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Abstract The production of x-ketoglutaric acid by yeast
Yarrowia lipolytica VKMY-2412 from ethanol and its
subsequent chemical conversion to succinic acid (SA)
were investigated. A highly effective and environmen-
tally friendly process of o-ketoglutaric acid production
was developed using a special pH-controlling strategy,
in which the titration of the culture broth with KOH in
the acid-formation phase was minimal, that allowed
accumulation of only low amounts of inorganic wastes
in the course of SA recovery. The culture broth filtrate
containing «-ketoglutaric acid (88.7 g I"") was directly
employed for SA production; the amount of SA pro-
duced comprised 71.7 g I"" with the yield of 70 % from
ethanol consumed. SA was isolated from the culture
broth filtrate in a crystalline form with the purity of
100 %. The yield of isolated SA was as high as 72 %
of its amount in the culture broth filtrate. The antimi-
crobial and nematocidic effects of SA of microbial origin on
pathogenic organisms that cause human and plant diseases
were revealed for the first time.
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Introduction

Recent years demonstrate an increasing interest in microbial
production of succinic acid (SA) as an alternative of a chem-
ical SA synthesis from maleic anhydride. The microbiological
synthesis of SA is considered as more perspective due to its
ecological and economical advantages (Zeikus et al. 1999;
Carole et al. 2004; Werpy et al. 2006; McKinlay et al. 2007,
Bechthold et al. 2008; Bozell and Petersen 2010). The SA
production is mostly based on the use of bacteria, such as
Anaerobiospirillum succiniciproducens, Actinobacillus
succinogenes, Mannheimia succiniciproducens, Escherichia
coli, and Corynebacterium glutamicum (Zeikus et al. 1999;
Carole et al. 2004; Werpy et al. 2006; McKinlay et al. 2007,
Bechthold et al. 2008; Sauer et al. 2008; Bozell and Petersen
2010; Cheng et al. 2012). The pilot plants producing SA are
known to operate in Europe, USA, and Japan for the last few
years (Yuzbashev et al. 2011; De Jong et al. 2012). The SA
had been also produced by fungus Penicillium simplicissimum
(Gallmetzer et al. 2002) and yeasts Saccharomyces cerevisiae
(Arikawa et al. 1999), Candida brumptii (Sato et al. 1972),
Candida zeylanoides (Mandeva et al. 1981; Kamzolova et al.
2009a), Candida catenulata (Kamzolova et al. 2009a), and
Yarrowia lipolytica (Yuzbashev et al. 2010). The SA can be
also produced through the reduction of fumaric acid by using
some fungi and bacteria (Moon et al. 2004).

It is known that SA is produced through several metabolic
pathways: (1) the reductive part of the tricarboxylic acid cycle
(TCA) due to increased activities of phosphoenolpyruvate and
pyruvate carboxylase (Millard et al. 1996; Lin et al. 2005); (2)
the oxidative part of the TCA cycle due to the deletion of
succinate dehydrogenase (Arikawa et al. 1999; Camarasa
etal. 2003; Yuzbashev et al. 2010); or (3) the glyoxylate cycle
(Sato et al. 1972; Vemuri et al. 2002; Sanchez et al. 2005;
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Wu et al. 2007; Kamzolova et al. 2009a). SA can be
also formed through the decarboxylation of «-
ketoglutaric acid by hydrogen peroxide (Concise
Chemical Encyclopedia 1961; Fedotcheva et al. 2006) accord-
ing to the following equation:

COOH-CH,~CH,~CO-COOH + H,0, — COOH-CH,
~CH,~COOH + CO,1 + H,0

Based on the chemical knowledge, co-authors of the
present study developed the process of SA production
that involved the biosynthesis of o-ketoglutaric acid by
yeast Y. lipolytica and the subsequent decarboxylation of
«-ketoglutaric acid to SA in the presence of H,O,
(Kamzolova et al. 2009b, 2012a, 2014). Ethanol, n-
alkanes, and rapeseed oil were tested as carbon sources;
it was revealed that the SA yield and hence the cost of the
invented product were considerably dependent on the carbon
source applied.

At present, ethanol is considered as a promising carbon
substrate for the development of biotechnological processes; it
can be produced from renewable resources, such as sugar
cane, beet, corn, or lignocelluloses (Stephanopoulos 2007;
Weusthuis et al. 2011). Chemicals produced from ethanol
are permissible for usage in the food and medical industry.
Ethanol was shown to be a promising substrate for production
of citric acid (Kamzolova et al. 2003), x-ketoglutaric acid
(Chernyavskaya et al. 2000; Kamzolova et al. 2012b), and
lipid (Dedyukhina et al. 1994). As reported by Weusthuis et al.
(2011), the several companies in the USA and Switzerland
created the food products based on microbial biomass pro-
duced from ethanol. We performed the SA production from
ethanol by Y. lipolytica (Kamzolova et al. 2009b), which
resulted in the accumulation of SA up to 63.4 g 17"
However, the disadvantage of this method was low SA yield
from ethanol (58 %).

