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Abstract

Yarrowia lipolytica ACA-DC 50109 cultivated on olive-mill wastewater (O.M.W.)-based media, enriched with commercial-industrial
glucose, presented an efficient cell growth. Parameters of growth were unaffected by the presence of O.M.Ws in the growth medium. In
diluted O.M.Ws enriched with high glucose amounts (initial sugar concentration, 65 g 171), a notable quantity of total citric acid was
produced (28.9 g17!). O.M.W.-based media had a noteworthy stimulating effect on the production of citric acid, since both final citric
acid concentration and conversion yield of citric acid produced per unit of sugar consumed were higher when compared with the respec-
tive parameters obtained from trials without added O.M.W. Adaptation of the strain in O.M.W.-based media favoured the biosynthesis
of cellular unsaturated fatty acids (principally of oleic and palmitoleic acids). Additionally, a non-negligible decrease of the phenolic
compounds in the growth medium [up to 15% (wt/wt)], a slight decrease of the phyto-toxicity, and a remarkable decolourisation of
the O.M.W. were observed. All these results suggest the potentiality of O.M.Ws utilisation in the fermentation process of citric acid

production.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The manufacturing process of olive oil production yields
a liquid fraction, which is called olive-mill wastewater
(O.M.W.). This important residue of the olive oil industry
is one of the most difficult to treat wastes because of its
high content in phenolic compounds (Gharsallah et al.,
1999; Garcia Garcia et al.,, 2000; Aggelis et al., 2003;
Ammar et al., 2005). Besides the presence of phenolic sub-
stances, O.M.Ws cause serious environmental problems
due to their potentially high concentration in sugars, tan-
nins, pigments and emulsified oil that result in increased
C.O.D. values, and their black colour that stains indelibly
the soil (Scioli and Vollaro, 1997; Tsioulpas et al., 2002;
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Fadil et al., 2003). To reduce pollution in O.M.Ws, chem-
ical or biological processes have been used (Mantzavinos
and Kalogerakis, 2005; Crognale et al., 2006). One princi-
pal strategy involves the use of moulds (e.g. Phanerochaete
spp., Pleurotus spp., Panus tigrinus, Geotrichum spp., Len-
tinula edodes, Trametes versicolor or Aspergillus spp.),
which have been found capable of reducing C.O.D. values
and breaking down phenolic compounds of the O.M.Ws
treated (Sayadi and Ellouz, 1992, 1995; Gharsallah et al.,
1999; Garcia Garcia et al., 2000; Tsioulpas et al., 2002;
Aggelis et al., 2003; Fenice et al., 2003; D’Annibale et al.,
2004; Ayed et al., 2005; Dhouib et al., 2006). Likewise, pro-
karyotic microorganisms (e.g. Pseudomonas putida, Klebsi-
ella oxytoca, Lactobacillus plantarum, Citrobacter diversus)
have the capability to degrade phenolic compounds, in the
presence or absence of sugars in the growth media (Seker
et al., 1997; Lamia and Moktar, 2003; Ammar et al.,
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2005). In some cases, yeasts or yeast-like species have been
used in the valorisation of O.M.Ws in order to produce sin-
gle-cell protein (S.C.P.) together with other metabolites
(e.g. alcohol or enzymes). In most of the cases, the yeast
strains employed belonged to the genera Torulopsis
(Bambalov et al., 1989), Cryptococcus (C. albidus) (Federici
et al., 1988), Saccharomyces (S. norbensis, S. oleaceus,
S. chevalierie, S. rouxii) (Bambalov et al., 1989; Gharsallah,
1993), Yarrowia (Y. lipolytica) (De Felice et al., 1997; Scioli
and Vollaro, 1997; Lanciotti et al., 2005) and Candida
(C. krusei, C. cylindricae, C. tropicalis) (Gharsallah, 1993;
Fadil et al., 2003; Ettayebi et al., 2003; D’Annibale et al.,
2006).

In recent investigations, Yarrowia lipolytica strain ACA-
DC 50109 has been cultivated on raw glycerol utilised as
the sole substrate in nitrogen-limited cultures, and pro-
duced remarkable quantities of citric acid (Papanikolaou
et al., 2002). Moreover, this process has been successfully
simulated with the aid of various numerical models (Papa-
nikolaou and Aggelis, 2003). The aim of the present inves-
tigation was to valorise O.M.Ws by producing citric acid in
batch cultures using the aforementioned microorganism.
The study had a double orientation, to both valorise and
detoxify the effluent.

2. Methods
2.1. Microorganism and media

Yarrowia lipolytica was used in the present study. This
microorganism was isolated and identified in the Labora-
tory of General and Agricultural Microbiology — Agricul-
tural University of Athens and obtained the culture code
ACA-DC 50109 (formerly LGAM S(7)1). The microorgan-
ism was kept on potato dextrose agar (Fluka) at T =
54 1°C. The salt composition of the medium in which
the microorganism was cultivated contained (gl™'):
KH,PO, (Fluka), 7.0; Na,HPO,4 (Merck), 2.5; MgSO,4 x
7TH,O (Merck), 1.5; CaCl, x 2H,0O (Fluka), 0.15; FeCl; x
6H,O (Mallincrondt), 0.15; ZnSO4x 7H,O (Prolabo),
0.02; MnSO4x H,O (Fluka), 0.06; (NH4),SO4 (Fluka),
0.5; yeast extract (Fluka) 0.5.

