydrophobic 
materials (Papanikolaou et al. 2001; Papanikolaou and 
Aggelis, 2003; Mličková et al. 2004). The storage lipid was 
mainly composed of neutral fractions, i.e. triacylglycerols 
and to a lesser extent free-fatty acids and steryl-esters 
(Papanikolaou et al. 2001; Athenstaedt et al. 2006). Various 
studies have indicated that in Y. lipolytica strains, cell-
bound or extra-cellular lipase production is stimulated by 
the presence into the culture medium of long-chain fatty 
acids, triacylglycerols and organic nitrogen (e.g. urea, 
peptone or yeast extract) (Adamczak and Bednarski, 1996; 
Pereira-Meirelles et al. 1997; Pereira-Meirelles et al. 2000; 
Dominguez et al. 2003; Fickers et al. 2004; Fickers et al. 
2005a; Fickers et al. 2005b). Lipase production is also 
critically affected by the presence of surfactants and the 
aeration and the agitation of the culture medium, and with 
wild Y. lipolytica strains, quantities ranging from 1.0 up to 
58.5 IU/ml (1 IU defined as the quantity of the enzyme 
required for the liberation of 1 µmol of fatty acid per min) 
have been achieved (Dominguez et al. 2003; Alonso et al. 
2005; Kamzolova et al. 2005). Additionally, genetic 
engineering or mutagenesis have been employed in order to 
improve lipase production, and after extensive selection of 
new over-producing genetically engineered derivatives and 
optimisation of culture conditions, the concentrations have 
been remarkably ameliorated (Nicaud et al. 2002; Fickers et 
al. 2004; Fickers et al. 2005b). 
 
In recent investigations, Y. lipolytica strain ACA-DC 50109 
has been cultivated on industrial free fatty acids and 
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produced notable quantities of reserve lipid that presented a 
composition similar to that of cocoa-butter (Papanikolaou 
et al. 2001). The present investigation aims to use this 
organism to valorise an industrial derivative of tallow, 
generated in abundant quantities, in order to produce 
microbial lipid (single-cell oil), lipases and microbial 
biomass (single-cell protein). Bio-kinetic interpretations of 
the experimental data are considered and discussed. 
 
MATERIALS AND METHODS 
 
Microorganism, media and culture conditions 
 
Y. lipolytica was isolated and identified in the Laboratory of 
General and Agricultural Microbiology - Agricultural 
University of Athens and obtained the code LGAM S(7)1. 
Then the strain was deposited in the Greek Coordinated 
Collections of Microorganisms obtaining the official 
reference number ACA-DC 50109. The microorganism was 
maintained on potato dextrose agar (Fluka) at T = 5 ± 1ºC. 
The salt composition of the medium has been described in 
previous investigations (Papanikolaou et al. 2001). 
Nitrogen sources used were (NH4)2SO4 (Fluka) (at various 
concentrations as indicated in the text) and yeast extract 
(Fluka) (at 2.0 mg/ml). The initial medium pH was 6.0 ± 
0.1. Stearin [an industrial solid fat composed of 100% 
(wt/wt) free-fatty acids] purchased by the Hellenic 
Chemical Industry PAPOUTSANIS A.S., was used as the 
sole carbon source. The fatty acid composition of stearin 
was as follows (%, wt/wt): C12:0 10; C14:0 10; C16:0 25; 
C18:0 52; Δ9C18:1 2; Δ9,12C18:2 < 0.5. Tween 80 (Fluka) 
and PEG 20000 (Fluka) at 10% (wt/wt fat) of each were 
added as emulsifiers. An Ultra Turrax homogeniser (T25 
basic) (Janke and Kunkel, Germany) allowed the dispersion 
of fat particles into the aqueous phase. 
 
All experiments were performed in batch mode. Cultures 
were done in either 250 ml conical flasks or a 2 l round-
bottom bioreactor (Applikon, The Netherlands). In the case 
of cultivation in 250 ml flasks, flasks containing 50 ± 1 ml 
of growth medium were inoculated with 1 ml of 
exponential preculture (preculture carried out in the 

synthetic medium with stearin at 10 mg/ml and (NH4)2SO4 
at 0.5 mg/ml) which contained 1-3 x 106 cells. Flasks were 
incubated in an orbital shaker (New Brunswick Scientific, 
U.S.A.) at an agitation rate of 180 ± 5 rpm. In flask 
cultures, the effect of initial stearin and (NH4)2SO4 
concentration upon growth was investigated. Trials with 
stearin at two initial concentrations, 10 and 20 mg/ml and 
(NH4)2SO4 at concentrations ranging from 0 to 10 mg/ml 
were carried out. 
 