The aims of the present work were (1) to develop a highly
effective process of SA production from ethanol by using
strain Y. lipolytica VKMY-2412, which includes a simple
procedure of SA recovery and (2) to characterize of invented
preparation by the evaluation of antimicrobial and
nematocidic properties of SA.

Materials and methods

Microorganism

We used strain Y. lipolytica VKM Y-2412 obtained from the
All-Russian Collection of Microorganisms (VKM). The strain

was maintained at 4 °C on agar slants with n-alkanes as the
carbon substrate.
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Chemicals

All chemicals were of analytical grade (Sigma-Aldrich, St.
Louis, MO, USA). Ethanol was purchased from the Kazan
Ethanol Processing Company (Russia) and used as a carbon
source.

Batch cultivation of Y. lipolytica in a fermenter

Strain Y. lipolytica VKM Y-2412 was cultivated in a 10-1
ANKUM-2 M fermenter (SKB, Pushchino, Russia) with an
initial volume of 5 1 in the medium containing (g 1) the
following: (NH4),SO,4, 6.0; MgSO,4 7H,0, 1.4; NaCl, 0.5;
Ca(NO3),, 0.8; KH,POy4, 2.0; K,HPOy4, 0.2; and
Burkholder’s trace element solution (Burkholder et al.
1944). In the course of cultivation, solution of (NH4),SO4
(1 g I'") was added into a fermenter at 48, 72, 96, and
168 h. In preliminary experiments, it was indicated that
(NH4),SO4 added to the medium in concentration of
10 g I"" before inoculation inhibited growth and acid-
formation of producer. However, (NH4),SO, added in con-
centration of 6 g 1" at the onset of incubation and subsequent-
lyby 1 gI""at48, 72, 96, and 168 h did not affect physiology
of the producer. The medium contained increased amounts of
ZnSO47H,0 (1.32 mg 1) and FeSO47H,0 (5.96 mg 171).
The thiamine concentration was 1.2 pg 1. The fermentation
conditions were maintained automatically at the constant lev-
el: temperature (29+0.5 °C); the medium pH was adjusted
with 20 % KOH as described in the text; dissolved oxygen
concentration (pO,) was 20 and 60 % (of air saturation) for the
growth- and the acid-production phase, respectively; and ag-
itation was 800 rpm. Pulsed addition of ethanol (by 1.6 g 1)
was performed as the pO, value increased by 10 % indicating
a decrease in respiratory activity of cells due to the total
consumption of the carbon source. Cultivation was carried
out for 8 days.

Analytical methods

Biomass was determined gravimetrically.

Thiamine concentration in the medium was determined by
microbiological method based on a thiamine-auxotrophic
strain Y. lipolytica 695.

To analyze organic acids, the culture broth was centrifuged
(8,000g, 3 min); 1 ml of the supernatant was diluted with an
equal volume of 6 % HCIO,, and the concentration of organic
acids was determined using high-performance liquid chroma-
tography (HPLC) on an HPLC chromatograph (Pharmacia,
LKB, Uppsala, Sweden) equipped with an Inertsil ODS-3
reversed-phase column (250x4 mm, Elsiko, Russia) at
210 nm; 20 mM phosphoric acid was used as a mobile phase
with the flow rate of 1.0 ml min~', and the column tempera-
ture was maintained at 35 °C. Quantitative determination of
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organic acids was carried out using the calibration curves for
SA, o-ketoglutaric acid (Sigma-Aldrich, St. Louis, MO,
USA), and citric, isocitric, acetic, and fumaric acids
(Boehringer Manheim, Germany) as standards. Additionally,
SA was analyzed enzymatically using biochemical kit
(Boehringer Mannheim/R-Biopharm).

The inhibitory activity of SA

The antimicrobial activity of SA was estimated against Gram-
positive bacteria (Staphylococcus aureus 209B (IMV) and
Bacillus subtilis 912B (RCM)), Gram-negative bacteria
(E. coli 567B (RCM) and Erwinia carotovora 1247B
(RCM)), and fungi (Trichothecium roseum 750 F (RCM),
Fusarium oxysporum f.sp.lycopersici 840 F (RCM),
Fusarium napiforme 152 F (IMV), Cylindrocarpon gracile
918 F (RCM), Aspergillus flavus 25 F (RCM), and
Penicillium casei 542 F (IMV)).

