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Abstract: Isocitric acid (ICA) has found wide application in medicine as a promising compound with
powerful antioxidant activity to combat oxidative stress. In the known microbiological processes of
ICA production by non-conventional yeast Yarrowia lipolytica, the pure carbon sources are commonly
used. ICA can be also synthetized by Y. lipolytica from ester-aldehyde fraction (EAF)-waste of the
ethanol production process. A highly effective method of ICA production from EAF based on
regulation of key enzymes (aconitate hydratase and isocitrate lyase) by metabolic regulators (iron
and itaconic acid) and aeration was developed. It is recommended to cultivate Y. lipolytica VKM
Y-2373 under nitrogen deficiency conditions, a high aeration (60% of air saturation), an addition
of 15 mM itaconic acid, and 2.4 mg/L iron. Under optimal conditions, Y. lipolytica VKM Y-2373
produced 83 g/L ICA with isocitrate to citrate ratio of 4.1:1 and mass yield of 1.1 g/g. The putative
mechanism of ICA overproduction from EAF by Y. lipolytica was suggested.

Keywords: fermentation; non-conventional yeast; Yarrowia lipolytica; isocitric acid (ICA) production;
metabolic regulation; ester-aldehyde fraction (EAF); waste from ethanol production process

1. Introduction

In recent decades, interest in the study of non-conventional yeast Yarrowia lipolytica
has increased due to their difference from the well-studied yeast Saccharomyces cerevisiae
in terms of their phylogenetic evolution, physiology, genetics, and their use in biotech-
nology [1,2]. The yeast Y. lipolytica grows in the pH range from 2.5 to 8 on a minimal
mineral salt medium with various carbon sources [1–3]. Y. lipolytica differs from facultative
anaerobe of S. cerevisiae in that it is an obligate aerobe [3], that is, its metabolism depends
entirely on the functioning of mitochondria. Y. lipolytica is easily separated from the culti-
vation medium, does not pollute the air with spores [1–3]. The synthesized metabolites
of Y. lipolytica are admitted as safe [4]. Wild and recombinant strains of Y. lipolytica are
considered as microbial factories to produce valuable metabolites in industrially significant
quantities, such as lipids [5,6], polyols (erythritol and mannitol) [7–10], and citric acid
(CA) [5,9–12].

Today, there is great interest in the production of (2R,3S)-isocitric acid (ICA) by
Y. lipolytica [13–15]. In the above review articles, ICA is considered as an original, funda-
mentally new compound for the prevention and treatment of many socially significant
illnesses. It has proven its effectiveness regarding iron deficiency anemia, the resorption
of blood clots [13], and Parkinson’s disease [16]. In the form of lactone, ICA is considered
as a forward-looking intermediate for synthesis of drugs with anti-cancer activity [17–20].
Monopotassium isocitrate is used to synthesize darunavir and brecanavir with positive
activity against HIV/AIDS [21,22]. It was indicated that ICA favorably influences the
infusorian cells with oxidative stress induced by various toxic compounds (Cu, Pb, Zn, Cd,
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H2O2) [23]. It also relieves the neurointoxication, restores the spatial memory, and acceler-
ates learning in rats that have been reduced under the influence of heavy metals [24,25].

In the known processes of ICA production by Y. lipolytica, the pure carbon sources such
as ethanol [23,24,26,27], rapeseed oil [28,29], sunflower oil [17–19,30], glucose [31–33], and
glycerol [31–33] are commonly used. However, the high cost of ICA production from pure
substrates determines the interest in finding cheap and renewable waste. It was reported
that a reduced production cost of ICA can be realized by using low-cost glycerol-containing
biodiesel waste [25,34,35].

Recently, we published the first paper on ether-aldehyde fraction (EAF) as a promising
source of carbon for ICA synthesis by Y. lipolytica [36]. EAF (the head fraction of ethyl
alcohol) is a by-product of ethanol industry. EAF is generated during the production
of ethyl rectified alcohol from food raw materials at a distiller unit of spirit plants in a
concentration of 8–15% from absolute ethanol. EAF contains 65–90 vol% of ethanol and
impurities, that give it its characteristic color and odor. These impurities include saturated
aldehydes, unsaturated aldehydes (acrolein, croton aldehyde, and furfurole), methanol,
esters of lower alcohols (ethyl acetate, methyl acetate, ethyl propionate, methyl propionate,
and ethyl formate), and carboxylic acids (acetic, propionic, and some others). The content
of impurities is low, but their presence causes a strong irritating action on the mucous
membranes of the eyes and upper respiratory tract [37]. Due to the presence of impurities
of ethers and aldehydes, EAF is subject to further recycling or use for technical purposes in
the chemical, paint, and varnish industries.