In the bioreactor experiments, the fermentor with an initial 
fermentation volume 1.55 l, was inoculated with 0.05 l of a 
24 hrs pre-culture (the same pre-culture as in flask trials), 
the agitation rate was 650 ± 20 rpm and the aeration rate 
was adjusted to 0.3 v.v.m. The stearin /(NH4)2SO4 ratio 
used was 20 g/g while the initial stearin concentration was 
20 mg/ml. Silicone (Sigma) was periodically added as an 
antifoam agent. In order to avoid excessive foaming, 
specifically in the bioreactor trials, sterile air was also 
added in some cases from the upper part of the reactor. In 
all experiments (flask or bioreactor trials), the incubation 
temperature was T = 28 ± 1ºC. 
 
Analytical methods 
 
In flask experiments, dissolved oxygen (D.O.) was 
determined off-line with the aid of a selective electrode 
(oxi200 Sensodirect, Lovinbod). Before harvesting, the 
shaker was stopped and the probe was placed into the flask. 
Then, the shaker was switched on and the measurement was 
taken after D.O. equilibration (usually within 10 min). pH 
was measured using a Jenway 3020 pH-meter. In the 
bioreactor cultures, pH was adjusted to 6.0 ± 0.1 and was 
automatically controlled by addition of 1M NaOH, while 
the levels of dissolved oxygen were determined on-line by 
a selective electrode (Adi 1020, Applikon). 
 
Cells were harvested by centrifugation (Heraeus Sepatech 
Suprafuge-22 apparatus) at 7000 x g/20 min and washed 
successively with ethanol and hexane (Papanikolaou et al. 
2001). Biomass concentration was determined from the dry 
weight (drying at 85 ± 5ºC until constant weight). 

Table 1. Optimised and experimental parameter values during batch bioreactor culture of Yarrowia lipolytica on stearin. 
Culture conditions: S0 = 20 mg/ml, pH = 6.0, incubation temperature T = 28ºC, fat/(NH4)2SO4 ratio 20 g/g, agitation rate 650 ± 20 rpm, 
aeration rate 0.3 v.v.m., oxygen saturation 60-70% (v/v) for all growth phases. Kinetics conducted in duplicate by using different inocula. 
 

  Verhlust Blackman-Williams Experimental 
values 

 μmax (h-1) 0.057 0.052 0.17 
 YX/S(g/g) 1.38 1.25 1.56 
 Xmax (mg/ml) 27.19 - 30.5 
 a (IU/mg) 3.93 x 10-3 4.09 x 10-3 n.d.§ 
 KD [ml/(mg x h)] 3.93 x 10-4 3.63 x 10-4 n.d.§ 
 χ2 189 232 - 
 χ2/D. F. 4.72 5.65 - 

          §: Non-determined. 
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Unconsumed substrate fat was extracted twice using 
petroleum ether and chloroform as extracting solvents. The 
solvents were removed with the aid of a flash evaporator 
and the remaining fat was gravimetrically measured. Total 
cellular lipid was extracted from dry biomass with a 
mixture of chloroform and methanol 2:1 (v/v). Solvents 
were removed at reduced pressure and lipid was determined 
gravimetrically. Cellular or unconsumed lipids were 
converted to methyl-esters in a two step reaction with 
methanolic sodium and hydrochloric methanol and 
analysed in a Fisons 8000 series G.L.C. as previously 
described (Papanikolaou et al. 2001). Lipase activity was 