Nematocidic activity of SA was studied against
phytoparasitic stem nematodes (potato rot nematode)
Ditylenchus destructor, which were isolated directly from
potato tubers commercially sold in the Almaty region of
Kazakhstan; nematodes were collected in fresh state for each
experiment. Potato pieces were placed in sterile water in Petri
dishes; the nematodes were removed with forceps and trans-
ferred into watch glasses containing either SA solution
(50 mgml ") or control solutions (5 % ethanol or sterile water)
or comparators (5 % acetic acid and 5 % lactic acid). Each
glass contained 30 nematodes in 2 ml of SA or control
solutions. Glasses were incubated 72 h at 26 °C. All nema-
todes in each glass were then examined for their motility and
recorded as active or inactive ones. Each nematode was then
transferred into sterile water for additional 24-h incubation,
and its motility was re-examined. Nematodes that remained
inactive after transferring to sterile water were considered as
dead. The treatment procedures were repeated three times per
experiment. The SA effect was considered as toxic if motility
of nematodes stopped and was not restored for 24 h after their
transferring into water or as nematostatic (temporary) if mo-
tility was restored in water.

Calculation of fermentation parameters

The biomass yield was calculated as follows: Yx/s=X/S,
where X is the total amount of biomass in the culture
liquid at the end of fermentation (g) and S is the amount of
ethanol consumed (g).

To take into account the medium dilution due to the addi-
tion of KOH solution for maintaining the constant pH value,
the total amount of «-ketoglutaric acid in the culture broth was
used for calculations of the mass yield of x-ketoglutaric acid
(Ykga), volumetric «-ketoglutaric acid productivity (Q), and
specific acid production rate (gxga)-

The mass yield of «-ketoglutaric acid production (Yxga),
expressed in grams of o-ketoglutaric acid per gram of ethanol,
was calculated from

P

YKGA =— 1
: (1)

The volumetric x-ketoglutaric acid productivity (QOkga),
expressed in g/(1 h), was calculated from

P

KGA =
0 V xt

(2)
The specific a-ketoglutaric acid production rate (gxga),

expressed in g/g (cells)'h, was calculated from

P-PO
X(t-10)

(3)

qp =

where P is the total amount of o-ketoglutaric acid in the
culture liquid at the end of cultivation (g), S is the total amount
of ethanol consumed (g), ¥ is the initial volume of culture
liquid (1), ¢ is the fermentation duration (h), and X is the
average working biomass in the fermentor (g).

Statistical analysis

All the data presented are the mean values of three experi-
ments and two measurements for each experiment; standard
deviations were calculated (SD<10 %).

Results
SA production in the culture broth

The process of SA production included the following stages:
(1) microbial synthesis of a-ketoglutaric acid by yeast strain
Y lipolytica, (2) separation of cells with the subsequent treat-
ment of the culture broth filtrate containing x-ketoglutaric
acid with hydrogen peroxide for the production of SA, and
(3) the recovery of SA from the culture broth filtrate.

We used earlier selected strain Y. lipolytica VKM Y-2412
that was characterized by high production of «-ketoglutaric
acid from ethanol (Kamzolova et al. 2012b) and rapeseed oil
(Kamzolova and Morgunov 2013). In order to achieve high
concentration of «-ketoglutaric acid, we modified the fermen-
tation conditions described earlier (Kamzolova et al. 2012b)
by using a special pH-controlling strategy. We applied a three-
stage pH-controlling method in which pH was 4.5 in the
growth and the growth retardation phase up to 72 h, then pH
was maintained at 3.5 from 72 to 144 h in the period of the o-
ketoglutaric acid synthesis, and in the later phase of acid
production, the titration by KOH was switched off.
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The time courses of Y. lipolytica VKM Y-2412 growth,
thiamine consumption, x-ketoglutaric acid production, and the
calculated parameters of the process are shown in Fig. 1. The
growth curve had three phases: the exponential growth phase
(up to 18 h), the growth retardation phase (18-72 h), and the
stationary phase (after 72 h). The maximum specific growth rate
(Hmax) calculated from the linear segment of the growth curve
amounted to 0.220 h™'; a value comparable with literature data
obtained for Y. lipolytica cultivated on glucose (Workman et al.
2013), glycerol (Workman et al. 2013), and fatty acids
(Papanikolaou et al. 2002). No accumulation of x-ketoglutaric
acid was observed during the exponential phase. The transition
of Y. lipolytica VKM Y-2412 cells from the exponential growth
to the growth retardation phase caused by thiamine exhaustion
in the medium was accompanied by a decrease in specific

