Experimental articles

UDC 759.873.088.5:661.185 doi: 10.15407 /biotech8.06.023

INTENSIFICATION OF BIOSURFACTANT
SYNTHESIS BY Nocardia vaccinii IMV B-7405
ON A GLUCOSE-GLYCEROL MIXTURE

1 Zabolotny Institute of Microbiology and Virology
of the National Academy of Sciences of Ukraine, Kiyv
National University of Food Technologies, Ukraine, Kiyv

T. Pirog -2
T. Shevchuk!
K. Beregova?
N. Kudrya?®

E-mail: tapirog@nuft.edu.ua
Received 16.11.2015

The purpose of this study was to establish optimal molar glycerol to glucose ratio for enhanced
biosurfactant synthesis by the cultivation of Nocardia vaccinii IMV B-7405 on a mixture of energetically
nonequivalent substrates (glucose and glycerol).

Based on theoretical calculations of the energy requirements for biomass production and the synthesis
of surface-active trehalose monomycolates on the energy-deficient substrate (glycerol), the concentration
of the energy-excessive substrate (glucose), which increased the efficiency of the substrate carbon
conversion tobiosurfactant, was determined. It was found that the synthesis of extracellular biosurfactant
on a mixture of glucose and glycerol at molar ratio of 1.0:2.5 increased 2.0—2.3-fold compared to that on
corresponding monosubstrates.

The increased level of biosurfactant on the mixed substrate is determined by intensification of
surface-active trehalose monomycolate synthesis, confirmed by 1.2—-5.7-fold increase in activity of the
enzymes involved in their biosynthesis (trehalose phosphate synthase, phosphoenolpyruvate-
carboxykinase, phosphoenolpyruvate-synthetase) compared to cultivation on monosubstrates glucose and
glycerol. The results indicate the feasibility of using a mixture of energetically nonequivalent substrates
for enhancing the synthesis of secondary metabolites, as well as possibility of achieving the high efficiency
of these mixed substrates if they are properly chosen and the molar ratio of their concentrations are
correctly determined.
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Literature data and results of own studies
indicate the prospects of the use of a mixture
of growth and non-growth substrate for the
intensification of the microorganism growth
and the synthesis of metabolites valuable for
practical use. It has been shown by the example
of microbial exopolysaccharide ethapolan
and biosurfactants (BS) such as Rhodococcus
erythropolis IMV Ac-5017 and Acinetobacter
calcoaceticus IMV B-7241 [1-4]. This approach
allowed avoiding inefficient loss of carbon and
energy that occur when using monosubstrates,
as well as improving the efficiency of substrate
carbon conversion to products of microbial
synthesis.

It was shown the possibility of using mixed
growth substrates (n-hexadecane, glycerol,
ethanol, glucose) to intensify the synthesis of
surfactants by Nocardia vaccinii IMV B-7405,
at that, the highest values were observed

for a mixture of glucose and glycerol [5].
However, to attain the maximum efficiency
of carbon conversion to the final product, the
determining the optimal for its synthesis molar
ratio of monosubstrate concentrations in the
mixture is necessary, which in turn requires
the theoretical calculations of the energy
requirements for the biomass production and
BS synthesis on the energy-deficient substrate
followed by determining the concentration of
energy-excessive substrate which compensate
for the energy expenditure [1-4]. To
implement these theoretical calculations,
understanding of the metabolic pathways of
relevant monosubstrate synthesis is important.

It was revealed in our previous work [6]
that glucose in N. vaccinii IMV B-7405 was
assimilated in the pentose phosphate cycle, and
the catabolism of glycerol to dihydroxyacetone
phosphate (glycolysis intermediate) could
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proceed via both the glycerol-3-phosphate and
the dihydroxyacetone pathway.

The aim of this work was to determine
the optimal molar ratio of glucose to glycerol
for the intensification of BS synthesis by N.
vaccinii IMV B-7405 on a mixture of these
substrates.

Materials and Methods

Nocardia vaccinii K-8 strain registered in
the Depository of microorganisms of Institute
of Microbiology and Virology of the National
Academy of Sciences of Ukraine under the
number IMV B-7405 was used in the study.
N. vaccinii IMV B-7405 strain was grown in
liquid mineral medium composed of (g/I):
NaNO; — 0.5, MgSO,-7H,0 — 0.1, CaCl,;-2H,0 —
0.1, KH,PO, — 0.1, FeSO,7TH,0 — 0.001,
yeast autolysate — 0.5 (vol/vol). Glucose
0.75%, glycerol 0.6% (vol/vol) as well as
mixtures of 0.5% glucose and glycerol (0.2;
0.4; 0.5; 0.6 and 0.8% vol/vol) in molar ratios
of 1:1; 1:2; 1:2.5; 1:3 and 1:4 respectively were
used as the carbon and energy sources.