measured by a titrimetric assay, according to the protocol 
described by Kamzolova et al. (2005). An emulsion created 
by olive oil at 40% (v/v) and polyvinyl alcohol (Fluka) at 
2% (wt/v) was used as substrate for the lipase assay. The 
solution was emulsified with the aid of an Ultra Turrax 
homogeniser (Janke and Kunkel) in order to obtain a 
satisfactory dispersion of oil particles into the aqueous 
phase. The assay sample (500 µl) containing culture 
medium and cells was added to the substrate emulsion (5.0 
ml) and 0.05 M phosphate buffer (4.5 ml). The whole 
mixture (10.0 ml) was incubated for 1 hr on a shaker (New 
Brunswick Scientific) at an agitation rate of 180 ± 5 rpm at 
T = 28 ± 1ºC. The effect of pH upon the lipase activity was 
studied at a broad range of pH (from 5.0 to 8.5), and the 
optimal pH value in order to proceed with the lipase assay 
was found to be that of 8.0 (in accordance with the findings 
of Kamzolova et al. 2005). In order to investigate if 
produced lipase was extra-cellular or cell-bound, the assay 
sample (500 µl) was filtered through a 0.20 µm filter 
(elimination of microbial cells and assay, hence, of extra-
cellular lipase), and it was found that lipase produced was 
almost completely extra-cellular. 
 
Microscopic observations 
 
In all trials, yeast morphology was checked by light 
microscopic observations made by a Zeiss (Axioscop 40, 
Germany) microscope. Photographed cells were stained 
with crystal violet and viewed at x 100. 
 
RESULTS 
 
Growth in flasks 
 
In the first part of the investigation, the effects of nitrogen 
and substrate fat availability upon microbial growth, lipid 
accumulation and lipase secretion were studied. In this 
series of experiments, the initial concentration of stearin, 
S0, was first adjusted to 10 mg/ml and the concentration of 
(NH4)2SO4 ranged from 0.5 to 10.0 mg/ml (kinetics carried 
out with 0.5, 1.0, 2.0, 4.0, 5.0, 6.0 and 10.0 mg/ml). In all 
of the cultures and regardless of the extra-cellular nitrogen 
availability of the medium, significant biomass and lipid 
quantities were produced (Xmax = 8.0 ± 0.5 mg/ml, Lmax = 
3.9 ± 0.5 mg/ml) (Figure 1a). Fat was removed from the 
culture medium with comparable rates regardless of the 
available nitrogen quantity in the medium (kinetics not 
presented). Total cellular lipid was produced in significant 
quantities regardless of the nitrogen availability into the 
medium [lipid from 25 to 44% (wt/wt) in dry weight] with 
the higher quantities produced when low initial nitrogen 
media were employed, while at the stationary growth phase 
significant quantities of substrate fat remained unconsumed 
[around 25 ± 6% (wt/wt) of the initial fat quantity] (see 
cases with S0 = 10 mg/ml in Figure 1a). To further 
investigate the effect of nitrogen availability of the medium 
upon microbial growth experiments, an initial stearin 
concentration S0 = 20 mg/ml and (NH4)2SO4 concentrations 
1.0, 2.0, 3.0, 4.0 and 5.0 mg/ml were used. Xmax and Lmax 

 
Figure 1. Kinetics of Yarrowia lipolytica growth on stearin 
used as the sole carbon source in flask experiments. 
Representation of biomass produced (X, mg/ml), substrate fat 
consumed (S, mg/ml) and lipid produced (L, mg/ml) when 
maximum concentration of cellular lipids was observed (a) 
and evolution of lipase produced with time (b) during growth 
of Yarrowia lipolytica at initial stearin concentration 10 or 20 
mg/ml and variations in the initial concentration of (NH4)2SO4. 
Culture conditions: growth on flasks, T = 28 ± 1ºC, agitation 
rate 180 ± 5 rpm, S0 = 10 or 20 mg/ml. Kinetics conducted in 
at least duplicate by using different inocula. 
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values significantly increased despite variations in the 
nitrogen concentration in the medium (X = 16.0 ± 0.9 
mg/ml, L = 7.1 ± 0.8 mg/ml) while, as in the previous trials 
lipid production was favoured at low nitrogen concentration 
media (see cases with S0 = 20 mg/ml in Figure 1a). 
Significant quantities of extra-cellular substrate fat, higher 
than in the trials with S0 = 10 mg/ml, remained unconsumed 
in the medium at the end of the fermentation [Sr = 6.5 ± 0.5 
mg/ml corresponding to around 32 ± 4% (wt/wt) of the 
initial fat quantity] (Figure 1a). The highest amount of 
cellular lipid produced was 7.9 mg/ml [corresponding to 
52.0% (wt/wt) in dry weight] and was observed in the 
culture with the ratio (S)/(NH4)2SO4 10/0.5 g/g (= 20/1.0 
g/g), while in all cases and regardless of substrate fat or 
(NH4)2SO4 concentration in the medium, the yield YX/S 
presented remarkable values of 1.10 ± 0.10 g/g. 
 