Since purification of EAF has considerable cost, the utilization of this by-product to
produce ICA using yeast Y. lipolytica is of great environmental and economic importance.
Using EAF as the only carbon source, we achieved 65 g/L ICA with a product yield
of 0.65 g/g by optimizing culture conditions such as pH, ammonium sulfate, and EAF
concentrations [36]. However, these indexes were lower than in the medium with pure
ethanol [24,28].

According to the literature data, the aeration has the greatest influence on ICA produc-
tion by Y. lipolytica, cultivated on purified ethanol [27], rapeseed oil [28], sunflower oil [30],
and crude glycerol [35]. It is well known that the synthesis of ICA from the above substrates
can be regulated by overexpression of the ACO1 gene encoding aconitase hydratase [32],
the disruption of ICL1 gene encoding isocitrate lyase [31], or addition of iron, an activa-
tor aconitate hydrates [27], or itaconic and oxalic acids, inhibitors of isocitrate lyase in a
nutrition medium [38,39]. However, at present no information is available on the effect of
aeration and activators/inhibitors of key enzymes of ICA metabolism in Y. lipolytica yeast,
cultivated on EAF and other ethanol-containing wastes.

The aim of this work was to study the effects of metabolic regulators (itaconic acid
and iron) and aeration on the growth and acids synthesis by Y. lipolytica in the perspective
to develop a highly effective method of ICA production in medium containing EAF as the
carbon substrate.

2. Materials and Methods

The study was carried out with wild strain Y. lipolytica VKM Y-2373 previously selected
as a producer of ICA from ether-aldehyde fraction (EAF) [36]. The culture was maintained
at 4 ◦C on agar slants with n-alkanes.

All chemicals for cultivation medium were of analytical grade (Mosreactiv, Russia).
EAF was purchased from NTM Pharm (Nizhny Novgorod, Russia); EAF consisted of
90 vol% ethanol, 1 vol% methanol, 0.5 g/L aldehydes (in terms of acetaldehyde), and
0.4 g/L esters (in terms of ethyl acetate). All chemicals and enzymes for enzyme activity
assays were purchased from Sigma-Aldrich (St. Louis, MO, USA).

The inoculum for the fermentor was prepared in six 750 mL Erlenmeyer flasks con-
taining 100 mL of cultivation medium (see below) inoculated with a yeast colony grown
on the agar medium. The flasks were incubated on an orbital shaker (130 rpm) at 29 ◦C
during 48 h. Twice a day, 0.3 mL of EAF were added to each flask. pH of the medium
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was regularly adjusted to a value of 4.5–6.0 by 10% KOH. The inoculum (600 mL) was
transferred to a fermentor; the dry weight concentration of the inoculum was 3–4 g/L.

To study the effect of itaconic acid, iron, and aeration, Y. lipolytica VKM Y-2373 was
cultivated in a 10 L ANKUM-2M fermentor (Institute of Biological Instrumentation of RAS,
Pushchino, Moscow region, Russia) of 6 L. The medium contained (g/L): (NH4)2SO4, 3.0;
MgSO4·7H2O, 1.4; Ca(NO3)2, 0.8; NaCl, 0.5; KH2PO4, 2.0; K2HPO4, 0.2; the microelements
(in mg/L): ZnSO4·7H2O, 0.04; KJ, 0.1; Na2B4O7·10H2O, 0.08; MnSO4·5H2O, 0.05; CuSO4,
0.04; Na2MoO4, 0.03; the yeast autolysate, 8 mL/L. The concentration of iron ions (as a salt
FeSO4(NH4)2SO4·6 H2O) and itaconic acid were varied as indicated in Section 3. Itaconic
acid was added at 12 h of cultivation to avoid the delay of growth of the producer, and
iron concentration of 1.2 mg/L was chosen according to earlier experiments with pure
ethanol [27]. Experiments on the influence of iron ions and itaconic acid were carried out
at 60% of air saturation by dissolved oxygen (pO2) and the agitation rate of 800 rpm. In
aeration experiments the concentration of pO2 (5%, 20%, 40%, 60%, 80% of air saturation)
was controlled by changing the air inflow rate from 1 to 10 L/min per fermentor and
agitation rate from 200 to 1000 rpm. pH of the medium during fermentation was maintained
at 6.0 by adding the necessary volume of 20% KOH solution. The cultivation temperature
was 29 ◦C. In all experiments, unsterilized EAF was added in portions (from 10 to 60 mL)
at the moments when oxygen concentration rose by 10% from the basal level. Cultivations
lasted 4 days.

For biomass assay, the cells were separated from the cultural broth through a paper
filter and dried at 105 ◦C to a constant weight. Concentration of NH4

+ was determined
potentiometrically as described earlier [36]. The concentration of residual ethanol was
analyzed by gas–liquid chromatography as described earlier [36]. Isocitric and citric acids
were analyzed by HPLC and enzymatically as described earlier [36].