O.M.Ws were obtained from two three-phase decanter
manufactures of the Prefectures of Fthiotida and East
Attiki (central Greece). Samples were immediately trans-
ported to the laboratory and kept at —20 °C until further
use. In order to be used in the experiments, O.M.Ws were
de-frozen and the solids were removed after a filtration
through a Whatman no. 1 filter and a subsequent centrifu-
gation (8000g, 10 min) in a Heraeus (Bonne, Germany)
centrifuge. O.M.Ws of two batches having different pheno-
lic compound contents (3.5+0.2 and 6.4+04gl!,
respectively, expressed as gallic acid equivalent) were used.
Both O.M.Ws contained small amounts of sugars (5.5 +
0.5g17", expressed as glucose equivalent) and negligible
quantities of oil (0.3 & 0.1 g1~ '-determination of oil con-
ducted after a triple extraction with hexane). In both

batches, organic acids were also present in small quantities.
The principal organic acids detected were citric acid
(3.54 0.5 g171), malic acid (1.5 + 0.3 g17!) and acetic acid
(2.54+05g17h).

Given that the aim of the present study was to valorise
0O.M.Ws as process water in the fermentation of citric acid,
commercial glucose was added into the effluent, since
O.M.Ws of both batches used did not contain sufficient
quantities of sugars in order to support considerable citric
acid production. Commercial glucose is the main industrial
low-value material utilised in confectionary industries hav-
ing 95% purity [impurities composed of maltose (2%, wt/
wt), malto-dextrines (0.5%, wt/wt), water (1.5%, wt/wt)
and salts (0.5%, wt/wt)]. The initial concentration of glu-
cose ir} the fermentations carried out was either 25 or
65g1 .

2.2. Culture conditions

All experiments were performed in 250-ml conical flasks,
containing 50 + 1 ml of growth medium, inoculated with
1 ml of exponential pre-culture (carried out in the synthetic
medium with Glco =25 g17"). Flasks were incubated in an
orbital shaker (New Brunswick Scientific, USA) at an agi-
tation rate of 180 & 5rpm and incubation temperature
T=28+1°C. In all experiments carried out and given
that nitrogen-limited conditions were employed, quantities
of organic acids (mainly citric acid) were gradually accu-
mulated into the culture medium, reducing, thus, the pH
value of the medium. In some of the fermentations, the
pH of the culture medium was not corrected and the final
pH value was 2.2 £ 0.4 units lower than that of the initial
one (final pH value approximately 4.0). In some other trials
and in order to carry out experiments in a more controlled
mode, the medium pH was maintained in the range
between 5.0 and 6.0 by adding (periodically and asepti-
cally) small quantities (e.g. 500-600 ul) of 5M KOH into
the flasks (see Papanikolaou et al., 2002). The exact volume
of KOH solution needed for pH correction was evaluated
by measuring the volume of KOH solution required for
pH correction in one (at least) flask (collected daily). Then
the appropriate volume of KOH solution was aseptically
added in the remaining flasks and the value of pH reached
was verified to be in the range of 5.0-6.0.

2.3. Analytical methods

Cells were harvested by centrifugation (Heraeus Sepa-
tech Suprafuge-22 apparatus) at 7000g/20 min and washed
once with distilled water. Cell concentration (X) was deter-
mined from dry weight (90 4+ 5 °C until constant weight).
Dissolved oxygen (D.O.) concentration was determined
by a selective electrode (0xi200 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. equilibra-
tion (usually within 10 min). pH measurement was
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conducted in a Jenway 3020 pH-meter. Determination of
reducing sugars concentration was conducted according
to D.N.S. method (Miller, 1959) and was expressed as glu-
cose. Phenolic compounds concentration was determined
according to Folin-Ciocalteau method and was expressed
as gallic acid. Organic acids were analysed in a H.P.L.C.
apparatus (Waters Association 600E) equipped with a
U.V. detector (Waters 486). The column used was Aminex
HPX-87H (Bio-Rad). The mobile phase used was H,SO, at
0.005M and the column temperature was 65°. Organic
acids were determined at 290 nm. Citric acid and iso-citric
acid were not sufficiently separated and the reported con-
centration corresponds to the sum of these acids, expressed
as total citric acid. In order to proceed with a more precise
determination of iso-citric acid, an enzymatic method,
based on the measurement of the NADPH, produced dur-
ing conversion of the iso-citric to a-ketoglutaric acid, reac-
tion catalysed by the iso-citrate dehydrogenase, was
employed. Iso-citric acid represented a quantity of 5-8%
(wt/wt) of total citric acid produced, regardless of the cul-
ture conditions employed. Ammonium was determined in
the culture medium after biomass removal, by an ammo-
nia-selective electrode (Hach 95-12, Germany). Total cellu-
lar lipids were extracted with a mixture of chloroform and
methanol 2:1 (v/v). Solvents were removed at reduced pres-
sure and lipid was determined gravimetrically. Lipids were
converted to methyl-esters by a two-step reaction with
methanolic sodium and hydrochloric methanol (A.F.
NOR, 1984) and analysed in a Fisons 8000 series G.L.C.
as previously described (Papanikolaou et al., 2002).

The toxicity of untreated and fermented O.M.Ws was
evaluated against Lepidium sativum seeds by using the
parameter of Germination Index (G.I.) (Tsioulpas et al.,
2002):

__rootlet’s length in O.M.W.
~ rootlet’s length in water

germination in O.M.W.
X TP X
germination n water

100

Decolourisation of the treated residue was measured
according to Sayadi and Ellouz (1995). Fermentation sam-
ples were 30-fold diluted, the pH was adjusted in the range
between 6.0 and 6.3 and the absorbance was measured at
395 nm.