Extra-cellular lipase was produced regardless of the 
substrate fat or the nitrogen concentration in the medium, 
and occurred during primary anabolic activity. Enzyme 
production was clearly enhanced with increases in 
(NH4)2SO4 and S concentrations (Figure 1b); when S0 = 10 
mg/ml, the Lipmax value obtained was 1.41 IU/ml in the 
medium with (NH4)2SO4 at 10 mg/ml while the respective 
value when the initial (NH4)2SO4 quantity was adjusted to 
0.5 mg/ml was 0.88 IU/ml (Figure 1b). Increases in both 
substrate fat and (NH4)2SO4 concentrations significantly 
increased the concentration of produced lipase, with the 
Lipmax value 2.50 IU/ml obtained when S0 = 20 mg/ml and 
the initial (NH4)2SO4 concentration was 5.0 mg/ml (Figure 
1b). In all cultures and regardless of the initial fat or 
(NH4)2SO4 concentration in the culture medium, lipase 
concentration decreased during the stationary growth phase 
(Figure 1b). 
 
D.O. concentrations of the growth medium in the flask 
fermentations ranged in values between 20 and 60% (v/v) 
of the saturation for the period 0-100 hrs after inoculation, 
before increasing to values higher than 65% at the end of 
fermentation (after 100 hrs), indicating that full aerated 
conditions were employed. It is also noted that in spite of 
the fact that some of the trials were conducted in nitrogen-
limited conditions [e.g. S0 = 20 mg/ml, (NH4)2SO4 1.0 
mg/ml], the pH of the medium dropped very little (pH drop 
of the medium around 0.5 ± 0.1 units). Low quantities of 
organic acids were produced (total amount of organic acids 
up to 1.4 ± 0.3 g/l, main organic acids detected by H.P.L.C. 
analysis were acetic and citric acid). 
 
Growth in a bioreactor 
 
Given that the higher quantity of cellular lipid was 
produced in the medium containing initial stearin (S0) at 20 
mg/ml and (S)/(NH4)2SO4 ratio 20 g/g, growth was carried 
out in a bioreactor experiment with these culture 
conditions. The culture pH was adjusted and maintained at 
the value of 6.0 ± 0.1, and a higher agitation rate, than that 
used in the shake flask studies, was employed (650 against 
180 rpm). The oxygenation in the culture medium was 

higher compared with the 250-ml flask culture experiments; 
in the period 0-140 hrs after inoculation the D.O. ranged 
between 45 and 70% (v/v) of the saturation level. Higher 
agitation and oxygenation rates seemed to critically 
influence the metabolism of Y. lipolytica; significantly 
higher quantities of biomass (Xmax = 30.5 mg/ml) and lower 
quantities of total lipid [L = 2.5-4.0 mg/mlcorresponding to 
7-16% (wt/wt) of lipid in dry weight] were produced 
compared with the respective fermentation carried out in 
250-ml flasks. Likewise, in the bioreactor experiment, 
extra-cellular lipase activity was remarkably lower 
compared with the equivalent flask trial (maximum activity 
0.95 against 1.42 IU/ml). These differences were attributed 
to the different aeration and agitation conditions between 
the 250-ml flask and the bioreactor culture. 
 
A numerical model capable of quantifying the production 
of biomass and the biosynthesis and subsequent 
degradation of lipase by Y. lipolytica cultivated on stearin 
in the bioreactor trial was developed. The equations of the 
model are presented below: 
 

• Substrate fat consumption rate: 
S

XY
X

dt
dS 1

⋅⋅=− μ   [1] 

 

• Biomass production rate: X
dt
dX

⋅= μ             [2] 

 
• Lipase synthesis rate: 

XLipKXa
dt

dLip
D ⋅⋅−⋅⋅= μ       [3]  

 
From the above equation it can be assumed that Lip activity 
was considered as a primary anabolic activity, while its 
hydrolysis rate was considered to be quantitatively related 
to the biomass concentration (X) in the growth medium 
(proteases were considered as cell-bounded enzymes). 
 
• The specific growth rate (μ) was expressed by two 

equations:  
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅=

max
max 1

X
Xμμ       [4] (Verhlust type equation) or 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=

0
max S

Sμμ  [5] (Blackman-Williams type equation, 

modified according to Galiotou-Panayotou et al. (1998)). 
 
