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Research Article

Production of added-value metabolites by
Yarrowia lipolytica growing in olive mill
wastewater-based media under aseptic and
non-aseptic conditions

Yarrowia lipolytica ACA-YC 5033 was grown on glucose-based media in which high
amounts of olive mill wastewaters (OMWSs) had been added. Besides shake-flask
aseptic cultures, trials were also performed in previously pasteurized media while
batch bioreactor experiments were also done. Significant decolorization (~58%)
and remarkable removal of phenolic compounds (~51% w/w) occurred, with the
latter being amongst the highest ones reported in the international literature, as
far as yeasts were concerned during their growth on phenol-containing media. In
nitrogen-limited flask fermentations the microorganism produced maximum citric
acid quantity ~19.0 g/L [simultaneous yield of citric acid produced per unit of
glucose consumed (Yciygic)~0.74 g/g]. Dry cell weight (DCW) values decreased
at high phenol-containing media, but, on the other hand, the addition of OMWs
induced reserve lipid accumulation. Maximum citric acid concentration achieved
(=52.0 g/L; Yciygl~0.64 g/g) occurred in OMW-based high sugar content media
(initial glucose added at =~80.0 g/L). The bioprocess was successfully simulated by
a modified logistic growth equation. A satisfactory fitting on the experimental data
occurred while the optimized parameter values were found to be similar to those
experimentally measured. Finally, a non-aseptic (previously pasteurized) trial was
performed and its comparison with the equivalent aseptic experiment revealed no
significant differences. Yarrowia lipolytica hence can be considered as a satisfactory
candidate for simultaneous OMWs bioremediation and the production of added-
value compounds useful for the food industry.
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compounds, carbohydrates (principally glucose) may be con-
tained in very high quantities [3], also posing significant prob-

Olive mill wastewaters (OMWs) are one of the most important
agro-industrial residues produced in the European level, with
phenolic compounds found into this residue being responsible
for its (phyto)-toxic effect and dark color [1,2]. Besides phenolic
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lems related with their treatment, while recent developments
indicate that OMWs should be considered as a fermentation
feedstock, rather than a waste to be discharged. Thus, the devel-
opment of viable treatment technologies is crucial, since OMW3s
are, in general, discharged directly to the environment, without
any prior or other treatment [4].

Due to the significant anti-cancer and therapeutic properties
of the phenolic compounds found in this residue, a technol-
ogy recently developed, refers to their separation and thereof
utilization in several applications [5-7]. Thus, in a proposed
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theoretical biorefinery scheme, after removal of the phenolic
compounds, microbial fermentation related with the removal
of the rest of the pollution and the concomitant production
of added-value compounds could follow [8]. On the other
hand, enriched OMWs (without previous phenol compounds
removal) have been used as substrate for the cultivation of yeast
and yeast-like species, molds and prokaryotic microorganisms
resulting in the remediation of the waste and also the synthesis
of added-value compounds like microbial mass [9, 10], exo-
polysaccharides [11], enzymes [4, 12-14], ethanol [9, 15-20],
citric acid [9, 21, 22], and microbial lipids (single cell oils —
SCOs) [9, 22, 23]. Previous investigations have indicated that
several Y. lipolytica strains converted glucose-enriched OMWs
into added-value compounds (biomass, SCO and citric acid)
in carbon- and nitrogen-limited shake-flask cultures [22]. One
of the most promising strains was Y. lipolytica ACA-YC 5033.
Goal of the current study was to further investigate the poten-
tial of this strain to produce the above-mentioned metabolites
in cultures containing increased OMW (hence initial phenolic
compounds) concentrations. Aseptic and non-aseptic trials were
realized, scale-up in bench top laboratory-scale bioreactor was
performed and kinetic modeling simulating the production of
citric acid was carried out.

2 Materials and methods
2.1 Microorganism and media

Yarrowia lipolytica ACA-YC 5033 [22] was used. The strain was
isolated from traditional Greek wheat sourdoughs and was iden-
tified in the Laboratory of Dairy Research; Department of Food
Science and Human Nutrition; Agricultural University of Athens.
Conservation of the strain was done on PDA-containing slants
at temperature T= 6 % 1°C. In order to maintain the viability of
the strain, sub-culture every 3 months was carried out. OMWSs
that were used in the current investigation were obtained from a
three-phase decanter olive mill of the region Kalentzi (Corinthia,
Peloponnissos; Greece). OMWs after their collection were im-
mediately frozen at T'= —20 =+ 2°C. In order to be used in the
performed experiments, OMWs were thawed and the solids were
removed by centrifugation (9000 rpm, 15 min, T=21 £ 1°C) in
a Hettich Universal 320R centrifuge. The phenolic content of the
wastewaters, expressed as gallic acid equivalent, was ¢. 10.0 g/L,
while its sugar concentration was c. 30.0 g/L, expressed as glucose
equivalent. On the other hand, the used wastewaters contained
indeed negligible quantities of olive oil (0.4 & 0.1 g/L; determi-
nation of oil conducted after a triple extraction with hexane).
Organic acids were also present in small quantities. The princi-
pal organic acids detected were acetic acid and gluconic acid (in
concentrations of ¢. 2.0 g/L of each).

OMWs were diluted in several ratios so as various phenolic
compound concentrations to be achieved in liquid media. Inex-
pensive commercial-type glucose was also added so as to reach
the typical initial concentration of reducing sugars found in most
OMWs (=30 g/L) [4]. Commercial-type glucose [the purity of
which was ¢. 95% w/w with impurities being composed of mal-
tose (2% w/w), malto-dextrines (0.5% w/w), water (1.5% w/w)
and salts (0.5% w/w)] was provided by the “Hellenic Industry
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of Sugar SA” (Thessaloniki, Greece). In all OMW-diluted me-
dia, salts were added as follows (in g/L): KH,PO, 7.0; Na,HPO,
2.5; MgSO, x7H,0 1.5; FeCl; x6H,0 0.15; CaCl, x2H,0 0.15;
ZnSO4x7H,0 0.02; MnSO, x H,O 0.06. In nitrogen-limited fer-
mentations the initial glucose (Glcy) concentration was 35.0 +
2.0 g/Land the yeast extract and (NH,),SO, concentrations were
0.50 g/L (initial molar ratio C/N~=85) of each. In carbon-limited
fermentations Glcy, (NH,),SO, and yeast extract concentrations
were (in g/L): 28.0 = 1.0; 4.0; 2.0 respectively (initial C/N~13).

2.2 Culture conditions

Fermentations were carried out in 250-mL Erlenmeyer flasks,
containing 50 £+ 1 mL of previously sterilized or pasteurized
growth medium (heat treatment for the pasteurization at T =
80°C for 5 min), inoculated with 1 mL of inoculum (or 3 mL for
pasteurized media) of exponential pre-culture [22]. Flasks were
incubated in an orbital shaker (New Brunswick Scientific, USA)
at an agitation rate of 180 & 5 rpm and T = 28 & 1°C. Medium
pH was maintained between 5.0 and 6.0 by adding (periodically
and aseptically) small quantities (e.g. ranging between 400 and
600 L) of 5M KOH into the flasks. In fact, the exact volume of
KOH solution needed for pH correction was evaluated by mea-
suring 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. Blank (no OMW addition) experimental results were
obtained from Sarris et al. [22], and will be presented with the
appropriate reference in the section “Results”. Aseptic and previ-
ously pasteurized batch fermentations were also conducted in a
laboratory scale bioreactor (MBR Bioreactor, AG Switzerland),
with total volume 3.5 L and working volume 3.0 L, fitted with
four probes and two six-bladed turbines. The culture vessel was
inoculated with 60 mL of exponential pre-culture (see above).
The incubation temperature was adjusted at T= 28 £ 1°C. Ag-
itation rate was adjusted to 300 rpm. The pH was automatically
controlled at 5.5 £ 0.1 by adding 5M KOH while media were
sparged with air (passing through a 0.2 um pore size filter) at
constant flow rate of 1.0 vvm. All trials were performed in du-
plicate (each experimental point presented is the mean value
of two independent determinations). Finally, no phenolic com-
pounds reduction and very slight increase of color occurred due
to agitation employed alone without presence of cells [19].