growth rate (n) to 0.051 h™' and by stimulation of «-
ketoglutaric acid production. Intense synthesis of «-
ketoglutaric acid was observed in the stationary phase. The
dynamics of KOH addition indicated that KOH was consumed
at a rate of 0.083 g KOH (1 h)"' during the first hours of
cultivation; in the period from 24 to 144 h, KOH consumption
increased 1.5-2.3-fold, and later, the synthesis of o-ketoglutaric
acid proceeded without KOH addition. By the end of cultivation
(240 h), yeast produced «-ketoglutaric acid (102 g I'") as a
major product, and the production of SA and the other organic
acids (citric, isocitric, acetic, and fumaric) was less than
0.5 g I'". The mass yield of «-ketoglutaric acid from ethanol
consumed (Yxga) in Y. lipolytica VKM Y-2412 was 0.70 g g .
As can be seen from the data presented in Fig. 1, the specific
culture productivity (¢p) of Y. lipolytica VKM Y-2412 remained

Fig. 1 Time courses of growth, a —— biomass (X) —a— a-ketoglutaric acid —&— thiamine
thiamine consumption,
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constant (0.030-0.040 g (g cells) 'h™") during the growth retar-
dation and the stationary phases and decreased by two to three
times after 192 h; therefore, prolongation of the process over
8 days was ineffective.

In a series of experiments, the attempt to increase the
concentration of productive cells of Y. lipolytica VKM
Y-2412 was made. For that, in the culture medium, concen-
tration of thiamine was increased up to 2.0 and 3.0 pg 1", and
the amount of ammonium sulfate was increased to 14 g 1!
(nitrogen was added at the beginning of the process (6 g 1)
and by 2 g I'! at 48, 72, 96, and 168 h). In the course of
fermentation, the pO, value was maintained at the constant
level (as mentioned in the “Materials and methods” section)
by changing the stirring rate and by increasing the aeration
rate (up to two to three volumes of air per volume of medium).
It should be noted that at thiamine concentration of 3.0 pg 17",
aeration was so high that the water was carrying-out from a
fermentor with air.

The growth of Y. lipolytica VKM Y-2412, o-ketoglutaric
acid production, and the calculated parameters of the process
at different thiamine concentrations are shown in Table 1. The
best results were obtained at thiamine concentration of
1.2 ug 1" and the biomass amount of 14.7 g I"'. When
thiamine concentration was increased to 2.0 and 3.0 pg 1™,
biomass was increased to 20.3 and 26.0 g 1", respectively, but
production of «-ketoglutaric acid was enhanced only by 5 and
7 %, respectively.

We calculated the productivity of «-ketoglutaric acid bio-
synthesis (P) for each variant, expressing it as the amount of
a-ketoglutaric acid (g) produced by 1 g of cells. The produc-
tivity of cells was maximal at biomass of 14.7 g 1" and
gradually decreased at a higher level of biomass (20.3 and
26.0 g I'"). The volumetric a-ketoglutaric acid productivity
(Okga) and the mass yield (Yxga) by Y. lipolytica VKM
Y-2412 reached 0.727 g I h™" and 0.70 g g ', respectively,
at biomass of 14.7 g I'" and gradually decreased at higher
level of biomass. The accumulation of by-products (SA and
citric, isocitric, acetic, and fumaric acids) was drastically
increased at a higher level of biomass.

The results demonstrated that it is reasonable to work with
biomass of 14-15 g 1! in order to obtain the maximum
concentration of «-ketoglutaric acid and high productivity.
At this level of biomass, it is possible to maintain aeration at
the level of 60 % (from saturation) during the «-ketoglutaric
acid biosynthesis using a fermentor of the given construction.

In further experiments on transferring o-ketoglutaric acid
into SA, the strain was grown under optimal conditions during
192 h at thiamine concentration in the medium of 1.2 ug I"".
By the end of the Y. lipolytica VKM Y-2412 cultivation,
biomass was separated from the culture broth by centri-
fugation; filtrate contained potassium salts of o-ketoglutaric
acid, traces of other organic acids (SA, citric, isocitric,
acetic, and fumaric), and the residues of unconsumed
mineral salts.

Aliquots of the culture broth filtrate containing 88.7 g 1! of
a-ketoglutaric acid (608 mM) were incubated for 1 h with
608 mM H,0,. After a 1-h incubation with H,O,, the culture
broth filtrate contained SA but not «-ketoglutaric acid; finally,
88.7 g 1! of a-ketoglutaric acid (608 mM) was completely
oxidized up to 71.7 g I"! of SA (608 mM).