It can be deduced, hence, that μ was either governed by the 
maximum attainable culture density (Xmax-carrying capacity 
of the system), or it linearly decreased with the diminution 
of the available quantity of substrate fat used as the sole 
carbon source. 
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Differential equations were integrated by using the Runge-
Kutta 4th order integration method, while the parameters for 
optimisation were maximum specific growth rate (μmax), 
maximum biomass achieved (Xmax), biomass yield on fat 
consumed (YX/S), α (parameter related with the production 
of lipase as primary anabolic product) and KD (parameter 
related with the degradation of lipase). The parameters 
were optimised using the least squares method, while the 
Marquardt iterative search algorithm (initial λ = 10-3) was 
used to determine the parameter values that minimised the 

residual sum of squares. Both models fitted well on the 
experimental data (Figure 2a and Figure 2b) while 
comparison between the optimised-predicted parameter 
values and those experimentally measured were 
satisfactory, indicating the validity of the proposed models 
(Table 1). If various constraints were imposed (e.g. change 
of the initial values of the parameters), the models 
converged always towards the optimised parameter values. 
Furthermore, attempt to introduce the term of the energy of 
maintenance coefficient (mS) in Equation [1] was not 
successful given that during optimisation process mS tended 
to achieve almost negligible values [e.g. values of around 
1.2 x 10-12 g/(g x h)]. 
 
Lipid analysis and strain morphology 
 
Yeast morphology and fatty acid composition of cellular 
and extra-cellular fat were studied during all of the 
experimental runs. In all trials and despite variations in the 
quantity of fat or nitrogen utilised in the culture medium or 
the mode of culture (cultivation in either flasks or 
bioreactor), Y. lipolytica was present primarily in its 
mycelial form with few single cells observed. True 
mycelium development was observed even at the very early 
stages of fermentation and this morphology was maintained 
until the end of the culture (up to 250-300 hrs after 
inoculation). A characteristic photographic picture of the 
morphology of Y. lipolytica cultivated on stearin is shown 
in Figure 3. 
 
In all trials and regardless of the nitrogen availability and 
the agitation and aeration rate employed, the remaining fat 
was notably richer in C18:0 (around 75% (wt/wt) of total 
lipid) and less rich in C12:0, C14:0 and C16:0 compared 
with the initial composition of the fatty mixture. Also, the 
microorganism had the tendency to produce a highly 
saturated cellular lipid; cellular C18:0 presented the value 
of 78 ± 3%, wt/wt, of total lipids. C16:0 presented the value 
of 17 ± 2%, wt/wt, of total lipids, while cellular Δ9C18:1 
was produced in quite small quantities (5 ± 2%, wt/wt, of 
total cellular lipids). It was noted that higher quantities of 
oleic acid were obtained in the highly aerated bioreactor 
experiment, in which lipid accumulation was not dominant 
(cellular Δ9C18:1 around 6-7% (wt/wt) in the bioreactor 
trial against 2.0-3.5% (wt/wt) in flask trials). 
 
Repeatability and statistical analysis 
 
In order to validate the experimental findings, all of the 
experiments were done at least in duplicate. Furthermore, 
an additional experiment was conducted, in which a flask 
culture of Y. lipolytica was carried out at S0 = 10 mg/ml and 
initial (NH4)2SO4 0.5 mg/ml. Flasks were simultaneously 
collected 72 hrs after inoculation, assay of extra-cellular 
lipase was carried out while biomass from each flask was 
collected and dried and microbial lipid was extracted. Also 
residual substrate fat was extracted from the culture 
medium. The obtained result for 8 individual flasks showed 
the following feature: for total biomass (X) maximum and 