2.3 Analytical methods

In the shake-flask experiments, dissolved oxygen tension (DOT)
was determined according to Papanikolaou et al. [24]. In all tri-
als DOT was >20%, v/v, for all growth steps. Cell mass har-
vesting, biomass (dry cell weight, DCW) determination and
pH measurement was conducted as in Sarris et al. [22]. Cit-
ric acid and glucose were quantified according to Papanikolaou
etal. [21]. Total cellular lipid extraction and determination, lipid
methanolysis and GC analysis and ammonium concentration
into the supernatant fluid was determined as in Papanikolaou
etal. [24]. Phenolic compounds concentration in the residue was

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Experimental data of Yarrowia lipolytica ACA-YC 5033 in nitrogen-limited glucose-based media with OMWs added in various amounts

Initial Fermentation X L Cit Gleeons (8/L)  Yxsale Yi/x Ycivale
phenolic time (h) (g/L) (g/L) (g/L) (g/g) (g/g) (g/g)
compounds
(g/L)
0.009 Shake-flasks 120 5.5 4 0.4 040 £0.05  13.8+1.0 237+ 1.5 0.23 0.07 0.58
Aseptic 24 42403 0.50 + 0.05 0.0 54405 0.78 0.12 0.00
144 5.5 4 0.39 030+005 189+1.5 258+ 1.5 0.21 0.05 0.73
2.00£0.20  Shake-flasks 120 414039 070 £0.10 135+ 1.0 233+ 1.5 0.18 0.16 0.58
Aseptic 96 4.0 +0.3 0.80£0.05 122+1.0 158 £ 1.0 0.25 0.19 0.77
168 3.7 40.39 050 £0.05 182+ 1.5 237+ 1.5 0.15 0.15 0.77
290 +0.25  Shake-flasks 121 3.7 +0.39 0.60 £0.05 17.2+1.0 225+ 1.5 0.16 0.16 0.76
Aseptic 96 3.6 +£0.3 1.00£0.10  151+1.0 187 +£1.5 0.20 0.27 0.81
144 3.540.39 0.70£0.05 19.0+1.5 25.6 +£2.0 0.14 0.20 0.74
Shake-flasks 120 3340295  0904+0.10 11.6+1.0 170+ 1.0 0.19 0.26 0.68
Pasteurized 178 324029 0.60 £0.05 155+ 1.0 28+1.5 0.14 0.19 0.68
Shake-flasks 288 4.6 +0.39 120+£0.10 433 +3.5 70.7 + 5.0 0.07 0.26 0.61
Gleg~80.0 g/L 240 43403 140 £0.10 383 +3.5 57.3 + 4.0 0.08 0.33 0.67
Aseptic 384 4.5+0.39 0.80 £0.10  51.9+4.0 81.6 + 5.0 0.06 0.18 0.64
Bioreactor 188 4740329  090+0.10 152+1.0 25.0 £ 2.0 0.19 0.19 0.61
Aseptic 138 43403 1.10£0.10  13.4=+1.0 217+ 1.5 0.20 0.26 0.62
Bioreactor 192 48+03)9 080+£005 13.9+1.0 239+1.5 0.20 0.17 0.58
Pasteurized 144 44403 1.00£0.10 12.1+1.0 19.7 £ 1.5 0.22 0.22 0.61
450+ 0.35  Shake-flasks 243 2.1+£0.199  0.40 £ 0.05 40+05 7.4+0.5 0.29 0.18 0.55
Aseptic 48 1.7 +0.1% 0.80 + 0.05 1.0+0.5 43405 0.40 0.45 0.24
5.50 %+ 0.40 216 3.040.329  0.90 4 0.10 22405 6.1+0.5 0.50 0.30 0.36
48 2.6+0.1" 1.20 £ 0.10 0.4+0.5 3.6+0.5 0.72 0.48 0.11

Representations of total biomass (X, g/L), total cellular lipid (L, g/L), total citric acid (Cit, g/L) and consumed substrate (Glccons, g/L) concentrations at
different fermentation points of each trial.

Dwhen Xpax concentration was achieved;

Y)when Ly concentration was achieved;

9when Citmay concentration was achieved;

D Results regarding control experiment (no OMW addition) were obtained from Sarris et al. [22].

Fermentation time, conversion yield of biomass produced per glucose consumed (Yx/Glc, g/g), total lipid in dry biomass (Y1/x, g/g) and conversion yield
of total citric acid produced per glucose consumed (Yciyaic, g/g) are presented for all points of the trials. Culture conditions: growth on aseptic and
pasteurized 250-mL flasks at 180 & 5 rpm, Glcg = 35.0 & 2.0 g/L, (NH4),SO4 = 0.5 g/L, yeast extract = 0.5 g/L, initial pH = 6.0 & 0.1, pH ranging
between 5.0 and 6.0, DOT>20% v/v, incubation temperature T'= 28°C; growth on aseptic and pasteurized batch bioreactor, 300 rpm, initial phenolic
compounds concentration 2.90 % 0.25 g/L, initial pH = 6.00 = 0.02, incubation temperature T = 28°C and sparging of air at 1.0 vvm. Each point is the
mean value of two independent measurements.

determined according to the Folin-Ciocalteau method [12]. The
decolorization assay of the treated residue was performed ac-
cording to Sayadi and Ellouz [25]. Initial phenolic compounds
concentration and initial color content were determined after
sterilization or pasteurization.

3 Results

3.1 Biomass and lipid production by Yarrowia
lipolytica ACA-YC 5033 growing on OMW-based
media

Fermentations in nitrogen-limited (Glcy~35.0 g/L, initial
C/N=85; Table 1) and carbon-limited (Glcy~28 g/L, initial
C/N=13; Table 2) conditions were conducted and OMW was
added yielding at initial concentration of phenolic compounds

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at ¢ 2.00 and 2.90 g/L (Tables 1 and 2). Two more trials with
higher amounts of OMWs added (initial phenolics at c. 4.50 and
5.50 g/L) were also conducted under nitrogen-limited conditions
(Table 1). Moreover, a pasteurized fermentation (Glc0=35.0 g/L)
and an aseptic trial with (Glc0=80.0 g/L) with initial pheno-
lics ~2.9 g/L under nitrogen limited conditions were carried
out (Table 1). Finally, aseptic and pasteurized batch bioreactor
experiments were carried out under nitrogen-limited conditions
with Glc0~35.0 g/L and initial phenolic compounds concentra-
tion ~2.90 g/L (Table 2). Results with initial phenolic com-
pounds concentration 0.0 (control experiment; no OMW ad-
dition), ~1.15 g/L and =1.55 g/L when/where mentioned are
obtained from Sarris et al. [22] for comparison reasons.