Yeast cells grown for 48 h (active phase of ICA synthesis) were separated from the
culture liquid by centrifugation at 5000× g for 10 min (4 ◦C) and washed twice with
ice-cold 0.9% NaCl solution. Cells were resuspended in 100 mM potassium phosphate
buffer, pH = 7.4, containing 1 mM EDTA, and disrupted using Ballotini glass beads
(d = 100–150 µm, BDH Chemicals LtD, Poole, UK) on a planetary mill at 1000 rpm for
3 min. To remove intact cells, the homogenate was centrifuged at 10,000× g for 30 min
(4 ◦C), and the supernatant was used for enzyme analysis.

Citrate synthase (EC 2.3.3.1), aconitate hydratase (EC 4.2.1.3), NAD-dependent isoci-
trate dehydrogenase (EC 1.1.1.41), isocitrate lyase (EC 4.1.3.1) were assayed as described
earlier [30]. NAD-dependent alcohol dehydrogenase (E.C. 1.1.1.1) and malate synthase
(EC 4.1.3.2) were assayed as described [1]. Catalase was measured at λ = 240 nm in reaction
mixtures containing 50 mM potassium phosphate buffer (pH 7.0) and 10 mM hydrogen
peroxide. Protein concentration in the cell-free extract was determined as described by
Bradford [40]. Enzyme activity (U) was expressed in micromoles of product formed per
minute. Specific activity was expressed as units per mg of protein (U/mg protein).

The mass yield (in g/g) was calculated using the formula: YICA = P/S; where P is the
total amount of ICA in the culture liquid at the end of cultivation (g), and S is the total
amount of ethanol (not EAF) consumed (g). The volumetric productivity (in g/(L·h)) was
calculated using the formula: QICA = P/(V·t), where V is the initial volume of culture liquid
(L), and t—time of incubation (h). The specific productivity (mg/(g·h)) was calculated using
the formula: qICA = P/(X·t), where X is the average working biomass in the fermentor (g).

All the data presented represents the mean ± standard deviation of three experiments
and two measurements for each experiment. Data related to ICA biosynthesis was subjected
to analysis of variance using Student’s t-test (p < 0.05); the differences between the values
were statistically significant if the confidence intervals did not overlap. The amount of total
acids, the ICA/CA ratio, values of YICA, qICA, and QICA were calculated using the mean
value of biomass, ICA, and ethanol consumed.
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3. Results

The effect of itaconic acid was studied in the range of 10–80 mM, and as a control,
Y. lipolytica VKM Y-2373 was grown without the addition of itaconic acid. The data on the
effect of itaconic acid on the accumulation of biomass and acids production are presented
in Figure 1. As seen from Figure 1, the concentration of biomass of Y. lipolytica VKM Y-2373
reached a maximum (13.1 g/L) in control experiment and decreased with the addition of
itaconic acid by an average of 27%. The addition of 15 mM itaconic acid resulted in an
increase in isocitric acid (ICA) production from 65.3 to 73 g/L with a simultaneous decrease
in citric acid (CA) synthesis from 31.3 to 17.0 g/L. A further increase in itaconic acid to
80 mM led to a decrease in ICA synthesis to 52.3 g/L.
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Figure 1. Effect of itaconic acid on the growth of Y. lipolytica VKM Y-2373 and production of isocitric
acid (ICA) and citric acid (CA).

The calculated data about the effect of itaconic acid on ratio between ICA and CA,
as well as on mass yield (YICA), the specific productivity (qICA), and volume productivity
(QICA) are given in Table 1.

Table 1. Effect of itaconic acid on indices of ICA production by Y. lipolytica VKM Y-2373.

Indices Control
Itaconic Acid (mM)

10 15 30 40 80

ICA/CA ratio 2.1:1 2.6:1 4.3:1 4.1:1 4:1 3.3:1
Ethanol

consumed (g/L) 890 800 757 779 670 570

YICA (g/g) 0.78 0.90 0.97 0.83 0.81 0.79
qICA (g/g ·h) 0.052 0.068 0.078 0.076 0.073 0.064
QICA (g/L ·h) 0.95 1.12 1.18 1.13 1.07 1.00

YICA—the mass yield; QICA—the volumetric productivity; qICA—the specific production rate.

As seen from Table 1, at 15 mM itaconic acid, the ratio between ICA and CA shifted to
4.3:1 compared to 2.1:1 in control experiment. The maximal values of YICA (0.97 g/g), qICA
(0.078 g/g·h), and QICA (1.18 g/L·h) were observed at 15 mM itaconic acid. It coincided
with the highest ICA production.