 
 Figure 2. Biomass (X , mg/ml), substrate fat (S , mg/ml) (a) 
and extra-cellular lipase (Lip, IU/ml) (b) evolution during 
growth of Yarrowia lipolytica in batch bioreactor 
experiment. Representation of experimental points and 
theoretical curves of application of Verhlust- or Blackman-
Williams-type numerical models. Culture conditions: growth on 
bioreactor, T = 28 ± 1ºC, stearin/(NH4)2SO4 20 g/g, S0 = 20 
mg/ml, pH = 6.0 ± 0.1, agitation rate 650 ± 20 rpm, aeration rate 
0.3 v.v.m.. Kinetics conducted in duplicate by using different 
inocula. 
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minimum values were 7.0 and 7.8 mg/ml respectively, with 
a mean value of 7.40 mg/ml, an obtained standard deviation 
of 0.269, a standard error of 0.101 and a variance of 0.072. 
For microbial lipid (L), maximum and minimum values 
were 3.1 and 2.5 mg/ml, respectively, with a mean value of 
2.84 mg/ml, a standard deviation of 0.222, a standard error 
of 0.08 and a variance of 0.049. For residual fat (Sr), 
maximum and minimum values were 1.8 and 2.5 mg/ml 
respectively, with a mean value of 2.08 mg/ml, an obtained 
standard deviation of 0.195, a standard error of 0.074 and a 
variance of 0.038. Finally, for the secreted lipase (Lip) 
maximum and minimum values were 0.91 and 0.82 IU/ml 
respectively, with a mean value of 0.86 IU/ml, an obtained 
standard deviation of 0.039, a standard error of 0.015 and a 
variance of 0.002. These findings indicated satisfactory 
repeatability of the experiments. 
 
DISCUSSION 
 
Y. lipolytica was cultivated on an inexpensive solid and 
saturated industrial derivative of tallow, as the sole carbon 
source, and presented impressive cell growth. Despite the 
physico-chemical characteristics of the substrate fat (solid 
in ambient temperature), this substrate was rapidly removed 
from the cultivation medium. However, significant 
quantities of fat remained unconsumed at the stationary 
growth phase, regardless of the initial fat or nitrogen 
concentration in the growth medium or the culture 
configuration (growth on bioreactor or flasks). Tan and Gill 
(1985) considered that yeast strains did not grow 
sufficiently well on solid fats due to inadequate dispersion 
of these substrates into the liquid medium. While liquid fats 
are dispersed with moderate agitation, solid fats require 
considerable agitation (e.g. 1200 rpm) for dispersal in the 
growth medium. Similarly, cultivation of yeasts and fungi 
(strains belonging to Y. lipolytica, Mucor miehei and 
Geotrichum candidum) on animal-waste fats for relatively 
long fermentation times resulted in limited fat removal 
from the growth medium, while the more the fat was 
saturated (and hence solid) the more the quantity of 
remaining substrate was high at the end of fermentation. 
For instance, fermentations carried out by various Y. 
lipolytica strains resulted in removal of 18 ± 4% (wt/wt) of 
beef tallow while the respective values for poultry fat was 
36 ± 4% (wt/wt) (Bednarski et al. 1994). However, in at 
least one case, cultivation of a newly isolated Y. lipolytica 
strain on beef tallow, resulted in fat removal of 75% 
(wt/wt) at optimum fermentation conditions (fat removal 
values near to our study) (Davin and Quilty, 2001). In 
contrast, cultivation of various moulds resulted in almost 
complete lipid removal [95 ± 5% (wt/wt) of the initial fat 
quantity] when growth was carried out on liquid fats 
(Čertik et al. 1997; De Felice et al. 1997; Mantzouridou et 
al. 2006; Szczęsna-Antczak et al. 2006). In general, limited 
substrate removal on solid fats, is not only due to the 
physico-chemical condition of the substrate but also to the 
biochemical composition of the substrate. The selective 
uptake of fatty acids by Y. lipolytica has preciously been 
reported (Papanikolaou et al. 2001; Papanikolaou and 

Aggelis, 2003). In general, Y. lipolytica strains cultivated 
on fatty materials tended to metabolise the poly-unsaturated 
fatty acids and to accumulate the mono-unsaturated and 
saturated ones (Aggelis et al. 1997; Kamzolova et al. 2005). 
Likewise, other yeast strains (e.g. S. lipolytica ATCC 8661 
and Apiotrichum curvatum ATCC 20509) presented 
restricted growth when cultivated on media rich in C18:0 
(Tan and Gill, 1985; Lee et al. 1993). 
 