In the nitrogen-limited shake-flask trials, DCW synthesis was
affected by the addition of OMW; when compared with the
control experiment, X« values were depleted in parallel with
the phenolic content increase into the medium (Table 1). Yx/gic
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Table 2. Experimental data of Yarrowia lipolytica ACA-YC 5033 in carbon-limited glucose-based media with OMWs added in various amounts

Initial phenolic compounds (g/L) Fermentation time (h) X (g/L) L (g/L) Glceons (g/L) Yx/ale (g/8) Yix (g/g)
0.009 9 10.1 +0.7%) 0.60 & 0.05 234415 0.43 0.06
144 9.1 +0.7> 1.00 + 0.05 245415 0.37 0.11
2.00 £ 0.20 70 10.9 + 0.8%) 0.70 £ 0.05 233+15 0.47 0.07
46 9.2+ 0.7% 0.90 £ 0.05 223415 0.41 0.10
2.90 +0.25 72 13.3 + 1.09P) 0.50 & 0.05 25.8 4 2.0 0.52 0.04

Representations of total biomass (X, g/L), total cellular lipid (L, g/L) and consumed substrate (Glceons, g/L) concentrations at different fermentation points

of each trial.
2 when Xpmax concentration was achieved;
b when Lyay concentration was achieved;

9)Results regarding control experiment (no OMW addition) were obtained from Sarris et al. [22].

Fermentation time, conversion yield of biomass produced per glucose consumed (Yx/gic, g/g) and total lipid in dry biomass (Yr/x, g/g) are presented
for all points of the trials. Culture conditions: growth on 250-mL flasks at 180 = 5 rpm, Glcg = 28.0 & 1.0 g/L, (NH4),SO4 = 4.0 g/L, yeast extract =
2.0 g/L initial pH = 6.0 & 0.1, pH ranging between 5.0 and 6.0, DOT>20% v/v, incubation temperature T = 28°C. Each point is the mean value of two

independent measurements.

values seemed to be almost unaffected by the addition of the
waste into the medium (Table 1). Total cellular lipids were quan-
tified and in some instances, lipid quantities >25% of lipid in
DCW were found (Table 1). Interestingly, the addition of OMW3s
in the medium seemed to favor the accumulation of storage lipids
(Table 1). L., quantities up to c. 1.0 g/L, corresponding to lipid
in DCW up to c. 27% w/w were obtained when OMW was added
into the medium, suggesting stimulation of lipid accumulation
process, since in the control experiment clearly lower Y;,x and
L values were obtained (Table 1). In the trial with initial pheno-
lic compounds concentration ~2.00 g/L, insignificant quantities
of glucose remained unconsumed at the end of the fermenta-
tion whereas in the trial with initial phenolic compounds con-
centration at c. 2.90 g/L the final glucose concentration was =~
10.0 g/L.

For the aseptic flask trials with Glcy=35.0 g/L and initial
phenolics at ¢. 4.50 and 5.50 g/L, high phenol content clearly in-
hibited the microbial growth; DCW production reached in both
trials the values of 2.1 + 0.1 g/L and of 3.0 & 0.3 g/L respectively
(Table 1). Moreover, small quantities of glucose were assimilated
(7.4 0.5g/Land 6.1 + 0.5 g/L respectively). On the other hand,
even higher lipid accumulation compared with the previous tri-
als was observed, resulting in an Ly, = 0.80 g/L (Y x = 0.45
g/g) for the trial with initial phenolics at 4.50 g/L and Ly, = 1.20
g/L (Yyx = 0.48 g/g) for that with initial phenolics at 5.50 g/L
[Supporting Information Fig. S1A and B].

In carbon-limited fermentations, biomass production was
stimulated by the OMW addition (Table 2). The kinetics of
DCW and glucose evolution for a carbon- and a nitrogen-limited
experiment is shown in Fig. 1. Significantly higher DCW val-
ues were obtained in the carbon-limited compared with the
nitrogen-limited trials (Table 2 and Fig. 1). Insignificant quan-
tities of glucose remained unconsumed at the end of all carbon-
limited fermentations. Similarly with previously published in-
formation [26,27], glucose consumption was almost linear for
both carbon- and nitrogen-limited experiments, with glucose
consumption rate (rgi = — Aftl[, in g/L/h) being significantly
higher in the carbon-limited culture than in the nitrogen-limited
one (r¢,~0.36 against ~0.17 g/L/h, respectively; see Fig. 1). Fi-
nally, total cellular lipids were quantified for all cultures and
growth steps, without exceeding 10% w/w in DCW, suggesting,
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Figure 1. Biomass (X, g/L) and glucose (Glc, g/L) evolution dur-
ing growth of Yarrowia lipolytica ACA-YC 5033 on OMW-based
media enriched with commercial glucose, with initial phenolic
compounds concentration 2.90 £ 0.25 g/L in nitrogen-limited [in
g/L: Glco = 35.0 £ 2.0, (NH,4)2SO4 = 0.50 £ 0.05, yeast extract
= 0.50 & 0.05] and carbon-limited [in g/L: Glco = 28.0 £ 1.0,
(NH,4)2SO4 = 4.00 £ 0.10, yeast extract = 2.00 & 0.10] condi-
tions. Culture conditions: growth on 250-mL flasks at 180 &+ 5
rpm, initial pH = 6.0 £ 0.1, pH ranging between 5.0 and 6.0,
DOT>20% v/v, incubation temperature T = 28°C. Each point is
the mean value of two independent measurements.

in accordance with literature [28-30], that no significant lipid
accumulation occurred in carbon-limited conditions (Table 3).
Also, trials were performed in previously pasteurized media and
were compared with the respective ones conducted when axenic
cultures were used (Table 1); between aseptic and pasteurized
shake-flasks cultures, small differences were observed; in the
previously pasteurized culture media, the quantity of glucose
remained unconsumed was 8.0 & 0.5 g/L and slightly lower cit-
ric acid quantities were reported compared with the previously
sterilized media (Table 1).

To perform a process scale-up, an important aspect that
should be studied is the comparison between experiments
performed in shake-flask and batch bioreactor cultures, given

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Fatty acid composition in the total cellular lipid (% w/w) of Yarrowia lipolytica ACA-YC 5033, cultivated on media containing
commercial glucose and various initial OMW concentrations in nitrogen limited fermentations

Initial phenolic compounds (g/L) Time (h) C16:0 A9C16:1 C18:0 A9C18:1 A%12C18:2 U.I
0.09 24 17.1 16.9 6.2 50.5 12.1 0.916
72 16.0 11.7 6.0 54.1 11.0 0.878
144 13.4 10.1 4.4 57.3 9.7 0.868
2.00 + 0.20 96 18.2 4.0 3.0 53.7 21.1 0.998
168 12.2 12.3 3.8 58.2 13.4 0.973
2.90 + 0.50 24 14.7 0.0 0.0 66.7 18.6 1.039
96 11.5 5.1 3.7 62.7 17.0 1.018
144 11.3 5.8 3.6 62.6 16.8 1.020
2.90 =+ 0.50 (Pasteurized) 24 0.0 0.0 0.0 78.6 21.4 1.213
48 13.0 0.0 0.0 66.1 20.9 1.079
96 12.6 0.0 3.8 64.6 19.0 1.026
178 10.9 3.4 3.5 63.3 18.9 1.046
2.90 =+ 0.50 (Bioreactor) 24 13.2 0.0 0.0 69.8 22.5 1.148
144 11.6 4.9 3.2 63.9 15.9 1.006
4.50 £ 0.35 24 16.3 0.0 0.0 71.0 12.6 0.963
144 154 0.0 0.0 71.7 12.8 0.974
5.50 £ 0.40 24 14.0 0.0 3.1 69.0 13.9 0.969
144 15.8 0.0 3.2 69.0 12.0 0.930

Each experimental point presented is the mean value of two determinations.