The study of enzyme activities (Table 2) revealed that, in control experiment (without
itaconic acid), the activities of alcohol dehydrogenase (ADH), aldehyde dehydrogenase
(ALDH) and catalase (enzymes involved in the primary oxidation of EAF), citrate synthase
(CS) and aconitate hydratase (AH) (involved in the formation of CA and ICA in the
tricarboxylic acid cycle (TCA cycle)), NAD-dependent isocitrate dehydrogenase (NAD-
ICDH) (involved in the oxidation ICA in TCA cycle), isocitrate lyase (ICL) and malate
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synthase (MS) (enzymes of glyoxylate cycle) were high (0.075, 0.072, 310, 2.875, 0.405, 0.100,
0.231, and 0.068 U/mg protein, respectively). The addition of itaconic acid up to 15 mM
had practically no effect on enzymes involved in the primary oxidation of EAF and ICA
synthesis in TCA cycle. A further increase of itaconic acid concentration from 15 to 80 mM
resulted in a decrease in the activities of ADH (by 20%), catalase (by 16%), CS (by 30%),
AH (by 31%), and NAD-ICDH (by 31%). It should be noted that itaconic acid concentration
had a powerful effect only on ICL. In its presence, the specific activity of ICL decreased by
9–23 times as a function of increased inhibitor concentration (from 10 to 30 mM).

Table 2. Effect of itaconic acid on the enzyme activities (U/mg protein) of Y. lipolytica VKM Y-2373.

Enzymes Control
Itaconic Acid (mM)

10 15 30 40 80

ADH 0.075 ± 0.007 0.072 ± 0.007 0.075 ± 0.006 0.071 ± 0.007 0.071 ± 0.006 0.060 ± 0.005
AlDH 0.072 ± 0.007 0.072 ± 0.006 0.070 ± 0.006 0.072 ± 0.006 0.071 ± 0.006 0.071 ± 0.006

Catalase 310 ± 15 290 ± 10 300 ± 15 300 ± 15 285 ± 10 260 ± 8
CS 2.875 ± 0.100 2.520 ± 0.080 2.445 ± 0.100 2.315 ± 0.090 2.125 ± 0.080 2.025 ± 0.075
AH 0.405 ± 0.020 0.355 ± 0.015 0.345 ± 0.020 0.325 ± 0.020 0.285 ± 0.010 0.280 ± 0.010

NAD-ICDH 0.100 ±0.005 0.094 ± 0.005 0.091 ± 0.004 0.080 ± 0.005 0.078 ± 0.004 0.069 ± 0.003
ICL 0.231 ± 0.002 0.025 ± 0.001 0.013 ± 0.001 0.010 ± 0.001 0.012 ± 0.001 0.012 ± 0.001
MS 0.068 ± 0.005 0.030 ± 0.004 0.030 ± 0.004 0.030 ± 0.003 0.030 ± 0.002 0.030 ± 0.002

ADH—alcohol dehydrogenase; AlDH—aldehyde dehydrogenase; CS—citrate synthase; AH—aconitate hydratase; NAD-ICDH—NAD-
dependent isocitrate dehydrogenase; ICL—isocitrate lyase; MS—malate synthase.

The effect of iron concentrations on the growth of Y. lipolytica VKM Y-2373 and ICA
production was studied in the range of 0.001–5 mg/L at 15 mM itaconic acid. The data on
the effect of iron on the accumulation of biomass and acids production are presented in
Figure 2.
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Figure 2. Effect of iron concentration on the growth of Y. lipolytica VKM Y-2373 and production of
isocitric acid (ICA) and citric acid (CA). The medium contained 15 mM itaconic acid.

As seen from Figure 2, the iron concentration of 0.001 mg/L limited the cell growth
(biomass of 1.1 g/L), and ICA and CA production was completely abolished while acetic
acid was produced (1.25 g/L). In these conditions, the cell growth was limited by iron
deficiency that confirmed by a high concentration of residual nitrogen (336 mg/L). Under
other iron concentrations, the growth of Y. lipolytica VKM Y-2373 was limited by nitrogen
(the residual nitrogen consisted of 31.25 mg/L). Under conditions of nitrogen limitation,
an increase in iron concentration from 0.3 to 2.4 mg/L enhanced ICA production from 57.1
to 83.0 g/L and decreased CA production from 32.1 to 20.2 g/L. A further increase in iron
concentration from 2.4 to 5 mg/L caused a decrease in ICA production by 3.2 times.
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The calculated data about the effect of iron on ratio between ICA and CA, as well as
values of YICA, qICA, and QICA are given in Table 3.

Table 3. Effect of iron concentration on indices of ICA production by Y. lipolytica VKM Y-2373.

Indices
Iron Concentration (mg/L)

0.001 0.3 0.6 1.2 2.4 5.0

ICA/CA ratio n.d. 1.8:1 3.3:1 4.1:1 4.1:1 3:1
Ethanol consumed (g/L) 60 750 760 757 840 320

YICA (g/g) n.d. 0.66 0.92 0.97 1.1 0.35
qICA (g/g·h) n.d. 0.054 0.069 0.078 0.088 0.038
QICA (g/L·h) n.d. 0.85 1.16 1.18 1.25 0.44

n.d.—not determined; YICA—the mass yield; QICA—the volumetric productivity; qIC—the specific productivity.