2.4. Notation

X is the biomass (g17"), Glc is the glucose (g17); Cit is
the total citric acid (citric plus iso-citric acid) (g17'), L is
the total lipid (g 17"), N-NHJ (g17"), Yx/Gic is the biomass
yield on glucose consumed (g formed per g of sugar con-
sumed), Yx/n is the biomass yield on nitrogen (g formed
per g of NH; consumed), Yciygie is the total citric acid
yield on glucose (g formed per g of glucose consumed), u
is the specific growth rate, h ™', gcy, is the specific rate of cit-
ric acid production (g of citric acid per g of biomass per h).

Subscripts 0, f and max indicate the initial, final and max-
imum quantities, respectively, of the components, in the
kinetics performed.

3. Results

3.1. Growth parameters of Y. lipolytica on diluted O. M. Ws
enriched with commercial glucose

In order to investigate the effect of O.M.Ws upon
growth of Y. lipolytica, kinetic studies were carried out in
media containing the synthetic medium enriched with com-
mercial glucose (a low-added-value material), in which
O.M.W. in various concentrations was added. Low-pheno-
lic-content O.M.W. (initial phenolic compounds at
3.5+ 0.2 g17!") was used, and Glc, was at 25 g1, Fermen-
tations were carried out in media in which O.M.W. was
added in different ratios: 0% (v/v) (control experiment
without O.M.W. addition), 2% (v/v), 4% (v/v), 10% (v/v),
20% (v/v), 30% (v/v), 40% (v/v), 50% (v/v).

A numerical model capable of quantifying the produc-
tion of biomass by Y. lipolytica was developed. The equa-
tions of the model are presented below:

. . dx
Biomass production rate:— = p- X (1)

dt
dGlc 1
Ve L x. b
a (YX/GIC> @)

Specific growth rate (), expressed according to

Glucose consumption rate: —

Verhlust equation as:p = g, - (1 _ X ) (3)
Xmax

Differential equations were integrated by using the Runge—
Kutta fourth order integration method, while parameters
were optimised using the least squares method. The Mar-
quardt iterative search algorithm (initial 2= 10"2) was
used to determine the parameter values that minimised
the residual sum of squares. Optimised-predicted parame-
ter values were found to be close to the ones calculated
from the experimental data (Table 1). Additionally, with
imposition of various constraints, the model converged
always towards the predicted parameter values for all runs.
Biomass production (expressed as Xmax and YxjGi) was
almost unaffected by the addition of O.M.W. and the sub-
sequent presence of phenolic compounds into the culture
medium (Table 1). Furthermore, in all cases, insignificant
sugar quantities remained unconsumed into the medium
at the end of fermentation. Regardless of the initial quan-
tity of O.M.W. added into the medium, the microorganism
reached almost simultaneously in all cultures at the kinetics
plateau (data not presented), and presented similar maxi-
mum specific growth rate pn,.x values (Table 1).

In all cultures, aeration of the growth medium was very
satisfactory, given that in all fermentations, D.O. level cor-
responded to oxygen saturation of 55-85% (v/v) for all
growth steps. In the fermentations carried out in this sec-
tion, pH value of the medium was not corrected; in all
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Table 1

Data of Yarrowia lipolytica, originated from kinetics and model application, in media containing commercial glucose and various initial O.M.W.

concentrations

O.M.W. Initial Gley — Gleg X (817)  Xmax (@17) Yxjoe(gg7)  Yxjoie fmax (W) fmax (W)
added (v/v)  phenolics (g1™ (g1™ experimental predicted experimental® (gg™h experimental®  predicted
(g1™h predicted
0 - 28.1 0.1 7.3 6.7 0.26 0.24 0.18 0.29
2 0.03 293 0.0 6.4 6.1 0.22 0.21 0.17 0.30
4 0.12 29.8 0.1 6.4 6.1 0.22 0.21 0.17 0.30
10 0.35 30.3 1.0 6.2 5.9 0.21 0.21 0.16 0.26
20 0.65 28.8 2.1 5.9 5.5 0.22 0.24 0.16 0.31
30 1.02 29.0 1.5 6.0 5.5 0.22 0.26 0.17 0.26
40 1.35 28.4 0.2 6.0 5.0 0.21 0.21 0.15 0.23
50 1.81 32.5 2.1 6.6 6.0 0.22 0.22 0.18 0.26

Representation of initial phenolic compounds in the culture medium, initial and remaining glucose (Glcy and Glcr), maximum biomass concentration
(Xmax) experimentally measured or predicted by the model, biomass yield on glucose consumed (Yx/Gic) experimentally measured or predicted by the
model and maximum specific growth rate (umax) experimentally measured or predicted by the model. Culture conditions: incubation temperature
T =28 4+ 1°C, growth on flasks, initial pH 6.0, final pH 2.2 & 0.4 values lower than the initial value, oxygen saturation 55-85% (v/v) for all growth
phases. Three lots of independent cultures were conducted by using different inocula. In all of the determinations, standard error calculated was less that

15%.

? Umax Was calculated by fitting the equation In Xio = f(¢) within the early exponential growth phase.
b Yx/cic values were generated by the slope of the curve of biomass produced per remaining glucose.

experiments, after 45 4+ 10 h of inoculation, a gradual and
constant drop of the pH value in the medium occurred sug-
gesting accumulation of organic acids into the medium.
This pH drop was significant since the lower pH value
obtained for all fermentations was approximately
2.2 + 0.4 units lower compared with the initial one. Cit
was the main organic acid produced but, despite the
remarkable drop of the medium pH value, its production
was low (Cit,.x from 3.0 to 5.5 g 171).