Recovery of SA from the culture broth

The culture broth containing SA as a monopotassium salt and
trace amount of H,O, was boiled in the presence of manga-
nese dioxide as a catalyst for the decomposition of residual
H,0,. The content of H,O, traces and peroxyacids (organic
acids in which one or several hydroxyl groups are substituted
for the hydrogen peroxide residue) can be easily determined
by using very sensitive reaction with phenolphthalein in the
presence of one drop of 0.01 M copper sulfate. After that, the
filtrate was clarified by filtration through charcoal cardboard
AKS-4 (Germany) to remove colored impurities of manga-
nese dioxide. After that, the filtrate was acidified with sulfuric
acid up to pH 2.85-2.95 to convert potassium salts of SA to
free SA. It should be noted that the acidification of solution to
lower pH values decreased purity of the product, whereas at
higher pH values, the yield of the product was reduced. The
filtrate containing free SA and residual K,SO,4 was evaporated
to paste concentrate. After that, the concentrate was treated
with 96 % ethanol for SA extraction. The use of ethanol at the
stage of SA recovery made it possible to extract SA which is
poorly soluble in other organic solvents and to get rid of the
major portion of inorganic salts (in particular, potassium sul-
fate is insoluble in ethanol).

The solution was decanted and filtered through a glass
filter. The ethanol fraction containing SA was evaporated,
and dry residue was recrystallized with ethanol. The purity
of'the obtained crystalline SA reached 100 %. The yield of SA
was as high as 72 % of its amount in the culture broth filtrate.

Table 1 The effect of increased

thiamine concentrations on the Thiamine (ug 1) BiO{IllaSS oc-.Ketoglllltaric P(g KG—/? Yeaa (@2 ) Okoa B}"Plr()dUCtS
level of productive biomass and (gl) acid (g 1) (gcells) ) g/lh)y (g1)
the a-ketoglutaric acid
producti()n 1.2 14.7 88.7 6.03 0.70 0.800 0.5
2.0 20.3 93.1 4.59 0.66 0.759 2.7
3.0 26.0 95.0 3.65 0.63 0.679 43
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Inhibitory activity of SA

The antimicrobial activity of SA was evaluated against
pathogenic bacteria and fungi causing human and plant
diseases.

Ethanol was used as a control in our experiments, because it
is a well-known antimicrobial agent which is active against
Gram-positive and Gram-negative bacteria and viruses that
cause human and plant diseases. Acetic and lactic acids were
investigated as comparators of inhibitory effects on pathogenic
organisms. Numerous literature data indicate that acetic, citric,
lactic, formic, and sorbic acids have been used as safe antimi-
crobial agents (Bjornsdottir et al. 2006; Baimark et al. 2008; In
et al. 2013; Lastauskiené et al. 2014).

The results of antimicrobial activity of SA are shown in
Table 2. It was found that SA selectively inhibited growth of
three out of ten tested cultures: S. aureus, E. carotovora, and
P, casei (zones of inhibition of the test culture growth reached
22, 16, and 17 mm, respectively). Lactic acid selectively
inhibited growth of E. coli, S. aureus, E. carotovora, and
B. subtilis, while acetic acid inhibited the growth of most of
the studied bacteria and fungi.

The nematocidic activity of SA was evaluated against the
potato rot nematode D. destructor. As seen from Table 3, after
a 72-h treatment with SA, the number of inactive nematodes,
which lost motility, reached 72 % of the initial amount; after
the transition into water, 13.7 % of inactive nematodes re-
stored their motility. Therefore, lethality of nematodes under
the action of SA was 58.3 %. The lethality of nematodes under
the action of acetic and lactic acids amounted to 100 and 73 %,
respectively.

Table 2 Antimicrobial activity of organic acids

Tested microorganisms Diameter of the growth inhibition zone (mm)

SA Acetic acid Lactic acid

Gram-positive bacteria

Staphylococcus aureus  22.0+2.1 26+1.7 22+42.1

Bacillus subtilis 0 0 19+1.5
Gram-negative bacteria

Escherichia coli 0 25+2.4 18+1.5

Erwinia carotovora 16.0+2.0 17+0.58 20+2.6
Fungi

Trichothecium roseum 0 25+1.0 0

Fusarium oxysporum 0 15+£1.0 0

Fusarium napiforme 0 19+1.2 0

Cylindrocarpon 0 17+2.0 0

Aspergillus flavus 0 13+£0.58 0

Penicillium casei 17+2.1 1613 0

Control I (5 % ethanol) 0 0 0

Control II (H,0) 0 0 0
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Discussion