The mid-exponential-phase culture grown
in the medium of the indicated above compo-
sition was used as the inoculum. Glucose
(0.5%), glycerol (0.5% vol/vol) and a mixture
of glucose (0.25%) and glycerol (0.25% vol/
vol) were used as the carbon and energy sources
for the inoculum preparation.

The amount of inoculum (10*-10° cell/ml)
was 5% of the medium volume. Cultivation
was performed in 750 ml flasks with 100 ml of
medium on a shaker (220 rpm) at 28-30 °C for
24-120 h.

Amount of the extracellular BS was
determined after their extraction from the
cultural liquid supernatant by chloroform/
methanol (2:1) mixture using the modified
method [7]. To obtain the supernatant, the
culture liquid was centrifuged at 5000 g for
20 min.

Considering that N. vaccinii IMV B-7405
strain synthesizes complex of polar and non-
polar lipids [6] and a reported method of
BS extraction [7] allows to extract mainly
non-polar lipids, we modified the classic
Folch mixture by introducing into it 1N HCl
(chloroform : methanol : water = 4:3:2). This
mixture allows most efficient extraction of
both polar and non-polar lipids.

The supernatant (25 ml) was placed into
cylindrical separatory funnel (100 ml), 1N HCl
was added to achieve pH 4.0—4.5 (about 5 ml),
the funnel was closed with a ground stopper
and stirred for 3 min, and then the chloroform-
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methanol (2:1) mixture (15 ml) was added and
again stirred for 5 min (lipid extraction).
The resulting mixture was left in separatory
funnel for phase separation, thereafter the
bottom fraction was poured off (the organic
extract 1) and the aqueous phase was re-
extracted. At the re-extraction, 1N HCI to
achieve pH 4.0—4.5 (about 5 ml), chloroform-
methanol (2:1) mixture (15 ml) were added to
the aqueous phase and lipids were extracted
for 5 min. After phase separation, the bottom
fraction was poured off (the organic extract 2).
At the third stage, chloroform-methanol (2:1)
mixture (25ml) was added to the aqueous phase
and extraction was performed as described
above (the organic extract 3). The extracts
1-3 were combined and evaporated on a rotary
evaporator IR-1M2 at 50 °C and absolute
pressure 0.4 atm up to constant mass.

To determine the emulsification index
(Eyy, %), sunflower oil (5 ml) (emulsified
substrate) was added to culture liquid
(5 ml) and the mixture was stirred for 2
min. Thereafter the measurement of the
emulsification index was determined after 24
h as of the ratio of the emulsion layer height to
the total height of the liquid in the tube and it
was expressed in percent.

Preparation of cell-free extracts and
determination of the activity of enzymes
involved in glucose and glycerol catabolism,
anaplerotic pathways and BS biosynthesis were
performed as described in [6]. The activity
of glucose-6-phosphate dehydrogenase (EC
1.1.1.49) was measured by detecting NADP*
reduction at 340 nm using glucose-6-phosphate
as an electron donor. Dihydroxyacetone kinase
activity (EC 2.7.1.29) was determined on
dihydroxyacetonephosphate formation which
was assayed by spectrophotometry measuring
the oxidation of NADH" in the coupled
reaction with glycerol-3-phosphate
dehydrogenase. The activity of isocitrate
lyase (EC 4.1.8.1) was estimated by measuring
the rate of phenylhydrazone glyoxylate
formation at 324 nm, the activity of
phosphoenolpyruvate (PEP) synthetase (EC
2.7.9.2) — by measuring the rate of pyruvate
formation which was detected through NADH
oxidation at 340 nm in the coupled reaction
with lactate dehydrogenase, the activity
of PEP-carboxykinase (EC 4.1.1.49) — by
assessing the PEP and pyruvate formation
during NADH oxidation, and the activity of
glutamate dehydrogenase (EC 1.4.1.4) — by
measuring the glutamate formation at NADPH
oxidation at 340 nm, the activity of PEP
carboxylase (EC 4.1.1.31) — by measuring
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NADH oxidation at 340 nm, the activity of
trehalose-phosphate synthase (EC 2.4.1.15) —
by measuring uridine diphosphate formation
which was determined by the NADH oxidation
at 340 nm in coupled reactions with pyruvate
kinase and lactate dehydrogenase.