Y. lipolytica cultivated on saturated free-fatty acids 
produced some quantities of extra-cellular lipase. The 
simultaneous production of microbial lipid and lipase has 
rarely been reported (Szczęsna-Antczak et al. 2006). A 
wide range of microorganisms has been reported capable of 
producing lipases with different enzymological properties 
and substrate specificities (Hadeball, 1991; Dalmau et al. 
2000; Sharma et al. 2001; Montesinos et al. 2003; 
Szczęsna-Antczak et al. 2006). Among them, various Y. 
lipolytica strains have been tested, with secretion of extra-
cellular lipase being stimulated by the presence of long-
chain fatty acids or triacylglycerols as carbon source and 
organic nitrogen (i.e. urea, peptone, yeast extract) as 
nitrogen source in the growth medium (Fickers et al. 2004; 
Fickers et al. 2005a; Fickers et al. 2005b). In the present 
study, the simultaneous increase of carbon and nitrogen 
concentrations notably increased lipase yield (Lipmax = 2.50 
IU/ml). In accordance with our findings, Montesinos et al. 
(2003) studying the effect of nitrogen limitation upon lipase 
secretion by Candida rugosa ATCC found that Lip 
secretion was almost completely suppressed in nitrogen-
limited media. Pereira-Meirelles et al. (1997) reported 
maximum lipase concentrations around 2.5-3.0 IU/ml by a 
wild C. lipolytica strain cultivated on media containing 
olive oil and peptone, while higher quantities of total 

 
Figure 3. Typical mycelium morphology of Yarrowia 
lipolytica cultivated on stearin used as the sole carbon 
source. Magnification x100. 
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(extra-cellular and cell-bound) lipase were obtained in 
media enriched with both yeast extract and peptone (5.0-8.5 
IU/ml) (Pereira-Meirelles et al. 2000). Additionally, lipase 
production was lowered when the agitation rate in the 
medium increased (Alonso et al. 2005). Kamzolova et al. 
(2005) screened a huge number of Y. lipolytica strains and 
reported lipase activities ranging from 1.8-45.5 IU/ml. 
Results for other wild Candida species showed a lipase 
production of the same magnitude with the present 
investigation (e.g. concentrations 2-15 IU/ml for various 
carbon sources used) (Dalmau et al. 2000; Montesinos et al. 
2003). In order to obtain increased lipase production by Y. 
lipolytica strains, combinations of genetic engineering and 
mutagenesis methods have been employed. An expression 
system has been developed and strains containing multi-
copy integration of the expression cassettes carrying the 
LIP2 gene expressed under the control of the oleic acid-
inducible POX2 promoter were obtained, by using ura3d4 
as selection marker gene (Pignede et al. 2000). 
Optimisation of the growth parameters in fed-batch 
cultivation resulted in very high lipase (60000 IU/ml) and 
biomass (100 mg/ml) production (Nicaud et al. 2002). 
Further selection of overproducing derivatives and use of 
olive oil and tryptone as substrates yielded the considerable 
activity of 158246 IU/ml after 80 hrs of culture (Fickers et 
al. 2005b). 
 
In the present study, growth of Y. lipolytica on solid fats 
was accompanied by a µmax value lower compared with 
those reported in the literature for strains grown on liquid 
fats (Aggelis et al. 1997; Mličková et al. 2004; Kamzolova 
et al. 2005). Very satisfactory values of YX/S were obtained 
during cultivation in flasks (1.1 ± 0.1 g/g), while in 
bioreactor trials the respective value was excellent (1.5 ± 
0.1 g/g). The above findings support the potential of the 
microorganism for the biotechnological valorisation of 
saturated waste fats and the production of single-cell 
protein from fatty materials. In the literature, it is suggested 
that yield YX/S values of around 0.9 ± 0.2 g/g are very 
satisfactory for single-cell protein fermentation from fatty 
substrates (Aggelis et al. 1997; Alonso et al. 2005) with 
lower YX/S values (e.g. 0.5-0.7 g/g) obtained for high-lipase 
producing wild Y. lipolytica strains (Dominguez et al. 2003; 
Kamzolova et al. 2005). Additionally, cellular lipid 
production appeared to be critically influenced by the 
nitrogen quantity, the agitation and the aeration rate of the 
growth medium. In the flask cultures (that presented lower 
oxygen saturation) accumulated lipids were produced in 
some quantities regardless of the nitrogen availability of the 
medium (25-52% (wt/wt) in dry matter), but this process 
was clearly favoured in low-nitrogen concentration media. 
Cells of Y. lipolytica were saturated with fat at high-stearin 
and low (NH4)2SO4 media (Lmax = 7.9 mg/ml), resulting in 
the cessation of carbon source assimilation, as indicated by 
the large amounts of the fat remaining unconsumed in the 
growth medium. Therefore, the total lipid content of 52.0% 
(wt/wt) should be considered as the upper limit of fat 