Culture conditions as described in Table 1.
Ul = [% monoene+2 (% diene)]/100.

¥ Results regarding control experiment (no OMW addition) were obtained from Sarris et al. [22].

that agitation and aeration conditions may be different in
these fermentation configurations [3, 4, 12]. Comparison was
performed between aseptic shake-flask and aseptic bioreactor
fermentations of OMWs-based media that presented almost
equal initial glucose (=35.0 g/L) and phenolic compounds
(=2.90 g/L) concentrations; some differences concerning both
maximum DCW and citric acid production were presented
(see Table 1). A comparison of the kinetics between the equiv-
alent shake-flask and bioreactor experiments are seen in Sup-
porting Information Fig. S2, and in both trials, Glc=10.0 g/L re-
mained unconsumed 160 = 20 h after inoculation, while the g,
was almost linear for both types of cultures, being slightly higher
in the shake-flask than in the bioreactor trial (rg,~0.17 g/L/h
against 0.13 g/L/h, respectively; Supporting Information Fig. S2).
Finally, pasteurized batch bioreactor trials (Glcy~35.0 g/L; initial
phenolics =2.90 g/L) were performed and between aseptic and
pasteurized cultures no significant differences were observed for
biomass and total cellular lipids production (Table 1).

Finally, a trial Glcy~80.0 g/L was performed in shake-flask
aseptic cultures (OMWSs added in order to create a medium with
phenolics concentration c¢. 2.90 g/L) (Table 1). Such high Glc,
concentrations can usually be found in OMWs derived from
press extraction systems [4, 11,21]. X = 4.6 £ 0.3 g/L and
Linax quantities up to 1.40 = 0.10 g/L were obtained (Table 1;
Supporting Information Fig. S3). On the other hand, lipids in
both absolute (g/L) and relative (g per g of DCW) values de-
creased although significant quantities of sugar remained non-
assimilated into the medium.

The principal cellular fatty acids (FAs) were the C16 and C18
ones. FA composition clearly changed and the UI was increased
with the addition of OMWs into the medium but decreased after
the initial fermentation hours (Table 3). Specifically, the addition
of OMW increased cellular #°C18:1 and 2*'2C18:2, decreasing

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C18:0. In most of the cases, the addition of OMWs resulted in
concentration of #°C18:1>65% w/w and in one case (growth
of the strain in shake-flasks under pasteurized conditions) the
concentration of this FA was ~80% w/w. Moreover, 2°C16:1
was significantly decreased with the addition of OMWs into the
medium (Table 3).

3.2 Citric acid production by Yarrowia lipolytica
ACA-YC 5033 growing on OMW-based media

In nitrogen-limited experiments, Y. lipolytica ACA-YC 5033 pro-
duced citric acid as the main metabolite synthesized; the high-
est citric acid concentration achieved was c. 19.0 g/L (when
Glcy=35.0 g/L and initial phenolics at ¢. 2.90 g/L) with Yciycic
= 0.74 g/g, while citric acid production remained almost unaf-
fected (by means of City,,, values) by the addition of moderate
quantities of phenolic compounds (up to 2.90 g/L) into the cul-
ture medium compared with the blank experiments. Compari-
son between the aseptic and the non-aseptic trial revealed some
reduction of citric acid production in the later case by both means
of Cityay and Yciyaie values (see Table 1). On the other hand, in
the aseptic shake-flask trials with the significantly increased ini-
tial phenolic compounds concentrations imposed (viz. 4.50 g/L
and 5.50 g/L) the high phenol content seriously inhibited micro-
bial growth. The production of citric acid reached in both trials
the values of c. 4.0 and 2.2 g/L respectively, while under these
culture conditions the microbial metabolism was mainly shifted
toward the synthesis of microbial lipids.

Comparison of the equivalent shake-flask and batch bioreac-
tor fermentations (Glcy~35.0 g/L, initial phenolic compounds
~2.90 g/L), showed that citric acid production was somehow
decreased in the bioreactor experiment. Also, comparison of the
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aseptic and the previously pasteurized batch bioreactor fermen-
tations, showed some citric acid production decrease in the later
trial (see Table 1). Moreover, regarding the aseptic shake-flask
trial with initial phenolic compounds adjusted at ¢. 2.90 g/L and
Glcy=80.0 g/L, City,x quantities up to ¢. 52.0 g/L (overall the
highest value obtained in the current investigation), correspond-
ing to Yciygic values up to 0.64 g/g were obtained (see Table 1).
Attempting to compare the above-mentioned trial with the re-
spective one that presented a lower Glc, concentration (viz. the
trial with initial phenolics at 2.90 g/L and Glcy=35.0 g/L, thus a
trial with a lower initial C/N ratio imposed), one could note that
while the production of citrate in absolute values (g/L) clearly
increased in the former case, surprisingly the addition of glu-
cose into the medium led to lower values of the conversion yield
Ycivaic- This is somehow surprising as a result, since with a con-
stant initial nitrogen availability, the more the Glc, concentration
is increased, theoretically the more the yield Yciygic should be
elevated [26-28, 30-32]. Potentially at Glcy~80.0 g/L, the car-
bon flow was directed more efficiently towards lipid and biomass
formation. Finally, in the carbon-limited fermentations insignif-
icant citric acid quantities were produced (Cit<1.5 g/L) since
onset of citric acid production occurs only after complete NH,*
exhaustion from the medium (see also: Anastassiadis et al. [33];
Papanikolaou and Aggelis [30]), and this fact was not reported
in the carbon-limited trials (at the end of growth, a significant
quantity of NH," ions remained into the medium; data not
presented).

3.3 Modeling citric acid production

In the next step it was desirable to apply suitable numerical
models capable to predict the kinetic behavior of Y. lipolytica
cultivated on glucose-enriched OMW-based media. Specifically,
given that lipid accumulation was a relatively marginal phys-
iological feature it has been decided to describe by adequate
mathematical equations DCW production, glucose and nitro-
gen consumption, as well as citric acid formation without taking
into consideration the process of lipid synthesis. Kinetic model-
ing was applied only for the runs in which significant secretion of
citric acid into the culture medium has been performed. Equa-
tions describing the above-mentioned processes were proposed
in the literature. More specifically, cell growth was described
through Eq. (1) (Table 4) for X representing the total DCW
concentration (X in g/L or gx/L), t the fermentation time (h)
and p the biomass specific growth rate (h™!). The biomass
growth rate was related to the biomass concentration through a
modified logistic growth equation [34], as depicted on Table 4,
Eq. (2). Xinax is the maximum attainable biomass concentration
(g/L or gx/L) and » the inhibition exponent, a dimensionless
constant.