The principal scheme of the process of SA production is
presented in Fig. 2. The method of SA production involves
the biosynthesis of a-ketoglutaric acid from ethanol by the
yeast Y. lipolytica VKM Y-2412 and the subsequent decar-
boxylation of x-ketoglutaric acid to SA in the presence of
H,0,. The oxidation of ethanol to acetaldehyde is catalyzed
by NAD-dependent alcohol dehydrogenase (EC 1.1.1.1), after
which NAD-dependent aldehyde dehydrogenase (EC 1.2.1.2)
catalyzes oxidation of acetaldehyde to acetate and then acetate
is transformed into acetyl-CoA, the main substrate of TCA
(Barth and Gaillardin 1996; Kamzolova et al. 2009a). High
activities of the TCA enzymes, including citrate synthase (EC
4.1.3.7), aconitate hydratase (EC 4.2.1.3), and NAD-isocitrate
dehydrogenase (EC 1.1.1.41), and low activity of o-
ketoglutarate dehydrogenase (EC 1.2.4.2) are necessary con-
ditions for intensive o-ketoglutaric acid production in view of
the fact that o-ketoglutaric acid formed in the TCA cycle is
excreted from the yeast cell rather than metabolized through
the TCA cycle. Moreover, the assimilation of ethanol involves
the functioning of glyoxylate cycle (Finogenova et al. 2002);
in this case, unlike the TCA cycle, isocitrate is converted into
glyoxylate and succinate by isocitrate lyase (EC 4.1.3.1.). The
shortcut cycle is completed by the formation of malate from
glyoxylate and acetyl-CoA.

The yeasts Y. lipolytica were selected as producers of -
ketoglutaric acid because of their inability to synthesize the
pyrimidine moiety of the thiamine molecule (Barth and
Gaillardin 1996; Stottmeister et al. 2005; Finogenova et al.
2005; Zhou et al. 2010; Otto et al. 2011; Groenewald et al.
2014). During the cultivation of Y. lipolytica under the thia-
mine deficiency conditions when thiamine proves to be a
growth-limiting factor, the cells convert ethanol into the in-
completely oxidized product, o-ketoglutaric acid. The acid is
excreted into the medium and can be accumulated in large
amounts. «-Ketoglutaric acid is successively decarboxylated
to SA in the presence of deliberately added H,O,.

It is well known that the most expensive stage of microbial
SA production is the isolation of SA from the culture broth,
since the conversion of produced SA salts into free SA is
required. This stage made up 60-70 % of the product cost
(Zeikus et al. 1999). It is considered that the promising process
should imply the fermentation without any titration agent or
with its limited use where the free SA is the main product
(Yuzbashev et al. 2011). However, the traditional producers of
SA, bacteria A. succiniciproducens, A. succinogenes,
M. succiniciproducens, recombinant strains of E. coli, and
C. glutamicum, should be cultivated at neutral pH, since at
lower pH (5-6), significant amounts of by-products (acetate,
formate, ethanol, and others) are accumulated (Zeikus et al.
1999; Carole et al. 2004; Werpy et al. 2006; McKinlay et al.
2007; Bechthold et al. 2008; Bozell and Petersen 2010; Cheng
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Table 3 Activity of organic acids against nematode Ditylenchus destructor

Parameters % of the total number

SA Acetic acid Lactic acid
The number of active nematodes after a 72-h treatment with SA 28.0+2.5 0 26.7+1.9
The number of inactive nematodes after a 72-h treatment with SA 72.0+£5.3 100+0 73.3+1.9
The number of nematodes restoring motility after transference into H,O 13.7+1.8 0 0
Lethality 58.3 100 733

et al. 2012). To maintain optimal pH value, it is necessary to
add KOH, NaOH, and other bases which react with SA; as a
result, SA salts are produced rather than the desired free SA;
therefore, additional stage of medium acidifying was required
before the SA extraction.

In the present study, we used a three-stage pH-controlling
regime, in which pH was 4.5 in the growth phase, then it was
maintained at 3.5 from 72 to 144 h, and finally, in the later

Fig. 2 The SA production by
yeast Y. lipolytica through two
steps: a-ketoglutaric acid
synthesis via the TCA under
deficiency of the o-ketoglutarate
dehydrogenase complex and
chemical conversion of -
ketoglutarate to SA in the
presence of H,O,.