Literature suggests that enhancement of Cit production
by yeast strains occurs only in nitrogen-limited media in
which pH is maintained in values higher than 4.5. Values
between 5.0 and 6.0 are considered as optimal (see for
instance Papanikolaou et al., 2002; Morgunov et al., 2004;
Anastassiadis and Rehm, 2005; Kamzolova et al., 2005).
Therefore, cultures in a more controlled mode concerning
pH evolution into the medium (see Section 2) were per-
formed. A trial with Glcg at 29 +2 g17! without O.M.W.
addition and a daily pH correction was carried out and it
was compared (as regards X and Cit production) with the
control experiment presented in Table 1 (culture in which
no O.M.W. was added and no pH correction occurred).
In media in which pH was maintained within the range of
5.0 and 6.0, Cit,,x Was 10.7gl*1 (around 2.5-fold times
higher compared with the respective fermentation with no
pH correction). Biomass concentration presented compara-
ble values in both cultures (X,.x values around 6.0 and
7.0 g1 ). As in all previous fermentations, in the culture
in which pH was corrected, oxygen saturation presented
high values [D.O. > 65% (v/v)] in all growth steps.

3.2. Citric acid production by Y. lipolytica growing on
glucosel 0. M. W. media

The microorganism under investigation has been suc-
cessfully used in the production of citric acid when it was

flask-cultured on industrial glycerol utilised as substrate
in nitrogen-limited experiments (Papanikolaou et al.,
2002). Furthermore, in the above experiments (see para-
graph 3.1.), some quantities of citric acid were extra-cellu-
larly produced when Y. lipolytica was grown on O.M.W./
Glc mixtures, while it has been demonstrated that con-
trolled conditions relative to pH changes in the culture
medium, favour the production of citric acid. In the present
experiment, we have tried to valorise the O.M.W. as liquid
medium in citric acid fermentation process. O.M.W. of the
second batch (initial phenolic compounds at
6.4+04gl") was added into the culture medium at
30% (v/v). O.M.W. used in this section contained higher
amounts of phenolic compounds compared with that of
the first trial (see Section 2). In the previous experiments
(paragraph 3.1.), maximum phenolic compounds concen-
tration in the presence of which growth was carried out
without any inhibition was near 2.0 g 17! [see Table 1 — util-
isation of a low-phenolic compounds O.M.W. added at
50% (v/v), maximum phenolic compounds concentration
in the medium at 1.81 g17']. In the present experiment, it
was desirable to add into the synthetic medium the high-
phenolic-content O.M.W. in such a quantity so as to have
an initial phenolic compounds concentration of approxi-
mately 2.0 g1~'. Indeed, the medium with 30% (v/v) of
the second O.M.W. added, contained initial phenolic com-
pounds concentration of 2.05 g1~!. Furthermore, in order
to enhance citric acid production, Y. lipolytica was culti-
vated on a mixture of O.M.W. and the mineral nitrogen-
limited medium with commercial glucose, supplied at a rel-
atively high initial concentration (Gleo=65gl1™"). The
control experiment was carried out in the mineral medium
with Glcy = 65 g 17! without O.M.W. addition. In both tri-
als, pH was corrected daily (see Section 2). Despite the rel-
atively high carbon concentration in the medium, both
fermentations were conducted again under highly aerated
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conditions [D.O. between 45% and 70% (v/v) in all fermen-
tation steps]. The kinetics of citric acid accumulation into
the medium and ammonium nitrogen uptake showed that
the onset of citric acid production occurred when NH; dis-
appeared from the medium (approximately 45 + 5 h after
inoculation).

A numerical model was used in order to quantify the
production of biomass and citric acid by Y. lipolytica.
Again a Verhlust-type model (see Eq. (3) in paragraph i)
was used. Other equations of the model are presented
below:

Specific citric acid production rate (¢cy. )qci = ¢ 4)

Glucose consumption rate:

dGle 1 1
_ —u-X

Xt g X 5
a " Yx/Gie dci Y ciyycie )
. . dn 1
Nitrogen consumption rate: ——=p- X - (6)
dt YX/N
T . dcCit
Citric acid production rate:d—tl =qci X (7)

As indicated by the fermentation data and as shown in Eq.
(4), citric acid production is a non-growth coupled process.
Models were fitted well on the experimental data (see
experimental values and theoretical curves in the fermenta-
tion with O.M.W. presented into the medium, Fig. 1).
Comparison between the optimised-predicted parameter
values and those calculated from the experimental data
was satisfactory, indicating the validity of the proposed
model (see Table 2). The maximum total citric acid concen-
tration achieved during growth on O.M.W./Glc media was
289 g17!, while, as indicated by parameter values and
experimental results, the presence of O.M.W. into the cul-
ture medium increased both Cit;,,x and Yyl values (Ta-
ble 2). gcj; was slightly lower in the medium supplemented
with O.M.W. while in both cases Xjax and piya, Were unaf-
fected by the concentration of phenolic compounds into
the medium (Table 2). As it was previously stated, the ini-
tial concentration of phenolic compounds into the medium
was rather high (at 2.05 g1™'). Other organic acids pro-
duced in smaller quantities were a-ketoglutaric acid (1.5-
2.5g17") and acetic acid (1.0-2.0 g17"). Furthermore, the
impact of phenolic compounds of the residue upon the
composition of fatty acids of Y. lipolytica cellular lipids
has been investigated. Total lipid was extracted and in all
growth steps did not exceed the quantity of 6-10% (wt/
wt) in dry matter, suggesting that lipid accumulation did
not occur in the present culture conditions. Fatty acid com-
position showed a predominance of oleic acid (*°C18:1) in
all growth steps and in both cultures. However, the pres-
ence of O.M.W. into the culture medium seemed to favour
the synthesis of a cellular lipid that contained somehow
higher quantities of unsaturated fatty acids, in comparison
with the culture in which no O.M.W. has been added;
ratios 2°C16:1/C16:0 and 2°C18:1/C18:0 presented clearly