Nitrogen consumption (for biomass synthesis) was assumed
to be related to biomass growth through Eq. (3) (Table 4) for N
being the nitrogen concentration (g/L or gn/L). Yxx is defined
as the yield coefficient for biomass production with respect to
nitrogen (g of dry biomass produced per g of nitrogen consumed,
gx/gn)- In addition, the rate of citric acid formation was assumed
to be analogous to biomass concentration as presented in Eq.
(4) of Table 4, for Cit being the citric acid concentration (g/L
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or gei/L) and gci the specific citric acid formation rate [g of
citric acid per g of biomass per hour, gci/(gx h)]. As suggested
by Bellou et al. [23], a reducing factor (viz.: 1-Cit/City,.,) was
incorporated to the gc;; term in order to express the gradual
diminishing to zero of the g¢; value, as citric acid concentration
approached its maximum value, City,,x. Furthermore, a Monod
type factor, k/(k+N) [35] was introduced to gg;; indicating low
citric acid formation at high nitrogen concentrations. Thus, gcit
was expressed through Eq. (5) (Table 4), for gcitmax being the
maximum specific citric acid formation rate [gc;/(gx h)], Citiax
the maximum attainable citric acid concentration (gc;/L), and k
a constant (gn/L). Glucose was consumed either for biomass or
citricacid production at a rate given by Eq. (6) of Table 4. Variable
Glc represents the glucose concentration (g/L or gai/L), Yx/cic
the yield coefficient for total biomass production with respect to
glucose (gx/gaic, g of biomass per g of glucose) and Yciyaic the
yield for citric acid production with respect to glucose (gcii/gaic»
g of citric acid per g of glucose).

The kinetic parameters involved were determined by mini-
mizing the sum of squared errors (SSE) between predicted and
experimental values. The governing differential equations pre-
sented on Table 4 were discretized through an explicit finite dif-
ference scheme and calculations were performed in Microsoft™
Office EXCEL. Thus, for example, in its discrete form and in
view of Eq. (2), Eq. (1) was transformed into:

) ' Xi n
AXH-1 =X |:1+At',umax<1_ X > :| (1)

where X' represents the biomass concentration at a certain time,
t;, and X! the total biomass concentration at time t; + At. A
time step, At, equal to 0.1 h was used for the calculations.

Regarding modeling citric acid production by the stain used,
the estimated kinetic parameters for the three cases studied,
together with the corresponding SSE and R? values for each
equation used, are reported on Table 4. The values of the kinetic
parameters presented on Table 4 should be used and interpreted
in relation to the associated differential equations. Thus, for ex-
ample, when referring to qciumay (the specific citric acid formation
rate) its value cannot be directly compared to qgcitmayx values ob-
tained from a model from which the inhibition term, k/(k+N),
used in the present analysis, is omitted. In particular, concerning
the estimated qciimax Values reported on Table 4, one should note
that the parameter appears in Eq. (5) as the product qcitmax X k
and the value of qciimax can be affected from the value of param-
eter k. Comparisons between fitted and experimental data are
depicted on Fig. 2A and B indicating a rather good agreement
between experimental data and theoretical curves.

One must further note that glucose consumption for biomass
production is considerably lower than the glucose consumed for
citric acid production. For example, for the case of citric acid
production in flasks with Glcy~80.0 g/L, c. 75.0 g/L of glucose
are consumed for citric acid production and only 5.0 g/L for
biomass production [see: Figs. 5A and B]. Thus, and in view of
the interconnection between the Yy/gi. and Y¢iyge values and
the possible errors in experimental measured concentrations,
accurate determination of both Yyx/g. and Yciyg. parameters
from the whole range of experimental glucose vs time data
might be questionable. For an experimental error in calculat-
ing the total glucose consumed of the order of 5%, the error in
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Table 4. Governing equations and corresponding kinetics parameters related to biomass growth, glucose (Glc, g/L) and nitrogen consump-
tion (N, g/L), as well as citric acid formation (Cit, g/L) during citric acid production by Yarrowia lipolytica ACA-YC 5033

Equation Equation Number Glucose (g/L) Flasks Bioreactor
~35 ~80 ~35
Number of data points 7 16 8
)¢ (1) Jmax (h™1) 0.437 0.165 0.234
Xomax (gx/L) 4.06 423 4.09
n
w= Mmax(l - xf,f) (2) n 3.09 1.97 1.61
SSE 0.059 1.386 0.763
R? 0.993 0.975 0.960
— YX‘/N X (3) Yxin (gx/gn) 29.86 33.19 30.62
SSE 4.26x1074 7.89%1073 2.88x107*
v R? 0.982 0.661 0.979
it — geinX (4) qcitmax (gci/ (gx ) 0.110 9.746 0.143
Citmax (gcit/L) 20.13 48.90 14.73
4Cit = Citmas (1 - Uﬁ;’)(,{ﬁ) (5) k (gn/L) 19.89 4.50%x107° 9391073
SSE 1.419 40.101 1.273
R 0.996 0.994 0.995
— 45 =ty X+ dciygra X (6) Yxicie (gx/gac) 0.85 0.92 0.83
Ycivale (gcit/gale) 0.96 0.67 0.81
SSE 13.099 337.619 12.825
R 0.975 0.982 0.982

Culture conditions: growth on aseptic 250-mL flasks at 180 & 5 rpm, Glcy = 35.0 £ 2.0 g/L and Glcy = 80.0 £ 2.0 g/L, (NH4),SO4 = 0.50 g/L, yeast
extract = 0.5 g/L, initial pH = 6.0 & 0.1, pH ranging between 5.0 and 6.0, DOT>20% v/v, incubation temperature T'= 28°C, initial phenolic compounds
concentration 2.90 =+ 0.25 g/L; growth on aseptic batch bioreactor (Glcy = 35.0 & 2.0 g/L), 300 rpm, initial phenolic compounds concentration 2.90 +
0.25 g/L, initial pH = 6.0 & 0.1, incubation temperature T = 28°C and sparging of air at 1.0 vvm.

determining Yciyqic is not important, while inaccuracies asso-
ciated with the Yx/g value can be significant since, for our
example, the amount of glucose used for biomass production
can be anywhere between almost zero and 10.0 g/L. Thus, at a
first step the initial part of the experimental data (glucose ver-
sus time) were fitted into Eq. (6) for the determination of both
Yx/6ic and Yyl parameters. In particular, we used the data up
to 72, 120, and 48 h for the case of flasks with Glcy~35.0 g/L,
flasks with Glcy~80.0 g/L and the bioreactor with Glcy=35.0 g/L,
respectively. These times correspond approximately to the end
of the exponential growth of Y. lipolytica ACA-YC 5033 for the
conditions studied. At a second step, the procedure was repeated
using the entire data set and the Yy, value determined in the
first step to estimate the reported values of the Yciygic parameter.

3.4 Decolorization and removal of phenolic
compounds

The overall maximum decolorization achieved was within the
range of 36-58%. The decolorization process seemed to insignif-
icantly decrease by the addition of waste except the aseptic batch
bioreactor trial and the experiments with initial phenolic com-
pounds at 4.50 and 5.50 g/L where it was clearly decreased (Table
5). On the other hand, the overall maximum reduction of phe-
nolic compounds ranged between 5 and 51% w/w. In nitrogen-
limited experiments, the maximum decolorization achieved was
55.9 £ 4.0% (at initial phenolics c. 2.00 g/L), while the max-
imum reduction in phenol compounds obtained was 50.9 +

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.5% w/w and 29.1 + 1.5% w/w (at initial phenolics at 5.50
and 4.50 g/L, respectively). Thus, the removal of phenolic com-
pounds increased by the addition of the waste into the medium
(Table 5). In carbon-limited fermentations, the maximum de-
colorization achieved was 58.1 &= 4.5% (at initial phenolic of 2.00
g/L) whereas the maximum reduction in phenolic compounds
was 13.8 &+ 1.0% w/w (at initial phenolics of 2.90 g/L), lower,
hence, compared to nitrogen-limited trials (Table 5). The kinet-
ics of color and phenolic compounds removal from the culture
medium in the case with initial phenolic compounds at 5.50 g/L
is shown in Supporting Information Fig. S4.