ADH NAD-dependent alcohol
dehydrogenase, AIDH
NAD-dependent aldehyde
dehydrogenase, ACS acetyl-CoA
synthase, CS citrate synthase, AH
aconitate hydratase, NAD-IDH
NAD-dependent isocitrate
dehydrogenase,

KGDH o-ketoglutarate
dehydrogenase, /CL isocitrate
lyase, MS malate synthase, SDH

Oxaloacetic acid

phase of acid production, the titration with KOH was switched
off (Fig. 1). The use of a three-stage pH-shift technology
during the growth and the biosynthesis phases is a principal
approach for the development of highly effective and envi-
ronmentally friendly processes of the a-ketoglutaric acid pro-
duction. In this case, the calculated value of KOH expenditure
was only 250 g per 1 kg of SA, while Yuzbashev et al. (2011)
reported that for the production of 1 ton of succinate with the
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ADH t
Acetaldehyde
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use of bacteria, about half a ton of alkali (KOH) needs to be
added to maintain neutral pH. According to literature data, the
yeast Y. lipolytica can efficiently grow in a wide range of pH
and produce practically valuable metabolites at low pH values
(Zinjarde 2014). There is information on the enhanced pro-
duction of SA (Yuzbashev et al. 2010) and erythritol by
Y. lipolytica from glycerol at pH 3.0 (Mironczuk et al.
2014). Under optimal fermentation conditions, the engineered
strain S. cerevisiae with deleted GPD1 was able to produce SA
at pH 3.8 (Yan et al. 2014). The pH shift from 5.0 during the
growth phase to pH 3—4 in the phase of acid synthesis was
used in order to develop highly effective process of -
ketoglutaric acid production from on n-paraffins (195 g I'")
(Weissbrodt et al. 1988). High KGA production from rapeseed
oil (115 g17") was revealed in fed-batch culture of Y, lipolytica
H222-27-11 at pH 5.0 in growth phase, and pH 3.5 after 48 h,
during acid formation (Aurich et al. 2012). Using a two-stage
pH control strategy, in which pH was buffered by CaCO; in
the growth phase and then maintained at 3.0 in the acid
production phase, the concentration of «-ketoglutaric acid
reached 66.2 g 1" with Y. lipolytica WSH-Z06, grown on
glycerol (Yu et al. 2012).

The strain Y. lipolytica VKM Y-2412 excreted up to
88.7 g I'' of a-ketoglutaric acid with yield of 0.70 g g™
(Fig. 1) under the three-stage pH-controlling regime. Earlier,
the production of 49 g 1! of a-ketoglutaric acid by ethanol-
grown mutant Y. /ipolytica N 1 was reported at pH 4.5
(Chernyavskaya et al. 2000). The high «-ketoglutaric acid
production from ethanol (172 g 1"') was achieved using a
two-stage controlling strategy (pH 5.0 in the growth
phase and pH 3.5 in the acid-producing stage), but
volumetric productivity was low due to a long-term
cultivation for 324 h (Kamzolova et al. 2012a). Using
a three-stage pH-controlling method in the case of yeast
cultivation on rapeseed oil as a carbon source, we achieved
106.5 g1I"! of a-ketoglutaric acid with mass yield of 0.95 g g '
(Morgunov et al. 2013).

As seen from Fig. 1, the prolongation of the process over
192 h is inefficient because the specific culture productivity
(gp) of Y. lipolytica VKM Y-2412 decreased by two to three
times as compared with that in the earlier stationary phase.
Possible reasons for a decrease in the metabolic activity of
producer are aging of the cells due to the absence of growth in
the thiamine-limited medium. The disadvantages of a long-
time cultivation mentioned above dictate the necessity to use
the other approaches for improving biosynthesis of -
ketoglutaric acid.

In a series of experiments, the attempt to increase the
concentration of productive cells of the SA producer
Y lipolytica VKM Y-2412 was made. An increase in thiamine
concentration in the medium to 2.0 and 3.0 pg 1" resulted in
increased biomass level to 20.3 and 26.0 g 1!, respectively;
however, production of «-ketoglutaric acid was enhanced
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only by 5 and 7 %, respectively. In further experiments on
transferring o-ketoglutaric acid into SA, the strain was grown
under optimal conditions during 192 h at thiamine concentra-
tion in the medium of 1.2 mg I'".