NAD", NADP*, uridine-5’-diphosphate-
glucose (Fluka, Switzerland), lactate
dehydrogenase, isocitrate (Serva, Germany)
were used for enzyme assays. Others reagents
were Sigma, USA.

Enzyme activity was expressed in nmol
of product formed per 1 min and calculated
per 1 mg of protein. Protein concentration in
cell-free extracts was determined by Bradford
assay [8]. Enzyme activity assessment was
performed at 28—30 °C (optimal temperature
for the N. vaccinii IMV B-7405 growth).

All experiments were performed
in 3 replicates, the number of parallel
determination in the experiment was 3-5.
Statistical processing of the obtained data
was performed as previously described [3].
The differences between average means were
considered significant at P < 0.05.

Results and Discussion

It was previously shown [1-4] that the
auxiliary substrate concept, proposed by Babel
[9] to increase the biomass yield, can serve as
theoretical basis for studies on the enhanced
synthesis of secondary metabolites on mixture
of several substrates. According to “energy-
based classification” (on which concept is based),
all substrates are divided into energy-excessive
and energy-deficient [10]. According to this
classification, phosphoglyceric acid (PGA) is
a central carbon precursor (key intermediate)
for the synthesis of all cellular components.
The energy needed for the synthesis of cellular
components from this precursor, is a constant
value and found to be 1 mol of ATP per 10.5 g
of dry biomass [10]. Substrates are classified
as energy-excessive if the amount of ATP as
well as reducing equivalents, generated on
the pathway from the substrate to PGA, is
sufficient for the biomass synthesis. Substrates,
which must be partly oxidized to CO, to produce
the energy required for the synthesis of cellular
components, are classified as energy-deficient.
Knowledge of the metabolic pathways of carbon
substrate conversion into key intermediate
(PGA) of biomass synthesis enables to determine
the substrate “energy value”.

According to the “energy-based
classification” by Babel [10], glycerol is always
energy-deficient substrate, whilst glucose may

be, depending on catabolism pathway, either
energy-deficient (glycolysis, the Entner-
Doudoroff pathway) or energy-excessive
(pentose phosphate pathway) substrate.

Previously it was found that N. vaccinii
IMV B-7405 synthesizes complex of neutral,
glyco- and aminolipids, at that, glycolipids
were presented as trehalose mycolates [11].
Enzymatic studies [9] confirmed the ability
of N. vaccinii IMV B-7405 to synthesize
surface active glyco- and aminolipids, as
evidenced by the high activity of enzymes of
gluconeogenesis (PEP-carboxykinase and PEP-
synthetase) and NADP*-dependent glutamate
dehydrogenase as well as trehalose-phosphate
synthase — a key enzyme of the trehalose
mycolates biosynthesis.

Calculation of the glucose/glycerol
concentrations ratio for N. vaccinii IMV
B-7405 cultivation on their mixture. The
calculation of the optimal glucose/glycerol
ratio was based on the following assumptions:
1) trehalose mycolates are the main BS
components; 2) catabolism of glucose is
performed via the pentose phosphate pathway;
3) glycerol is involved in metabolism through
dihydroxyacetone with the participation
of pyrroloquinoline quinine- and nitroso-
N,N-dimethylaniline-dependent alcohol
dehydrogenases and dihydroxyacetone kinase;
4) glucose is used primarily as an energy source,
and for the synthesis of biomass and trehalose
mycolates carbon of glycerol is used; 5) the mycolic
acid in the trehalose mycolates is 3-hydroxy-
2-dodecanoyl-docosanoic acid containing
34 carbon atoms (similar to Rhodococcus
erytropolis trehalose lipids [12]); 6) P/O ratio is 2.

A possible scheme for the synthesis of
trehalose monomycolate from glycerol is
shown in Fig. 1. This scheme is based on our
following studies of glycerol metabolism in the
IMV B-7405 strain [6]:

1. Assimilation of this substrate
through dihydroxyacetone. It was
found [6] that glycerol catabolism to
dihydroxyacetonephosphate (glycolysis
intermediate) may be performed in two ways:
through glycerol-3-phosphate and through
dihydroxyacetone. Since the dihydroxyacetone
kinase activity was higher than glycerol
kinase activity (732 and 244 nmol/min 1-mg™
protein, respectively), exactly this pathway of
glycerol catabolism is indicated in Fig. 1.