As seen from Table 3, the maximum shift of acids towards the highest accumulation of
isocitrate (4.1:1) was observed at iron concentrations of 1.2 and 2.4 mg/L. The value of YICA
was the highest (1.1 g/g) at 2.4 mg/L Fe and decreased by 1.7 and 3.1 times with a decrease
in iron to 0.3 mg/L or its increase to 5 mg/L, respectively. The maximum values of qICA
(0.088 g/g·h) and QICA (1.25 g/L·h) were observed at iron concentration of 2.4 mg/L.

The study of enzyme activities (Table 4) revealed that under iron deficiency (0.001 mg/L),
the specific activities of all enzymes studied were low. The increase in iron concentration
from 0.001 to 2.4 mg/L resulted in a considerable rise in the activity of AH (15 times), AlDH
(7 times), and catalase (7 times), while other enzymes increased slightly: ADH (1.8 times),
CS (1.8 times), and NAD-ICDH (4 times). A further increase in iron concentration up
to 5 mg/L caused a slight increase in activities of AH, AlDH, and catalase, while the
activities of ADH, CS and NAD-ICDH were reduced by 2, 1.5, and 1.6 times, respectively.
The activities of ICL and MS were maintained at a constant low level (0.010–0.015 and
0.025–0.030 U/mg protein, respectively) in all experimental variants.

Table 4. Effect of iron concentration on the enzyme activities (U/mg protein) of Y. lipolytica VKM Y-2373.

Enzymes
Iron Concentration (mg/L)

0.001 0.3 0.6 1.2 2.4 5

ADH 0.04 ± 0.001 0.060 ± 0.006 0.075 ± 0.006 0.075 ± 0.007 0.070 ± 0.007 0.035± 0.008
AlDH 0.010 ± 0.001 0.030 ± 0.003 0.050 ± 0.006 0.070 ± 0.006 0.070 ± 0.006 0.080 ± 0.007

Catalase 48.5 ± 4 140 ± 10 200 ± 12 330 ± 10 340 ± 10 380 ± 15
CS 1.425 ± 0.112 2.000 ± 0.100 2.100± 0.1 2.445 ± 0.100 2.500 ± 0.120 1.625 ± 0.090
AH 0.040 ± 0.005 0.120 ± 0.015 0.290 ± 0.020 0.345 ± 0.020 0.600± 0.030 0.620 ± 0.040

NAD-ICDH 0.02 ± 0.003 0.07 ± 0.005 0.09 ± 0.004 0.091 ± 0.004 0.080 ± 0.006 0.050 ± 0.005
ICL 0.015 ± 0.001 0.015± 0.001 0.013 ± 0.001 0.013 ± 0.001 0.010 ± 0.001 0.010 ± 0.001
MS 0.025 ± 0.003 0.030 ± 0.003 0.030 ± 0.003 0.030 ± 0.003 0.025 ± 0.003 0.025 ± 0.003

ADH—alcohol dehydrogenase; AlDH—aldehyde dehydrogenase; CS—citrate synthase; AH—aconitate hydratase; NAD-ICDH—NAD-
dependent isocitrate dehydrogenase; ICL—isocitrate lyase; MS—malate synthase.

The influence of aeration on Y. lipolytica VKM Y-2373 growth and ICA synthesis was
studied from 5 to 80% of pO2, at 15 mM itaconic acid and 2.4 mg/L iron concentrations.
As seen from Figure 3, at pO2 of 5%, the level of biomass and ICA production were low,
at 4.3 and 25.2 g/L, respectively. A rise in pO2 from 5 to 60% of air saturation enhanced
ICA synthesis 3.3 times. A further increase in pO2 up to 80% decreased ICA synthesis
by 1.5-fold.
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Figure 3. Effect of aeration on the growth of Y. lipolytica VKM Y-2373 and production of isocitric acid
(ICA) and citric acid (CA).

As seen from Table 5, the maximum shift of produced acids towards the highest
accumulation of isocitrate (5.1:1) was observed at pO2 of 5%. The maximum value of YICA
(1.1 g/g) was observed at pO2 of 60% and decreased by 1.9 and 1.5 times, respectively, with
a decrease in pO2 to 5% or its increase to 80%. The maximum values of qICA (0.088 g/g·h)
and QICA (1.25 g/L·h) were observed at pO2 of 60%.

Table 5. Effect of aeration on indices of ICA production by Y. lipolytica VKM Y-2373.

Indices
pO2 (% of Air Saturation in O2)

5 20 40 60 80

ICA/CA ratio 5.1:1 4.1:1 4.1:1 4.1:1 4.1:1
Ethanol consumed (g/L) 260 590 738 840 570

YICA (g/g) 0.57 0.88 0.88 1.1 0.72
qICA (g/g·h) 0.061 0.061 0.070 0.088 0.080
QICA (g/L·h) 0.38 0.87 1.10 1.25 0.84

YICA—the mass yield, QICA—the volumetric productivity; qICA—the specific productivity.