O Xexperimental (g/l)

70
1 A

X theoretical (g/l)

Cit experimental (g/l)

>
5 60— % = = === Cit theoretical (g/l)
2 . B Glc experimental (g/l)
c 50 — '.‘
2 k ====s==== G|c theoretical (g/l)
(&) .
('(_3“ 40 — -_...- +
2 30— % % .%% 4}
g ..-I -
o N e %f
¢ 20 — Y
5 - “a
g 10 Ny .
S LTr_ o 5 oh
o &
<
04 \ \ \ \ \ \ \
0 50 100 150 200 250 300 350

Time (h)

Fig. 1. Biomass (X, g17"), glucose (Glc, g17") and total citric acid (Cit,
217! evolution during growth of Yarrowia lipolytica on O.M.W.-based
medium enriched with glucose. Representation of experimental points and
theoretical curves. Culture conditions: growth on flasks, 77=28 4 1°,
Gleg=65g 17!, agitation rate 180 4+ 5 rpm, pH 5.0-6.0, initial phenolic
compounds concentration 2.05 g17!, oxygen saturation 45-70% for all
growth phases. Three lots of independent cultures were conducted by
using different inocula. Bars represent standard errors which, in all of the
determinations, were less that 15%.

higher values in media in which O.M.W. was used as co-
substrate (increment of 2.0-2.5-fold times for both ratios).
As for the ratio of 2*'>C18:2/4°C18:1, although it pre-
sented a slight decrease with the presence of O.M.W. into
the medium, this decrease was mainly attributed to the
increment of cellular 2°C18:1, given that the concentration
of cellular 2*'2C18:2 was almost unaffected by the addition
of the wastewater into the medium (Table 3).

3.3. Phenol and colour removal by Y. lipolytica growing on
glucosel O. M. W. media

Besides the production of citric acid, the potential
decolourisation and detoxification of the residue by
Y. lipolytica treatment was evaluated. The microorganism,
even at the early fermentation steps, remarkably removed
the colour of the employed effluent (decolourisation
achieved around 36 + 3%) (Fig. 2). Growth of Y. lipolytica
on O.M.W./Glc mixture was also accompanied by a reduc-
tion of the concentration of phenolic compounds into the
medium but in a lesser extent compared to decolourisation
degree [approximate phenolic compounds reduction
15 £ 3% (wt/wt), Fig. 2]. Removal of colour and phenolic
compounds was attributed to the microbial activity and
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Table 2
Data of Yarrowia lipolytica, originated from kinetics and model application, in media with Glco = 65 g17", and the presence or absence of O.M.W. from
the medium

Gley=65g17",
absence of O.M.W.,
experimental values

Gley=65g17",
absence of O.M.W.,
predicted values

Gleg=65g17",
O.M.W. at 30% (v/v),
predicted values

Gleg=65g17",
O.M.W. at 30% (v/v),
experimental values

fmax (h7H?2 0.19 +0.01 0.17 0.085 =+ 0.005 0.13
gei [g(gh) 1] 1.33x1072+7.1x107* n.d. 212%x1072+1.0x 1073 n.d.
Yxsoie (287" 0.32 £ 0.02 0.30 0.28 + 0.03 0.26
Yeiyore (gg)° 0.82 + 0.04 0.53 0.72 + 0.03 0.45
Yy (g2 67.72 £3.03 87.77 47.72 + 4.04 59.18
Xmax (8171 6.23 +0.31 7.76 5.9140.42 6.5
Cilimax (g17") - 28.9¢ d 27.6°
e 2.54 x 10? 3.30 x 10?

7*/D.F. 6.60 8.25

Culture conditions: growth on flasks, 7= 28 4 1°, Gley = 65 g17!, agitation rate 180 & 5 rpm, pH 5.0-6.0 with application of pH-stat system, initial
phenolic compounds concentration 2.05 g 17!, initial ammonium nitrogen 115 + 10 ppm, oxygen saturation 45-70% (v/v) for all growth phases. Three lots
of independent cultures were conducted by using different inocula. In all of the determinations, standard error calculated was less than 15%. +Values are
the ones that are estimated from the model in the optimised-predicted parameter values.
n.d.: Non-determined.

4 Experimental j,,, values were calculated by fitting the equation In (%) = f(¢) within the early exponential growth phase.

® Experimental values were generated by the slope of the curve of citric acid produced per remaining glucose.

¢ Biomass yield on nitrogen consumed Yx/n was expressed as g of dry biomass produced per per g of NH] consumed-experimental values were
generated by the slope of the curve of biomass produced (X) per NH; consumed.

4 Maximum quantity of total citric acid produced (Cifmayx) Was not amongst the parameters to be predicted, and, hence, was evaluated only on the basis
of experimental data.

¢ Evaluated in the logarithmic growth phase-experimental values were generated by the slope of the curve of biomass produced per remaining glucose
during this phase.