2. Peculiarities of the central metabolism
(enzyme activities of tricarboxylic acid cycle,
including the succinate formation in the
alternative 2-oxoglutarate synthase reaction,
gluconeogenesis reaction).
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It should be noted, according to [6],
that both gluconeogenesis enzymes (PEP-
carboxykinase and PEP-synthetase) function
in the N. vaccinii IMV B-7405 cells. Since the
PEP-synthetase activity was higher than PEP-
carboxykinase activity (1071 and 820 nmol/
min 'mg! protein, respectively), exactly this
reaction is shown in Fig. 1.

3. Biosynthesis of surface-active trehalose
mycolates (formation of trehalose-6-phosphate
in the trehalose-phosphate synthase reaction).

Based on data [12], the formation of
mycolic acid via 3-hydroxy-2-dodecanoyl
docosanoic acid and the synthesis of trehalose-
6-mycolate from trehalose-6-phosphate and
mycolic acid are shown in Fig. 1.
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Energy consumption during the trehalose
phosphate synthesis. As can be seen from the
scheme, 8 mol of glycerol are required for
the synthesis of one molecule of trehalose
phosphate (4 mol to produce glyoxylate and
4 mol for the synthesis of acetyl-CoA, which
reacts with glyoxylate to form malate). Thus, 8
mol of ATP are consumed during the formation
of glycerol-3-phosphate from glycerol, 8
mol of ATP — in the formation of PEP from
pyruvate, 4 mol of ATP — in the synthesis of
1,3-diphosphoglycerate from phosphoglyceric
acid (PGA) and 8 (4 NADH) — during
conversion of 1,3-diphosphoglycerate into
triose phosphate. Hence, energy consumption
is 28 mol of ATP. In addition, one mol of
ATP is consumed during the formation of
nucleoside-diphosphate-saccharide (glucose-6-
phosphate — UDP-glucose) necessary for the
synthesis of trehalose-6-phosphate. Hence,
the energy consumption during synthesis of
trehalose-6-phosphate from glycerol is 30 mol
of ATP.

Energy consumption during the synthesis
of mycolic acid. Considering the pathway of
biosynthesis of fatty acids from acetyl-CoA
described in [1], it can be calculated that for
the producing of 3-hydroxy-2-dodecanoyl
docosanoic acid containing 34 carbon atoms,
17 mol of acetyl-CoA are required, for the
synthesis of which from glycerol, 17 mol of
ATP is used. Given the number of cycles (16) in
the synthesis of mycolic acids from acetyl-CoA,
the energy consumption is 16 + 17 = 33 mol
of ATP.

ATP generation during the synthesis of
trehalose monomycolate from glycerol.

Energy is generated at the formation of
acetyl-CoA:

Glycerol — Acetyl CoA + ATP + 2NADH. (1)

Since 17 mol of acetyl-CoA for mycolic acid
synthesis and 8 mol of acetyl-CoA are required
for trehalose phosphate synthesis, the equation
(1) can be represented as:

25 Glycerol — 25 Acetyl-CoA + 25 ATP +
+ 50 NADH, (2)

From equation (2), given P/0=2, it
follows that during the formation of trehalose
monomycolate from glycerol 25 + 100 = 125 mol
of ATP are generated, or 5 mol of ATP per
mole of glycerol. The total energy consumption
during the synthesis of trehalose phosphate and
mycolic acid from glycerol is 30 + 33 = 63 mol
of ATP, or 2.52 mol of ATP per mol of utilized
glycerol.

Thus, the energy generated during the
trehalose monomycolate formation is 5-2.52 =
2.48 mol ATP / mol of utilized glycerol.

The energy consumption during the
biomass synthesis. Synthesis of biomass from
phosphoglyceric acid, a key intermediate
of synthesis of cellular components, can be
represented as follows [10]:

4 PGA + NH; + 29 ATP + 5.5 NAD(P)H —
— (C4HgO,N), 3),

where (C,HgO,N); is a formula of mole of the
biomass.