As seen from Table 6, the extremely low aeration (pO2 of 5%) maintained all enzymes
at a low level. An increase in pO2 from 5 to 60% caused an increase in activities of ADH
(for 20%), AlDH (for 15%), catalase (for 20%), CS (for 30%), AH (for 30%), and NAD-ICDH
(for 30%), and ICL and MS were increased—5 times. The extremely high aeration (pO2 of
80%) resulted in a twofold decrease in activities of ADH, CS, AH, and NAD-ICDH and
slightly influenced in AlDH, catalase, ICL, and MS.

Table 6. Effect of aeration on the enzyme activities (U/mg protein) of Y. lipolytica VKM Y-2373.

Enzymes
pO2 (% of Air Saturation in O2)

5 20 40 60 80

ADH 0.056± 0.005 0.070 ± 0.006 0.070 ± 0.006 0.070 ± 0.007 0.035 ± 0.005
AlDH 0.060 ± 0.006 0.070± 0.006 0.070 ± 0.006 0.070 ± 0.006 0.070 ± 0.006

Catalase 283 ± 12 340 ± 10 340 ± 12 340 ± 10 340 ± 15
CS 1.25 ± 0.100 1.625 ± 0.110 2.225 ± 0.110 2.500 ± 0.120 1.380 ± 0.110
AH 0.360 ± 0.030 0.486 ± 0.040 0.570 ± 0.050 0.600 ± 0.030 0.310 ± 0.030

NAD-ICDH 0.056 ± 0.005 0.070 ± 0.007 0.080 ± 0.004 0.080 ± 0.005 0.045 ± 0.004
ICL 0.002 ± 0.001 0.010± 0.001 0.010 ± 0.001 0.010 ± 0.001 0.012 ± 0.001
MS 0.005 ± 0.001 0.025± 0.002 0.025 ± 0.002 0.025 ± 0.003 0.022 ± 0.003

ADH—alcohol dehydrogenase; AlDH—aldehyde dehydrogenase; CS—citrate synthase; AH—aconitate hydratase;
NAD-ICDH—NAD-dependent isocitrate dehydrogenase; ICL—isocitrate lyase; MS—malate synthase.
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4. Discussion

The putative mechanism of isocitric acid (ICA) synthesis from ether-aldehyde fraction
(EAF) by Y. lipolytica is presented in Figure 4.
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Figure 4. Putative scheme of oxidation of EAF and ICA production in Y. lipolytica. ADH—alcohol
dehydrogenase; AlDH—aldehyde dehydrogenase; MEOS—microsomal ethanol-oxidizing system
(including cytochrome P-450); CAT—catalase; ACS—acetyl-CoA synthase; CS—citrate synthase;
AH—aconitate hydratase; ICDH—NAD-dependent isocitrate dehydrogenase; ICL—isocitrate lyase; MS—
malate synthase; α-KGDH—α-ketoglutarate dehydrogenase; Fu—fumarase; MDH—dehydrogenase.

As seen from Figure 4, the primary oxidation of ethanol (the main component of
EAF) to acetaldehyde occurs in the cytosol via alcohol dehydrogenase (ADH). Y. lipolytica
has one NAD-dependent ADH (I) and three NADP-dependent ADHs (ADH II, ADH III,
ADH IV). The induction of various forms of ADH depends on the carbon source in the
medium [2]. Along with ADH, other enzyme systems also participate in the oxidation of
ethanol to acetaldehyde in Y. lipolytica. These include alcohol oxidase (AO), catalase, and
microsomal ethanol-oxidizing system (including cytochrome P-450), induced by various
cultivation conditions [41,42]. In the above papers, it is noted that AO and catalase were
induced at high alcohol concentration, while ADH was active at low alcohol. The resulting
acetaldehyde enters the mitochondrial matrix, where aldehyde dehydrogenase (AlDH)
catalyzes its oxidation, coupled with oxidative phosphorylation, to acetate [41,42]. Until
now, the mechanism of acetate transport into Y. lipolytica cells has not been studied in
detail. Considering the exclusively cytosolic localization of acetyl-CoA synthetase (ACS),
it remains to assume that acetate penetrates to the peroxisome, where it is included in
the glyoxylate cycle or converted into acetyl-carnitine and is transferred to mitochondria,
entering the tricarboxylic acid cycle (TCA cycle) [43]. Molecular genetic studies have
shown that Y. lipolytica has eight alcohol dehydrogenase (ADH) genes and one alcohol
oxidase gene (FAO1), and only ADH1, ADH2, or ADH3 are required for ethanol utilization
in Y. lipolytica [44]. In addition to ADH1, ADH2, and ADH3, an acetyl-CoA synthetase
encoding gene ACS1 is essential for oxidation of ethanol [44].
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As seen from Figure 4, the acetyl-CoA generated during the primary oxidation of
ethanol is involved through citrate synthase (CS) reaction and subsequent steps of TCA
cycle to form ICA and its further oxidation via TCA cycle. Moreover, there is the evidence
that metabolism of carbon sources in Y. lipolytica occurred not only via the TCA cycle, but
also through glyoxylate cycle [45–48]. It seems it can provide the metabolic flexibility of cells
in the formation of ICA from EAF, and hence, the amount of excreted ICA is determined not
only by enzymatic activities of CS, aconitate hydratase (AH), NAD-dependent isocitrate
dehydrogenase (NAD-ICDH) but isocitrate lyase (ICL) (a key enzyme of glyoxylate cycle).