Table 3
Composition of fatty acids in the total cellular lipid (% wt/wt) of Yarrowia lipolytica cultivated on glucose or mixture of glucose and O.M.W.

Time (h) Cl16:0 29C16:1 C18:0 29C18:1 A912C18:2 29C16:1/C16:0 29C18:1/C18:0 A%12C18:2/4°C18:1
Growth on glucose (Gley =65g17!), no O.M.W. as co-substrate

75 16.5 49 10.7 44.9 19.9 0.30 4.20 0.44

180 18.2 6.0 9.9 46.1 189 0.33 4.65 0.41

319 16.4 6.1 8.9 46.0 19.1 0.37 5.17 0.41

Growth on mixture of glicose and O.M.W. (30% vlv) (Glcy=65g 1)

72 16.9 8.9 4.8 52.2 179 0.52 10.88 0.34

192 17.5 9.5 5.8 51.2 159 0.54 8.83 0.31

330 16.4 9.9 5.2 48.1 19.9 0.60 9.25 0.41

Each experimental point presented in the table is the mean value of two determinations. Culture conditions are same as in Table 2.

not due to the agitation, given that in the control experi-
ment (agitation of O.M.W./Glc mixture for 250 h without
cultivation of microorganisms), insignificant changes in
both colour and phenolic compounds concentration of
the residue were observed. Furthermore, the toxicity of
the treated and untreated residue was evaluated on the
basis of G.I. Non-fermented and fermented samples were
tested before and after dilutions. In undiluted media
[100% (v/v) medium and 0% (v/v) water] or samples in
which low dilutions were performed [i.e., 75% (v/v) med-
ium — 5% (v/v) water or 50% (v/v) medium — 50% (v/v)
water], G.I. was equal to 0.0% regardless of the treatment
or non-treatment of the residue. When higher dilution
was employed [25% (v/v) medium — 75% (v/v) water] it
has been observed that the treated samples presented a
G.I. that gradually increased with the fermentation time

(initial G.I. value 18.3%, final G.I. value 330 h after fer-
mentation 32.9% — Table 4).

4. Discussion

Y. lipolytica presented notable cell growth when culti-
vated on O.M.W.-based media. Xyax, tmax and Yx/Gie val-
ues were almost completely unaffected by the addition of
O.M.W. into the growth medium, although the concentra-
tion of phenolic compounds was in some of the trials
indeed significant (up to 2.05 g171). [In enriched with glu-
cose O.M.Ws, a non-negligible decrease of the phenolic
compounds (15 = 3%, wt/wt) and a remarkable decolouri-
sation (36 + 3%) were observed]. Additionally, a somehow
reduced toxicity of the treated residue against the untreated
one, as evaluated with the aid of Lepidium sativum seeds,
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Fig. 2. Removal of phenolic compounds and decolourisation during
growth of Yarrowia lipolytica on O.M.W.-based medium enriched with
glucose. Culture conditions as in Fig. 1. Three lots of independent cultures
were conducted by using different inocula. Bars represent standard errors
which, in all of the determinations, were less that 15%.

was reported. In the literature, a certain confusion related
with the removal of phenolic compounds by yeast cells
growing on O.M.W.-based media, exists. In most cases,
phenol removal from yeasts appears of being a strain-
dependent process. Specifically, various Saccharomyces
strains did not grow at all in effluents containing around
8 g 17! of phenolic substances (Bambalov et al., 1989). De
Felice et al. (1997) cultivated Y. lipolytica ATCC 20255
on O.M.W. rich in sugars (around 22 g1~') and olive oil
(around 16 g17') but presenting a low-phenolic-content
(0.2 g171) in batch-bioreactor experiments, and despite sig-
nificant biomass (Xmax =23 g17') and lipase (770 U1
production, phenolic compounds concentration was not
at all reduced. Lanciotti et al. (2005) reported growth of
various Y. lipolytica strains on low-phenolic content undi-

Table 4

luted O.M.Ws (phenolic compounds around 700 mg17").
Some of the used strains reduced significantly the pheno-
lic-content of the treated residue [reduction around
18 + 3% (wt/wt)-values similar to those obtained in the
present study]. Though, other tested strains did not at all
remove phenolic compounds from the medium (Lanciotti
et al., 2005). In contrast, strains belonging to the species
Candida tropicalis, have been reported to be capable of
removing 51 & 5% (wt/wt) of total phenolic compounds
in diluted and enriched with various mineral nutrients
O.M.Ws (Fadil et al., 2003). Candida tropicalis YMEC14
significantly detoxified O.M.Ws and reduced their pollut-
ing organic load, by directing microbial metabolism
towards biodegradation pathways using hexadecane as
co-substrate and by immobilising yeast cells in calcium
alginate beads (69.2% and 55.3% removal of monophenols
and polyphenols, respectively, after a 24-h fermentation
cycle-Ettayebi et al., 2003). Likewise, a newly isolated Tri-
chosporon cutaneum strain has been revealed capable of
completely utilising phenolic compounds when these sub-
stances were used as the sole carbon and energy source at
relatively low concentrations (0.8-2.0 g1™'), with the lag
phase of the culture significantly increasing at the higher
initial phenolic-content media. Using ethyl-acetate extracts
of O.M.Ws as the sole carbon source, the above microor-
ganism removed around 85% (wt/wt) of total phenolic
compounds in media containing initial O.M.W. phenols
at 6.0gl! after a 6 days-treatment (Chtourou et al.,
2004). Additionally, Candida cylindracea NRRL Y-17506
was flask-cultured on diluted O.M.Ws enriched with salts
and olive oil and presented significant growth and lipase
production with phenolic compounds decreasing around
36% (wt/wt) (D’Annibale et al., 2006). Besides the cases
of the above-mentioned yeast strains that reduced phenolic
compounds concentration when grown on O.M.W.-based
media, literature indicates that a certain number of moulds
(e.g. Phanerocaete spp., Pleurotus spp., Panus tigrinus, Len-
tinula edodes, Aspergillus spp., Trametes versicolor, Geotri-
chum spp. — Sayadi and Ellouz, 1992, 1995; Gharsallah
et al., 1999; Garcia Garcia et al., 2000; Tsioulpas et al.,
2002; Aggelis et al., 2003; Fenice et al., 2003; D’Annibale