4 Discussion

The ability of Yarrowia lipolytica ACA-YC 5033 to reduce the
phenolic content and the color of glucose-enriched OMW-based
media and simultaneously produce added-value products (cel-
lular lipids, citric acid and biomass) was assessed in the cur-
rent study. Non-negligible DCW production in both nitrogen-
and carbon-limited shake-flask cultures occurred when various
amounts of OMWs were added into the medium. In nitrogen-
limited trials, satisfactory biomass and citric acid quantities were
obtained. Finally, as in some cases, significant phenolic com-
pounds removal (reaching at c¢. 51% w/w) and a remarkable
decolorization (up to 58%) were observed.

In carbon-limited media, significant DCW formation (X.x
=10.9-13.3 g/L; Yx/Glemax = 0.52 g/g) was observed, while OMWs
addition enhanced biomass production compared with the
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control experiment (Table 2). Similar increment of DCW pro-
duction due to OMWs addition compared with the trials with
no OMW added have already been reported for Saccharomyces
cerevisiaestrain MAK 1 [19]. Apparently, in order such microbial
behavior to be observed, strains should be significantly robust
and resistant against recalcitrant and toxic substances found into
the medium like the phenolics, while OMWs should also con-
tain micro-elements or nutrients (e.g. vitamins) that enhance the
production of biomass in comparison with the control experi-
ments. On the other hand, trials performed in carbon-limited
conditions showed significantly higher sugar uptake than in the
nitrogen-limited trials (see i.e. Fig. 1), in accordance with the
theory and the literature [22,26,29].

Various microbial strains (including but not limited to Y.
lipolytica) gradually turn the metabolism from cell growth to
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0.25 g/L) enriched with commer-
cial glucose in nitrogen-limited
conditions. Culture conditions
as described in Fig. 1.

citric acid and/or storage lipid formation when cultured on
glucose or similarly metabolized compounds (e.g. glycerol)
and when nitrogen limitation had been previously imposed
[21,27,28,30,32,33,36-39]. Noticeable citric acid production
has been reported by Candida oleophila, C. guillermondii or Y.
lipolytica strains during growth on glucose or other compounds
(e.g. glycerol, vegetable oils, ethanol, etc.) after nitrogen deple-
tion from the media [21,26,28,32,33,40—-44]. Culture conditions
[viz. the initial C/N molar ratio, the carbon source, the nitrogen
source (i.e. corn-steep liquor significantly enhances the pro-
duction of citric acid compared with other nitrogen sources),
the pH drop into the medium, etc] and the potentiality of
the strain itself have serious impact upon citric acid produc-
tion process [21,27,32,33,41-43,45,46]. In the current inves-
tigation, the overall Cit,,,x concentration achieved (~52 g/L),
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Table 5. Data of Yarrowia lipolytica ACA-YC 5033 concerning removal of phenol compounds and color during kinetics in media (sterile
and pasteurized shake-flask cultures and sterile batch bioreactor cultures) containing commercial glucose and various initial O.M.W.

concentrations

Initial phenolics (g/L) Final phenolics (g/L) Phenolic compounds reduction (% w/w) Color removal (%)
(A) Flasks 2.10 £0.20 1.83 £0.20 129+ 1.0 55.9 + 4.0
2.82+£0.25 2.31 £0.20 179+ 1.0 55.7 4.0
2.83 + 0.25 Pasteurized 2.36 +0.20 16.7 £ 1.0 549 £4.0
3.05 £ 0.25 Glcy~80.0 g/L 2.53 £0.20 17.1 £ 1.0 56.7 & 4.0
Bioreactor 2.96 +0.25 2.50 +0.20 154+ 1.0 35,6 £3.5
3.04 = 0.25 Pasteurized 2.51 £0.20 174+ 1.0 378+ 3.5
Flasks 4.51 £0.35 3.20 £ 0.30 29.0 £ 1.5 46.5 £ 4.0
5.47 £ 0.40 2.68 £0.25 50.9 £ 2.5 453 £ 4.0
(B) Flasks 2.10 4 0.20 2.00 & 0.20 48405 58.1 + 4.5
2.90 £0.25 2.50 £0.20 13.8+ 1.0 55.3 4.0

Representation of initial and final phenol compounds concentration in the culture medium, phenol compounds removal (% w/w) and color removal (%)
from the medium in nitrogen-limited (A) and carbon-limited (B) experiments. Each point is the mean value of two independent measurements.

although satisfactory, it is somehow at the lower limits in com-
parison with the highest literature values reported so far (i.e.
ranging between 50 and 160 g/L) when other Y. lipolytica and
C. oleophila strains were cultivated on various carbon sources
[32,33,40-45,47-51]. On the other hand, the yield of citric acid
produced per unit of glucose consumed (Yciygic) in the current
investigation ranged between 0.6 and 0.8 g/g (see Table 1). Val-
ues of citric acid produced per substrate consumed reported in
the literature by strains growing on sugars or similarly metabo-
lized compounds such as glycerol ranges between 0.40 and 0.80
g/g [21,33,39,44,45,47,48,52]. Only in a very limited number
of reports this conversion yield was >0.90 g/g [27,46,53]. It is
evident that substances having a higher carbon content or an
increased reductance degree compared with glucose (i.e. fatty
materials, hydrocarbons, etc.) can easily present a conversion
yield that is equal or higher than 1.0 g/g [42,54]. An overview
of citric acid production by yeasts when grown under various
fermentation configurations including the current investigation
is presented in Table 6.

In a number of reports, there have been attempts to per-
form kinetic modeling of citric acid production in several types
of fermentation configurations. In the current investigation, a
logistic-type equation (modification of the Verhust-type equa-
tion; see Messens et al. [34]), was employed in order to simulate
the production of biomass. On the other hand, as far as the spe-
cific rate of citric acid production was concerned, although citric
acid was a perfectly non-growth associated product synthesized
after depletion of nitrogen from the medium, it was decided
that gc; would not be constant throughout the fermentation,
but a reducing factor (1-Cit/City,,,) and a Monod type factor,
k/(k+N) would be incorporated to the qc; term in order to bet-
ter express the gradual diminishing to zero of the gg; value (in
accordance with Bellou et al. [23] and Economou et al. [35]; in
the above-mentioned cases it was the lipid accumulation process
that had been simulated, while lipid and citric acid production
bioprocesses present fundamental similarities at least at their
first stages; Papanikolaou and Aggelis [30]). A comparison be-
tween the optimized parameter values estimated from the kinetic
model of the present study and those obtained in the literature
during citric acid production process is presented in Table 7,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and similarities exist between the optimized parameter values
achieved in the current investigation and those reported in the
literature. Only for the optimized qc; value in one of the trials of
the current investigation (Glc,~80.0 g/L) a significantly higher
value than the literature was seen [ = 9.746 gci/(gx h)]. How-
ever, as previously stated, in the proposed modeling approach
qcitmax Value can be affected from the value of parameter k and,
in fact, there should be the product gcimax X k that should be
taken into consideration in order to more correctly present citric
acid specific production rate.