Thus, we propose that the maintenance of high activity of CS provided ICA production
and activation/inhibition of key enzymes of metabolism of ICA by metabolic regulators
of AH and ICL will shift the citrate–isocitrate equilibrium toward preferential synthesis
of ICA.

It was shown that intensive ICA production from EAF by Y. lipolytica VKM Y-2373
occurred at high activity of CS in different conditions, and the synthesis was decreased
due to reduced activity of CS (in experiment with low iron concentration (Table 4) and
extremely low and ultra-high aeration (Table 6)). Hapeta et al. reported that transformants
of Y. lipolytica A101.1.31, overexpressing CIT1 or CIT2 gene (encoding proteins with citrate
synthase activity) produced acids in a ratio close to 1 while the CA/ICA ratio for wild-type
strain was 4.12 [29].

The results obtained revealed that the addition of itaconic acid stimulated high ICA
synthesis with reduced CA production (Figure 1). In the presence of 15 mM itaconic acid,
when ICA production by Y. lipolytica VKM Y-2373 was maximal, the inhibition of ICL was
94% of the control while other enzymes involved in ICA synthesis (CS and AH) were
kept at constant level (Table 2). These findings are comparable with our data obtained for
Y. lipolytica grown in media with rapeseed oil [27,39] and sunflower oil [30]. At the same
time, the transformant Y. lipolytica H222-41 (JMP5) Z123 with the inactivated ICL1 gene,
encoding isocitrate lyase, cultivated in media with glucose and glycerol exhibited only a
small increase in the ICA production in comparison with the parent strain Y. lipolytica H222
(by 5 and 4%, respectively) [29].

It should be noted that studies on the use of itaconic acid and other inhibitors of
ICL for production of valuable metabolites are rare. It was reported that ICL is strongly
inhibited by oxalate and itaconate in different yeast, fungi, bacteria [38,49,50]. The re-
view of Krátký and Vinšová [51] summarizes information on ICL inhibitors, such as
3-nitropropionate, 3-bromopyruvate, itaconate, itaconic anhydride, peptide inhibitors, and
recently developed inhibitors with various chemical structures. However, according to our
recent data, strong inhibitors of ICL are glucose-6-P, fructose 1,6-bisphosphate, pyruvate,
citrate, α-ketoglutarate, succinate, fumarate that are quickly assimilated and included in
the metabolism of Y. lipolytica and, hence, cannot be considered as specific inhibitors of ICL
in growing yeast cultures; Y. lipolytica VKM Y-2373 does not metabolize only itaconic and
oxalic acids [30].

All the above suggests that ICL may play an important role in the preferential syn-
thesis of ICA in the cleavage of carbon sources with a high contribution of the glyoxylate
cycle. On the contrary, NAD-ICDH plays a decisive role for CA production in Y. lipolytica
cells cultivated in a medium with glycerol-containing wastes; its activity decreased to
minimum levels during acidification [5].

The other important factor ensuring ICA production from EAF is an iron concentration.
Our results revealed that iron-limitation (0.001 mg/L) resulted in insignificant cell growth
without ICA and CA production; the good growth of Y. lipolytica VKM Y-2373 and intensive
ICA production required increased iron concentration (2.4 mg/L) (Figure 2). It can be
assumed that the real limiting factor of cell growth under iron deficiency conditions is the
metabolically available energy because the activity of all enzymes involved in production of
ICA drastically reduced (Table 4). Similar data have been reported for Candida utilis grown
on glucose under iron limitation conditions [52]. Authors of the above article observed
that the iron-deficiency cells lose the first site of phosphorylation (from the mitochondrial
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NADH to cytochromes); the molar growth yields for the organic substrate and ammonium
drastically falls; the adenylate charge drops to values of 0.4–0.5, which were previously
considered only in nonproliferating cells or even dead cells; the specific rate of oxygen
consumption increases. In addition, a significant amount of acetyl-CoA formed from
glucose does not enter the TCA cycle but condenses with ethanol to form ethyl acetate. A
similar effect has been also shown for yeast Kluyveromyces marxianus, which produce ethyl
acetate in significant quantities under iron-limited conditions [53].