Phenolic compounds content and phyto-toxicity of O.M.W.-based media treated with Yarrowia lipolytica

Fermentation time (h) Dilution Phenolic-content (g Y G.I. (%)
0 100% Medium — 0% H,O 2.05+0.12 0.0

25% Medium — 75% H,O 0.53 +0.03 18.3+2.6
46 100% Medium — 0% H,O 1.91 £ 0.16 0.0

25% Medium — 75% H,O 0.48 +0.04 27.0 +3.0
92 100% Medium — 0% H,O 1.89 +0.18 0.0

25% Medium — 75% H,O 0.46 + 0.05 289 +2.1
192 100% Medium — 0% H,O 1.98 +0.15 0.0

25% Medium — 75% H,O 0.49 +0.04 31.5+1.9
330 100% Medium — 0% H,O 1.75+0.16 0.0

25% Medium — 75% H,0 0.44 +0.04 329+1.5

The cultivation was conducted in media enriched with 65 g1~! with glucose, in which O.M.W. was at 30% (v/v). In the column “Dilution”, the
fermentation medium was without dilution (100% medium — 0% H,O) or it was fourfold diluted (25% medium — 75% H,O). Data presented are mean

values of three measurements. Culture conditions are same as in Table 2.
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et al., 2004; Ayed et al., 2005; Dhouib et al., 2006; Crognale
et al., 2006) or bacteria (e.g. Pseudomonas putida, Klebsiella
oxytoca, Lactobacillus plantarum, Citrobacter diversus —
Seker et al.,, 1997, Lamia and Moktar, 2003; Ammar
et al., 2005) are capable of significantly reducing pheno-
lic-content in O.M.W.-based media. The essential enzymes
secreted and involved in the biodegradation of phenolic
compounds during cultivation of various moulds on phe-
nol-containing wastewaters are laccase, lignin-peroxidase
and manganese-dependent peroxidase. The secretion of
these enzymes is strain-dependent and influenced by vari-
ous culture conditions (Sayadi and Ellouz, 1992, 1995;
Tsioulpas et al., 2002; Fenice et al., 2003; D’Annibale
et al., 2004; Ayed et al., 2005). Non-genetically modified
Y. lipolytica strains are not capable of producing such type
of enzymes, while heterologous expression and production
of laccases from basidiomycetes (e.g. Pycnoporus cinnabari-
nus or Trametes vercicolor) in Y. lipolytica strains has been
recently achieved (Jolivalt et al., 2005; Madzak et al.,
2005). It could be supposed, hence, that the reduction of
phenols observed in the present study could be due either
to adsorption of these compounds in the yeast cell surface
or to partial utilisation of phenolic compounds as carbon
source by the microorganism.

The present investigation indicates that O.M.W. can
become a competitive valuable liquid growth medium in
fermentation processes. With its dilution and enrichment
with commercial glucose (a low-added-value product) it
was revealed as a promising substrate for the biotechnolog-
ical production of citric acid ( Citmax = 28.9 g171). It should
be noted that the addition of commercial glucose was car-
ried out in the present investigation in order to enhance cit-
ric acid production, given that both O.M.Ws used,
contained initial small quantities of fermentable sugars
(around 5.5 g17! Section 2). A satisfactory production of
citric acid can be achieved only when the carbon source
used as substrate for this purpose (i.c., sugar, fat, ethanol
etc.) is supplied in relatively high quantities (Anastassiadis
et al., 2002; Morgunov et al., 2004; Anastassiadis and
Rehm, 2005; Kamzolova et al., 2003, 2005; Soccol et al.,
2006). Certainly, the cost of the process proposed in the
present investigation can be further reduced by using
0O.M.Ws containing significantly higher quantities of sug-
ars. In this case, the supplementation of the medium with
commercial sugar can be avoided, at least partially. For
instance, O.M.Ws obtained from three-phase extraction
systems contain sugar quantities of approximately
40 g17', while in O.M.Ws derived from press extraction
systems, reducing carbohydrates, in even higher quantities,
can be found (initial quantities of around 70 g17') (Crog-
nale et al., 2006). Utilisation, hence, of these O.M.Ws with-
out or with low dilution and after addition of the necessary
nutrients (e.g. yeast extract and phosphate salts) can result
in relatively satisfactory citric acid production at remark-
ably low cost. Literature indicates that in at least one case
undiluted O.M.Ws containing notable initial sugar quanti-
ties of around 70 g1~' (concentration comparable with the

one of the present study used to enhance citric acid produc-
tion, see Section 3) were used as sole carbon source in order
to produce significant biomass and B-glucan concentra-
tions by the mould Botryosphaeria rhodina (Crognale
et al., 2003).