Total conversion reactions of glycerol and
glucose in PGA are [8]:

Glycerol - PGA + NAD(P)H; 4)
Glucose —» PGA + 7T NAD(P)H + 3CO,. (5)

For P/O = 2 equations (4) and (5) can be
presented as:

Glycerol - PGA + 2 ATP; (6)
Glucose —» PGA + 14 ATP. 7)

Considering the equation of biomass
synthesis from PGA (equation (3) and
the glycerol catabolism to PGA equation
(equation (6), it can be calculated that the
ATP amount required for biomass synthesis
(per mol of glycerol) is 8 mol of ATP. In our
opinion, this energy can be obtained from
glucose. Given that 2.48 mol of ATP / mol of
glycerol is generated during the synthesis of
trehalosemonomycolate from glycerol, 8 —
2.48 = 5.52 mol ATP should be obtained at the
expense of glucose. The equation (7) implies
that 0.394 mol of glucose is needed for this
amount of energy. Consequently, the glucose/
glycerol molar ratio in the medium should be
0.394:1 0r 1:2.5.

Effect of molar ratio of glucose/glycerol
concentrations on BS synthesis. In the next
step, BS synthesis by N. vaccinii IMV B-7405
at various molar ratios of glucose and glycerol
concentrations in a mixture was studied
(Fig. 2). As it can be seen (Fig. 2), the highest
rates of BS synthesis were observed at molar
ratio of monosubstrates 1:2.5—1,4, i.e. closest
to the theoretical one.

Further experiments showed that in the
cells of N. vaccinii IMV B-7405 strain grown
on a mixture of glucose and glycerol (1:2.5),
the enzymes of both substrates catabolism
functioned simultaneously. Thus, the activity
of NADP'-dependent glucose-6-phosphate
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Table 1. Characteristics of BS synthesis under cultivation
of N. vaccinii IMV B-7405 on glucose, glycerol and their mixture

Substrate concentration,% BS, g/1 E24,%

Glucose, 0.5+ Glycerol, 0.5 3.0+0.15% 55+2.8%%
Glucose, 0.75 1.3+0.06 51+2.5
Glycerol, 0.6 1.5=0.07 53+2.6

Notes. The concentration of glycerol is given in% (vol/vol). The molar ratio of glucose/glycerol
concentrations is 1:2.5 (Table 1 and 2). Mixed and monosubstrates are equimolar for carbon. Under cultivation
on glucose and glycerol, the inoculum was grown on respective monosubstrates (0.5% ), for the mixed
substrate — on mixture of glucose (0.25% ) and glycerol (0.25% ). The concentration of biomass in all cases was

the same 0.8—-0.9 g/1.

* — P <0.05 relative to control (BS concentration on the monosubstrates).
*% _ P <0.05 relative to control (emulsification index on the monosubstrates).
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Fig. 2. Effect of molar ratio of glycerol/glucose
concentrations in the cultivation medium
of N. vaccinii IMV B-7405 on BS synthesis:
*_— P < 0.05 relative to the control (BS
concentration at the theoretically calculated
glucose/glycerol molar ratio 1:2.5). The inoculum
was grown on a mixture of glucose (0.25%) and
glycerol (0.25%, vol /vol)

dehydrogenase (one of enzymes of the pentose
phosphate pathway) and dihydroxyacetone
kinase (the key enzyme of the dihydroxyacetone
pathway of glycerol assimilation) was was
400-450 nmol/min''mg™! protein). These
data indicated the mixotrophic nature of the
N.vaccinii IMV B-7405 growth on a mixture of
glucose and glycerol.

Characteristics of BS synthesis by
N. vaccinii IMV B-7405 on glucose and
glycerol mixture (molar ratio 1:2.5), as
well as on monosubstrates equimolar for
carbon concentrations shown in Table 1. The
concentration of extracellular biosurfactants
obtained on the mixture of glucose and glycerol
was 2-2.3 times higher than ones synthesized
on monosubstrates and emulsification index of
the culture liquid did not substantially change
(51-55%).

28

These data may indicate that cultivation
of IMV B-7405 strain on the mixed substrate
is accompanied by enhanced synthesis of
metabolites with surfactant properties. To
test this assumption the activity of enzymes of
the surfactants biosynthesis was determined
(Table 2).