Strain ACA-YC 5033 produced quantities of intra-cellular
lipids (up to 48% w/w in DCW) in nitrogen-limited media sup-
plemented with OMWs while in the control experiment small
lipid quantities (up to 12% w/w) were accumulated (Table 1).
The presence of OMWs into the medium indeed favored stor-
age lipid production process (Fig. 3). This result further fortifies
the findings recorded also for the strain Y. lipolytica W29 [22],
whereas similar physiological feature has been reported for sev-
eral oleaginous Zygomycetes [23], suggesting that OMWs can
actas a “lipogenic” medium. Up-to-date, only a limited number
of studies indicate that the addition of natural compounds (e.g.
Teucrium polium L. aqueous extracts, Origanum extracts, etc)
can significantly enhance the process of lipid accumulation in
yeast cells [76,77], and it is evident that this type of studies will
have a significant academic and economic interest in the future.

In the present study, the strain used led to decolorization (up
to ¢. 58%) and removal of phenol content (up to ¢. 51% w/w) on
glucose-enriched OMW-based media. The reduction of OMWs
color and the removal of their phenolic content by yeasts appear
to be a strain-dependent process. The bioremediation of OMW-
based media by various yeast strains and the comparison with
the present study is summarized in Supporting Information Ta-
ble S1. Yeast strains compared to higher fungi, do not possess the
mechanisms of producing the appropriate extra-cellular oxidases
to break down phenolic compounds [2,12,82-84]. Though, pro-
duction of laccases has been achieved only in genetically engi-
neered Y. lipolytica strains [85].

Only in a very limited number of reports, significant reduc-
tion of phenolic compounds has been observed in cultures per-
formed by yeast species [13,79, 81], with phenolic compounds
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Table 6. Experimental results of citric acid-producing yeasts during growth under various fermentation configurations and comparisons

with the present investigation

Strain Substrate Culture mode Cit (g/L) Yeiys? Reference
(¢/g)
Yarrowia lipolytica LGAM S OMW/glycerol Shake flasks 30.3 0.62 Dourou et al. [9]
(7) blend
Yarrowia lipolytica ACA-DC OMW/glucose Shake flasks 28.9 0.53" Papanikolaou et al. [21]
50109 blend
Yarrowia lipolytica W29 OMW/glucose Shake flasks 15.8 0.46") Sarris et al. [22]
blend
Yarrowia lipolytica ATCC Glucose Fed-batch culture, bioreactor 50.0-69.0 0.52 Moresi [26]
20346
Yarrowia lipolytica JMY12039 Crude glycerol Shake flasks 57.7 0.92 Papanikolaou et al. [27]
Yarrowia lipolytica LGAM Crude glycerol Shake flasks 35.1 0.44 Papanikolaou et al. [31]
S(7)1
Candida oleophila ATCC Glucose Batch culture, flasks, 50.1-79.1 0.55 Anastassiadis et al. [33]
20177 bioreactor
Yarrowia lipolytica N1 Ethanol Fed-batch culture, bioreactor 120.0 0.85 Kamzolova et al. [41]
Yarrowia lipolytica 187/1 Rapeseed oil Fed-batch culture, bioreactor 135.1 1.55 Kamzolova et al. [42]
Yarrowia lipolytica N15 Pure glycerol Fed-batch bioreactor 98.0 0.70 Kamzolova et al. [43]
Candida oleophila ATCC Glucose Continuous culture 37.6-57.8 0.40 Anastassiadis and Rehm [45]
20177 bioreactor
Yarrowia lipolytica SWJ-1b Glucose Batch bioreactor 52.3 0.87 Liu et al. [46]
Candida lipolytica Y1095 Glucose Fed-batch culture bioreactor 13.6-78.5 0.79 Rane and Sims [47]
Yarrowia lipolytica Wratislavia Crude glycerol Batch bioreactor 124.5 0.62 Rymowicz et al. [49]
1.31
Yarrowia lipolytica A-101-1.22 Crude glycerol Batch bioreactor 112.0 0.60 Rymowicz et al. [50]
Yarrowia lipolytica Wratislavia Crude glycerol Repeated batch 154.0 0.78 Rywinska and Rymowicz [51]
AWG7
Yarrowia lipolytica NG40/UV7 Pure glycerol Fed-batch bioreactor 115.0 0.64 Morgunov et al. [53]
Candida lipolytica NRRL n-Paraffins Fed-batch culture bioreactor 30.0-40.0 1.00 Crolla and Kennedy [54]
Y-1095
Saccharomycopsis lipolytica D Glucose Batch culture, bioreactor 95.0 0.75 Briffaud and Engasser [55]
1805
Saccharomycopsis lipolytica Glucose Batch culture, bioreactor 51.5 0.71 Klasson et al. [56]
NRRL Y-7576
Candida guillermondii IMK 1 Galactose Shake flasks 13.5 0.38 Gutierrez et al. [57]
Candida lipolytica Y 1095 Glucose Continuous culture recycling, 40.0-50.0 0.72 Rane and Sims [58]
bioreactor
Yarrowia lipolytica ACA-DC Commercial Shake flasks 429 0.56 Papanikolaou et al. [59]
50109 glucose
Yarrowia lipolytica AWG-7 Glucose syrup Shake flasks 36.7 0.31 Rymowicz and Cibis [60]
Yarrowia lipolytica NRRL Pure glycerol Shake flasks 21.6 0.55 Levinson et al. [61]
YB-423
Yarrowia lipolytica LFMB 20 Crude glycerol Shake flasks 42.0 0.39 Papanikolaou et al. [62]
Commercial 58.1 0.55
glucose
Yarrowia lipolytica A-101 Crude glycerol Batch bioreactor 66.8 0.43 Rywinska et al. [63]
Yarrowia lipolytica Wratislavia Crude glycerol Fed-batch bioreactor 126.0 0.63 Rywinska et al. [64]
1.31
157.5 0.58
Yarrowia lipolytica Wratislavia Pure glycerol Continuous bioreactor®) 86.5 0.59 Rywinska et al. [65]
AWG7
Yarrowia lipolytica PR32°) Glucose Fed-batch bioreactor 111.1 0.93 Fuetal. [66]
Yarrowia lipolytica ACA-YC OMW/glucose Shake flasks 52.0 0.64") Present study
5033 blend

DY ciys: g of citric acid produced per gram of carbon substrate consumed (maximum values).
)In the case of OMW/glucose blends, the conversion yield was based on the reducing sugars (OMWs contained some quantities of reducing sugars)

consumed by the strains.
9D =0.009h7".

DStrain JMY1203 is genetically engineered strain derivative from W29, with inactivated 2-methyl-citrate dehydratase.

©)Strain PR32 is genetically engineered strain derivative from SWJ-1b, with over-expressed pyruvate carboxylase.
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Table 7. Comparison between the optimized kinetic parameters estimated from the kinetic model of the present study and those obtained
in the literature during production of citric acid from yeasts and molds cultivated in various carbon sources

Optimized parameter value

Present study

Literature

Pmax (h7")

YX/Sugar (g/g) (YX/Glyccrol g/g)

Yxn (g/g)

Kimax (g/L)

Ycivsugar (8/8) (YcivGlycerol 8/8)

qcic (g/(gh))

0.17-0.44

0.83-0.92

29.86-33.19

4.06-4.22

0.66-0.96

0.11-9.74

0.21 (Briffaud and Engasser [55])%

0.24 (Wojtatowicz et al. [67] R

0.28 (Klasson et al. [56])?