accumulation for this strain. In contrast, in the bioreactor 
trial, in which higher aeration and agitation were observed, 
total cellular lipids of only 7-16% (wt/wt) in dry matter 
were produced, and a metabolic shift favouring the 
production of lipid-free material was observed (higher YX/S 
value compared with flask trials). Degradation of 
hydrophobic materials in Y. lipolytica strains is a multi-step 
process requiring different enzymatic activities by acyl-
coenzyme A oxidases (Aox) (Luo et al. 2002; Mličková et 
al. 2004; Fickers et al. 2005a). Aox3p is specific for short 
chain acyl-CoAs, Aox2p preferentially oxidises long-chain 
acyl-CoAs while Aox1p, Aox4p and Aox5p do not appear of 
being sensitive in the chain length of the aliphatic acyl-CoA 
chain (Mauersberger et al. 2001; Luo et al. 2002; Fickers et 
al. 2005a). Presumably at higher aeration and agitation 
conditions short-chain acyl-CoA oxidases (Aox3p and 
probably Aox1p, Aox4p and Aox5p) show increased 
activity, the carbon flow consequently is directed towards 
the synthesis of acetyl-CoA and, hence, towards lipid-free 
biomass formation instead of that of reserve lipophilic 
materials. 
 
Y. lipolytica ACA-DC 50109 underwent a morphological 
transition from single-cell to true mycelial form rapidly 
after its cultivation on solid fat materials. Development of 
the microorganism principally under its filamentous form 
was enhanced by the presence of saturated free-fatty acids 
and occurred regardless of the initial concentrations of fat 
or (NH4)2SO4 into the medium, or the cultivation in flasks 
or bioreactor. Given that during growth on stearin used as 
substrate for the production of total biomass, the 
accumulation of storage lipid, the removal of substrate 
aliphatic chains from the medium and the secretion of 
lipase the organism was critically affected by the culture 
conditions used (see previous paragraphs), it may be 
assumed that the response of the organism was not linked 
with the morphology of the strain but was related only with 
the supplied carbon source used. The same strain cultured 
in nitrogen-limited cultures with glucose or industrial 
glycerol used as individual substrates or co-substrates 
developed only into its single-cell form while almost no 
mycelia were observed (Papanikolaou et al. 2002). In 
contrast, during cultivation on unsaturated free-fatty acids 
used as substrates, although storage lipid production was 
not favoured (Papanikolaou et al. 2001), growth with a 
mycelium morphology was equally enhanced. In a similar 
manner, Y. lipolytica NCIM 3589 growing on palm-oil mill 
effluent (a fat-rich residue) considerably decreased C.O.D. 
and B.O.D. values while a true mycelium morphology 
occurred, presumably due to morphological transition in 
response with the presence of fat into the medium (Oswal et 
al. 2002). In contrast with results obtained in this study, the 
cultivation of Y. lipolytica strains on hydrophobic materials 
other that fats (e.g. alkanes) favour the development of the 
microorganism in its yeast form (Zinjarde et al. 1998), 
while in others reports, cultivation of strains of the 
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aforementioned species on hydrophilic materials (e.g. 
glucose, citric acid etc) mycelium formation was triggered 
(Perez-Campo and Dominguez, 2001; Ruiz-Herrera and 
Sentandreu, 2002). 
 
In conclusion, Y. lipolytica ACA-DC 50109 presented 
efficient cell growth on media containing a solid fat 
composed of free-fatty acids used as sole carbon source. Fat 
was efficiently removed from the growth medium, although 
non-negligible quantities of substrate, rich in stearic acid, 
remained unconsumed. In flask cultures, considerable 
quantities of microbial lipids were accumulated inside the 
yeast cells, while to a lesser extent extra-cellular lipase was 
also produced. Lipid accumulation was favoured in 
relatively high carbon excess conditions in contrast with the 
secretion of lipase. In bioreactor trials lower quantities of 
cellular lipids and extra-cellular lipase were produced, 
while biomass, in terms of both final concentration and 
yield per fat consumed, was produced in significant 
quantities. All these findings support the potential of waste 
fatty material utilisation for the production of useful 
metabolites by Y. lipolytica strains. 
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