The culture broth filtrate containing 88.7 g 1" of «-
ketoglutaric acid was directly employed for SA conversion
by H,0, treatment; the amount of SA produced reached
71.7 g 1" with the yield of 70 % from ethanol consumed.
These results were higher by 13.2 and 20.6 %, respectively,
than the values previously published for the SA production
from ethanol (Kamzolova et al. 2009b) and comparable with
the data reported recently for SA production from rapeseed oil
(Kamzolova et al. 2014). For comparison, bacteria
M. succiniciproducens produced 52.4 g 1" of SA with yield
of 0.76 g g”' in the medium containing glucose as a carbon
source (Lee et al. 2006). Yuzbashev et al. (2010) constructed
Y. lipolytica strains with deleted SDH2 gene coding one of
subunits of succinate dehydrogenase, which was able to pro-
duce 45 g 1" of SA. A high-efficiency process of SA produc-
tion from glycerol was developed by using a combination of
the cell-recycled cultivation of A. succiniciproducens with
subsequent electrodialysis in order to concentrate SA; as a
result, SA concentration of 83 g 1" with the yield of 0.89 g g
was achieved (Meynial-Salles et al. 2008). High SA produc-
tion (80—110 g I"") was obtained in the monofluoroacetate-
resistant mutant of rumen bacteria Bacterium sp. 130Z grown
anaerobically in carbohydrate-containing medium in the pres-
ence of CO, (Guettler et al. 1996). The highest SA production
(146 g 1'") was reached with a genetically-modified strain
C. glutamicum, which was cultivated at high cell density
under oxygen limitation with pulsed addition of sodium bi-
carbonate and glucose (Okino et al. 2008).

We succeeded in the isolation of SA from the culture broth
filtrate in a crystalline form; the purity of crystalline SA
reached 100 %, and the yield of SA was as high as 72 % of
its amount in the culture broth filtrate. The recovery of SA
from the culture broth involved the decomposition of H,O, in
the filtrate, the filtrate bleaching and acidification with a
mineral acid, the evaporation of the filtrate, the extraction of
SA by ethanol, the concentration of SA, and its crystallization.

Two important points should be taken into account in the
course of SA isolation from the culture broth. (1) Before the
SA extraction with ethanol, the culture broth should be at first
acidified and then concentrated; otherwise, acidification of the
concentrate would result in its dilution and the evaporation
procedure must be repeated. (2) The use of ethanol at the stage
of SA recovery made it possible to extract SA, which is poorly
soluble in other organic solvents, and to get rid of the major
portion of inorganic salts (in particular, potassium sulfate is
insoluble in ethanol).

It should be noted that the invented process is characterized
by low accumulation of by-product, K,SO,4 (~400 g per 1 kg
of SA), since the KOH expenditure was only 250 g per 1 kg of
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SA (Fig. 1). K;SO4 could be utilized as a fertilizer; it does not
contain chloride, which can be harmful for some crops. For
comparison, Yuzbashev et al. (2011) reported that for the
production of 1 ton of succinate, about half a ton of alkali
(KOH) needs to be added to maintain neutral pH; subsequent-
ly, to obtain free acid in a downstream purification process,
about 1 ton of sulfuric acid will be used. As a result, more than
1 ton of inorganic salts will be formed.

We studied antimicrobial and nematocidic activities of SA
produced by Y. lipolytica. As seen from Table 2, SA inhibited
growth of S. aureus, E. carotovora, and P. casei. It should be
noted that antimicrobial activity of SA was almost similar to
that of the standard drugs. It was reported that penicillin G
tested against Gram-positive bacteria formed the inhibition
zone of 24.6 mm; streptomycin tested against Gram-
negative bacteria formed the inhibition zone of
26.4 mm, whereas amphotericin tested against fungi
formed the inhibition zone of 26.7 mm (Mohamed
et al. 2014). We found that lactic acid selectively
inhibited growth of E. coli, S. aureus, E. carotovora, and
B. subtilis, while acetic acid inhibited the growth of most of
the studied bacteria and fungi.

We have also tested the inhibitory effect of SA on potato rot
nematode D. destructor, which is a pest of many agriculturally
important crops. As seen from Table 3, the treatment of
nematodes with SA during 72 h resulted in the inactivation
of 72 % of nematodes. The nematostatic activity expressed as
the amount of nematodes, which restored their motility after
the transfer into water, comprised 13.7 %; nematocidic activ-
ity reached 58.3 %. The lethality of nematodes under the
action of acetic and lactic acids amounted to 100 and 73 %,
respectively. To our knowledge, it is the first report on the
inhibitory effects of SA and acetic and lactic acids on the
survival of plant-parasitic nematode D. destructor.

It should be noted that it is the first report on antibacterial
and nematocidic activities of SA. The mechanism of SA
action on bacteria and nematodes is unclear; it is possible that
SA penetrated inside the cells and decreased intracellu-
lar pH that resulted in the inhibition of metabolism of
bacteria and nematodes; however, it cannot be excluded
that the effect of SA on intracellular metabolism of test
cultures was more complicated. The effect of exogenous
SA on metabolism of bacteria and nematodes requires special
investigations.

The obtained results make it possible to suggest that SA of
microbial origin may be used for the control of potentially
pathogenic microorganisms and thereby offers natural alter-
native to the antibiotic treatment.
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