In general, the utilisation of O.M.Ws used as water in
fermentation process is very limited in the literature and
according to our knowledge, O.M.Ws have been used only
in one case as liquid growth medium for the production of
microbial lipases by various yeast or mould strains (Crog-
nale et al., 2006; D’Annibale et al., 2006). It should also be
noted that in the present study, interestingly, the presence
of O.M.Ws, and, hence, phenolic compounds into the
growth medium, presented a stimulating effect on the pro-
duction of citrate by Y. lipolytica, compared with the cul-
ture in which no O.M.W. addition had been carried out
(see Table 2). It is known that citric acid is produced by
various Candida strains after nitrogen depletion from the
culture medium (“overflow metabolism phenomenon”) as
secondary anabolic activity (Wojtatowicz et al., 1991; Rane
and Sims, 1993, 1994; Anastassiadis et al., 2002; Papaniko-
laou et al., 2002; Morgunov et al., 2004; Rymowicz and
Cibis, 2006). It may be assumed, hence, that the presence
of phenolic compounds into the culture medium provoked
an activation of the secondary metabolism leading to
higher citric acid secretion into the medium. Additionally,
in the present study, citric acid production was influenced
by the rapid pH decrease of the medium, with low quanti-
ties of citrate secreted at low pH values, presumably due to
either increased intra-/extra-cellular citric acid ratio or high
requirements of energy maintenance (and hence carbon
losses as CO,) (Papanikolaou et al., 2002; Anastassiadis
and Rehm, 2005). The cultivation under controlled condi-
tions as regards the evolution of pH into the medium
favoured the production of citric acid. The same strain
(ACA-DC 50109) has been successfully used in previous
investigations for the production of relatively high citric
acid quantities (around 35 g17"), when glycerol waste, dis-
charged after bio-diesel production process, was used as
the sole carbon source in flask and pH-controlled experi-
ments (Papanikolaou et al., 2002). The quantity of Cit.x
produced in the present study (28.9 g17') was satisfactory,
but lower when compared with fermentations reported in
the literature by other Y. lipolytica or Candida strains [final
concentrations of around 50-135 g 17! in various fermenta-
tion configurations with glucose, ethanol or fats used as
substrates (Rane and Sims, 1993, 1994; Anastassiadis
et al., 2002; Kamzolova et al., 2003, 2005; Rymowicz and
Cibis, 2006)]. The highest total yield YcjyGic achieved was
around 0.53 g g~'. This value was slightly lower compared
with the maximum values reported by strains growing on
sugars (values around 0.60-0.85 g g~!, Wojtatowicz et al.,
1991; Rane and Sims, 1993, 1994; Anastassiadis et al.,
2002; Morgunov et al., 2004; Anastassiadis and Rehm,
2005), while significantly higher values of product yield,
e.g., 0.85-1.55 g g~ ! have been reported for strains culti-
vated on ethanol or fatty materials (Kamzolova et al.,
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2003, 2005). Additionally, specific citrate production rate
(9cit) presented similar values with the ones reported by
the same strain cultivated on raw glycerol (Papanikolaou
and Aggelis, 2003), or by other Y. lipolytica and Candida
oleophila strains growing on glucose (Wojtatowicz et al.,
1991; Rane and Sims, 1993; Anastassiadis et al., 2002;
Morgunov et al.,, 2004) in batch cultures. Nevertheless,
notably higher gc;; values were reported in the literature
when growth of Y. lipolytica strain 187 was carried out
on fats utilised as the sole substrate for citric acid produc-
tion [gcy around 0.127 g (g h)~!, Kamzolova et al., 2005].

Y. lipolytica grown in O.M.W.-based media did not
accumulate significant lipid quantities inside its cell struc-
tures, while, compared with the trial in which no O.M.W.
has been utilised as co-substrate, cellular lipids contained
slightly higher quantities of oleic (*°C18:1) and palmitoleic
(°C16:1) acid and lower quantities of stearic (C18:0) acid.
Ratios *°C16:1/C16:0 and “°C18:1/C18:0 (Table 3) suggest
a significantly higher content of unsaturated fatty acids
and, hence, a remarkable acyl-A’-desaturase activity in
the presence of O.M.W. in the culture medium. This activa-
tion could be a result of the physiological response of the
microorganism, due to microbial adaptation on the high-
phenol concentration medium, since higher unsaturation
of cellular lipids increases the selectivity and the fluidity
of the microbial membrane in non-favourable environmen-
tal conditions.

In conclusion, Y. lipolytica demonstrated efficient
growth on media containing mixtures of O.M.W. and com-
mercial glucose. Maximum biomass produced, maximum
specific growth rate and biomass yield on glucose con-
sumed were almost completely unaffected by the presence
of O.M.Ws into the growth medium. The fermentation
resulted in a non-negligible decrease of the phenolic com-
pounds, a slight decrease of the toxicity and a remarkable
decolourisation of the residue. In nitrogen-limited diluted
and enriched with high glucose quantity O.M.Ws, a notice-
able amount (up to 28.9 g17!) of total citric acid was pro-
duced, suggesting the potentiality of valorisation of
O.M.Ws as water in this fermentation process. The ability
of Y. lipolytica to grow on relatively high-phenolic-content
O.M.W.-based media and produce in notable quantities
citric acid, make this non-conventional yeast worthy for
further investigation. Specifically, of interest will be the
utilisation of high-sugar content undiluted O.M.Ws as car-
bon source in order to avoid the supplementary addition of
sugar and, hence, to reduce the overall process cost, as well
as the study of a potential process scale-up.
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