The results also revealed a clear influence of iron concentration on the ICA/CA ratio
(Table 3) which was determined by the activity of AH. These findings are comparable
with those obtained for genetically modified strains of Y. lipolytica. It was shown that
transformant Y. lipolytica H222-S4 (p67ACO1) T1 with ACO1 gene encoding the aconitate
hydratase, cultivated on sunflower oil, showed a higher content of ICA (66–71%) in com-
parison with the wild-type strain Y. lipolytica H222 (35–49% ICA) [32]. This transformant
after 144 h of cultivation in the fermentor produced 68.4 g/L ICA (75.6% of total acids)
with the product yield (YICA) of 0.64 g/g substrate consumed and the process productivity
of 0.47 g/L·h [19]. The enhanced expression of the ACO1 gene in another wild-type strain
Y. lipolytica 672 shifted the acid balance toward ICA to 75.6% and increased its accumula-
tion to 72.6 g/L [54]. It should be noted that the transformant overexpressing ACO1 gene
showed only a small increase in the synthesis of ICA from glycerol and glucose (by 3–5
and 2–3%, respectively) [32].

The results revealed that the aeration is one of the most important environmental
factors affecting ICA production from EAF by Y. lipolytica VKM Y-2373. ICA production
increased significantly with high level of aeration (pO2 of 60%) and decreased with higher
level of aeration (pO2 80%). Low level of aeration (pO2 5%) inhibited both yeast growth
and acid production (Figure 3) which correlated with a decrease in activities of enzymes
(ADH, catalase, CS, AH, NAD-ICDH, ICL, and MS) (Table 6).

The data available in the literature on the effect of aeration on the synthesis of organic
acids by yeast Y. lipolytica are rather contradictory. It was shown that the maximum
production of ICA in Y. lipolytica grown on n-alkanes was observed only at high level of
aeration (pO2 85–90%) [55], while with purified ethanol, yeast predominantly produce
ICA at medium level of aeration (pO2 60–65%) [26]. However, there is information that
oxygen supply had no marked effect on CA synthesis by Y. lipolytica grown on pure
glycerol [48]. Papanikolaou et al. reported that the level of oxygen supply affects the
direction of metabolic processes: at low oxygen saturation Y. lipolytica produced sugar-
alcohols (mannitol, arabitol, and erythritol), while with the increase of pO2 values, almost
exclusively organic acids (mostly CA and to lesser extent ICA) [10]. Our studies carried out
with Y. lipolytica VKM Y-2373 grown on sunflower oil showed that the oxygen requirement
of cells depended considerably on the concentration of iron ions in the medium and sharply
increased under iron deficiency [30]. The inconsistency of the literature data concerning
the effect of aeration on production of ICA and other acids may be possibly due to the use
of nonoptimal media and to the limited availability of iron ions.

The developed process of ICA production from EAF by Y. lipolytica VKM Y-2373
leads to the accumulation of 83 g/L ICA with YICA of 1.1 g/g. It should be noted that
the same strain grown on pure ethanol produced 90.5 g/L ICA with YICA of 0.77 g/g
under conditions of batch culture [27] and 109.6 g/L ICA with YICA of 0.80 g/g when
cultivated in repeated-batch culture [24]. It seems that the decrease in ICA production
concentration when using EAF is associated with the presence of harmful impurities
(aldehydes, esters) in this carbon source. At the same time, the value of YICA on a medium
with EAF is higher in comparison with that on pure ethanol, which may be due to the
fact that Y. lipolytica VKM Y-2373 assimilates simultaneously ethanol and other impurities
(for example, methanol). According to Babel (2009), the simultaneous consumption of
physiologically similar substrates can increase the yield of the target product [56]. In the
yeast Hansenula polymorpha, the mixed consumption of methanol and glucose resulted in
an increase in biomass yield of up to 25% [57].
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5. Conclusions

The novelty of the work lies in the study of the regulation of the biosynthesis of
isocitric acid (ICA) from a poorly studied substrate, ether-aldehyde fraction (EAF) in the
yeast Y. lipolytica. Results indicated that the process of ICA production can be improved
by the regulation of key enzymes (aconitate hydratase and isocitrate lyase) by metabolic
regulators (iron and itaconic acid) and aeration. It is recommended to cultivate Y. lipolytica
VKM Y-2373 under nitrogen deficiency conditions, a high aeration (60% of air saturation), an
addition of 15 mM itaconic acid and 2.4 mg/L iron. Under optimal conditions, Y. lipolytica
VKM Y-2373 produced 83 g/L ICA with isocitrate to citrate ratio of 4.1:1 and mass yield
of 1.1 g/g. This is the first time that Y. lipolytica grown on ethanol-containing waste was
shown to produce ICA at high concentration comparable to ones on pure ethanol [27]. It
should be noted that the utilization of EAF to obtain ICA by Y. lipolytica is of great practical
importance because this by-product is subject to further recycling or use for technical
purposes due to the presence of impurities of ethers and aldehydes which cause a strong
irritant effect on the mucosa of the eyes and upper respiratory tract.
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