0.18 (Arzumanov et al. [68])Y

0.18-0.36 (Papanikolaou and Aggelis [69] )e)
0.10-0.15 (Papanikolaou et al. [59])¥

0.24 (Anastassiadis et al. [33])P

0.15-0.19 (Papanikolaou et al. [21])8)
0.07-0.12 (Karasu-Yalcin et al. [70])?

0.26 (Karasu-Yalcin et al. [70])Y

0.37 (Briffaud and Engasser [55])%

0.40 (Klasson et al. [56])¥

0.41 (Moresi [26])?

0.29-0.30 (Papanikolaou and Aggelis [69])¢)
0.27-0.70 (Papanikolaou et al. [59])¥
0.21-0.29 (Papanikolaou et al. [21])¢

40 (Briffaud and Engasser [55] )

45 (Hossain et al. [71])))

35 (Rane and Sims [47])¥

19.67 (Arzumanov et al. [68])9

31.97-33.62 (Papanikolaou and Aggelis [69])¢)
46.2-47.3 (Papanikolaou et al. [59])¥
47.62-67.72 (Papanikolaou et al. [21])®)

8.5-12.5 (Klasson et al. [56])¥
12.0-17.5 (Arzumanov et al. [68])9
5.89 (Papanikolaou and Aggelis [69])¢
5.0—6.7 (Papanikolaou et al. [21])®
8.78-11.09 (Karasu-Yalcin et al. [72])?

0.60-0.75 (Briffaud and Engasser [55])¥

0.71 (Klasson et al. [56])®

0.48 (Gutierrez et al. [57])¥

0.50-0.60 (Mayilvahanan et al. [73])"
0.62-0.63 (Papanikolaou and Aggelis [69]))
0.72-0.82 (Papanikolaou et al. [21])®
0.14-0.38 (Karasu-Yalcin et al. [70])™
0.28-0.39 (Karasu-Yalcin et al. [72])?

0.01 (Maddox and Kingston [74])®

0.051 (Klasson et al. [56])?

0.02 (Roukas and Kotzekidou [75])™

3.05 x 10~ (Papanikolaou and Aggelis [69]))
0.120 (Kamzolova et al. [41])

0.127 (Kamzolova et al. [42])™

1.29-1.64 x 10~% (Papanikolaou et al. [59])
1.33-2.12x 1072 (Papanikolaou et al. [21])8)
0.009-0.030 (Karasu-Yalcin et al. [72])¥

¥Values presented in the literature were in most of the cases the optimized ones that derived from the application of various kinetic models.

Y Yarrowia (Candida — Saccharomycopsis) lipolytica on glucose.

Y. lipolytica on starch hydrolysates.
DY, lipolytica on ethanol.

Y. lipolytica on biodiesel-derived glycerol.
D C. oleophila on glucose.

Y. lipolytica on OMW-glucose blends.
WY, lipolytica on fructose.

U Aspergillus niger on sucrose.

V) A. niger on lactose.

¥ C. guillermondii on galactose.

U A. niger on molasses.

™ A, niger on brewery sugar residues.
WY, lipolytica on rapeseed oil.
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Figure 3. Cellular lipids (L, g/L)
and total cellular lipid in dry
weight (Yix, g/g) overall evolu-
tion during growth of Y. lipolytica
strain ACA-YC 5033 on OMW-
based media [initial phenolic
compounds concentration 0.00
g/L (no OMW addition), 1.20 +
0.10g/L, 1.50£0.15 g/L, 2.00 &
0.20g/L,2.90+0.25g/L,4.50 =
0.35g/Land 5.50 £0.40 g/L] en-
riched with commercial glucose
in nitrogen-limited conditions.
Culture conditions as described
in Fig. 1. Results regarding trials
with initial phenolic compounds
concentration 0.00 g/L (control

1.50 2.00

Initial phenolic compound concentration (g/L)

mY L/X (g/g) mL (g/L)

removal of 51% w/w (present study), being one of the high-
est values reported in the international literature. Only in the
case of the report by Lopes et al. [81] much higher removal of
phenolic compounds compared with the current investigation
had been reported for the Y. lipolytica strains W29 and IMUFR]
50682, but in the above-mentioned experiment the initial phe-
nolic content of the OMWs used was much lower (c. 0.8 g/L)
compared with the current investigation. Since, yeasts lack the
existence of phenol-oxidizing enzymes [12], the OMW decol-
orization and removal of phenol compounds by yeasts should
not be achieved by such mechanisms. Potentially, adsorption of
phenolic compounds in the yeast cells may exist [86]. It could be
also supposed, that partial utilization of phenolic compounds as
carbon source by the microorganism might occur.

The main cellular FA of lipid produced by Y. lipolytica during
all trials was the #°C18:1. Amounts of this FA (together with
A%12(C18:2) increased with the addition of OMWs (Table 3), in
accordance with Papanikolaou et al. [21] and Sarris et al. [22].
In several cases, high quantities of 2C18:1 (>65% w/w of total
lipids) were found into the cellular lipids, specifically in media
supplemented with OMWs. This feature seems also to happen
with other yeast species (e.g. S. cerevisiae) besides Y. lipolytica,
where supplementation of the medium with OMWs increased
the cellular lipid content of the FA 2°C18:1 [19].

5 Concluding remarks

Yarrowia lipolytica ACA-YC 5033 presented efficient growth
when cultivated on glucose-enriched OMWs. Satisfactory cit-
ric acid quantities were produced in nitrogen- limited me-
dia while non-negligible biomass production was observed in
carbon-limited media. The addition of OMWs in the medium
favored the accumulation of storage lipids suggesting that OMWs
seemed to be a “lipogenic” substrate. Both nitrogen and carbon-
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limited fermentations resulted in a remarkable decolorization
and a non-negligible reduction of phenolic compounds in the
media. The tested Y. lipolytica strain can be considered as satis-
factory candidate for simultaneous OMWs bioremediation and
the production of added-value compounds useful for the food
industry.

experiment; no OMW addition),
1.20 + 0.10 g/Land 1.50 = 0.15
g/L obtained from Sarris et al.
[22].

Practical application

Olive mill wastewaters (OMWSs) are one of the most im-
portant agro-industrial residues produced in the European
level. Despite the efforts that have been carried out up-to-
date, none of the proposed physico-chemical or biotech-
nological methods related with their treatment has been
revealed as truly satisfactory. In the current investigation, a
new Yarrowia lipolytica strain has been cultivated on com-
mercial glucose-supplemented media in which OMWs had
been added in high concentrations (presenting thus in-
creased phenolic compounds quantities), and it has been
revealed capable to grow and present remarkable lipid-
enriched biomass and citric acid production despite the
high concentration of phenolic compounds imposed into
the medium. Therefore, Y. lipolytica can be considered as a
promising microbial cell factory amenable to produce citric
acid and lipid-containing biomass and to simultaneously
detoxify OMW-based media, potentially under non-aseptic
conditions.
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Nomenclature

[g/L] biomass
[g/L] glucose
[g/L] citric acid
[g/L] total lipid
Yx/Gle [g formed per g of biomass yield on glucose
glucose consumed] consumed
Ycivcle [g formed per g of citric acid yield on glucose
glucose consumed] consumed
[g formed per g of total lipid on biomass
biomass formed]
[g formed per g of biomass yield on nitrogen
ammonium ions consumed
consumed]
[per h] specific growth rate
[g formed per g biomass specific rate of citric acid
formed per h] produced
unsaturation index
subscripts 0, cons and max indicate the

initial, consumed and maximum
quantity of the components in
the kinetics performed
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