The data presented in the Table 2 have
shown that under cultivation IMV B-7405
on the glucose and glycerol mixture, the
activity of PEP-carboxylase (enzyme of
anaplerotic reaction that replenishes the
pool of C,-dicarboxylic acids — precursors of
gluconeogenesis) was 1.3-1.4 fold higher, and
the activity of key enzymes of gluconeogenesis
(PEP-carboxykinase and PEP-synthetase)
was 1.2-5.7-fold higher than that under
cultivation on monosubstrates. These data,
as well as the higher activity of trehalose-
phosphate synthase on mixed substrate
(69 against 38—39 nmol/min mg ! protein on
glucose and glycerol) indicated an increase in
the surface-active trehalosemycolate synthesis
under such conditions. Enhanced synthesis of
exactly glycolipids on a mixture of glucose
and glycerol was also evidenced by almost the
same (394-427 nmol/ min ''mg™! protein)
activity of NADP"-dependent glutamate
dehydrogenase, the enzyme of surface-active
aminolipid biosynthesis, on both mixed and
monosubstrates. It should be noted that under
cultivation of IMV B-7405 strain on either
glycerol or mixture of glucose and glycerol,
activity of isocitrate lyase (one of the key
enzymes of the glyoxylate cycle functioning in
microorganisms growing on non-carbohydrate
substrates) was not detected.

Thus, both, the data presented in Table 2
and the results of growth experiments
(Table 1) have confirmed the enhanced
synthesis of surface-active metabolites under
cultivation of N. vaccinii IMV B-7405 on a
mixed substrate.
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Table 2. The activity of enzymes of BS biosynthesis and anaplerotic pathways
under N. vaccinii IMV V-7405 cultivation on the mono- and mixed substrates

Activity (nmol/min'mg protein) in the cell-free
extracts, obtained from cells grown on:

Enzyme
mixture of glycerol

glycerol glucose and glucose
PEP-carboxylase 714+35 218=10 1250+62%
PEP-synthetase 1042+52 623+31 1290+64*

NADP*-dependent glutamate dehydrogenase 394+19 427+21 417+20%*
PEP-carboxylase 714+35 803+40 1036+51+*
Isocitrate lyase 0 0 0
Trehalose-phosphate synthase 392 38+2 69+3*

Notes. Enzyme activity was determined in the cell-free extracts obtained from the cells in early exponential
growth phase. * — P < 0.05 relative to control (enzyme activity in the cells grown on the monosubstrates).

We reviewed in [4] the literature data
(mainly 2005-2010) on the application of
the mixture of substrates for intensification
of technologies of microbial synthesis of
practically valuable products of fermentation
(ethanol, lactic acid, butanediol), the primary
(amino acid, n-hydroxybenzoate, triglycerides)
and secondary (lovastatin, surfactants)
metabolites as well as biodegradation of
xenobiotics of aromatic nature (benzene,
cresols, phenols, toluene) and pesticides
(dimethoate).

Following this review, a little new
information on the microbial synthesis of
industrial products, including microbial
surfactant mixtures on growth substrates
was published. For example, in [13] the
possibility of enhancing the synthesis of
1,3-propanediol by Klebsiella pneumoniae ME-
303 on the mixture of xylose and glycerol was
shown. It was found that under cultivation
of ME-303 strain in a fermenter on a medium
containing 30 g/l glycerol and 8 g/1 xylose,
the concentration of 1,3-propanediol was
13.2 g/1 and was only 9.4% higher than under
cultivation on monosubstrate glycerol.

Study of biomass production and polyols
(mannitol and arabitol) synthesis by Yarrowia
lipolytica on glycerol, glucose and mixture
of these subsrtates (10 g/1) showed that
cultivation of yeast on mixed substrate was
accompanied by an increase in growth rate,
levels of biomass, but not the amount of
alcohol [14].

Formation of sophorolipids by strain
Starmerella (Candida) bombicola ATCC 22214
on a mixture of glycerol (15% ) and sunflower

0il (10% ), and a mixture in which the purified
glycerol was replaced with glycerol-containing
waste products of commercial fats lyposis was
studied in [15]. It was found that regardless of
the glycerol source in mixture, concentration
of synthesized surfactant was almost the same
(6.36—6.61 g/1).

Yeast Cyberlindnera samutprakarnensis
JP52T when grown on a mixture of glucose
(2% ) and palm oil (2%, vol/vol) synthesized
1.89 g/1 BS [16]. Interestingly, BS synthesis
was not observed under cultivation of JP52T
strain on palm oil, on monosubstrate glucose
concentration of surfactant was only 0.03 g/I.

In [17], synthesis of mannosylerythritol
lipid BS by Pseudozyma hubeiensis Y10BS025
on mixtures of several substrates was
studied. It was established that cultivation of
Y10BS025 strain on a mixture of glucose and
glycerol at ratio 75:25 with addition of soybean
0il (8%, vol/vol), accompanied by synthesis of
115 g/1 BS, that higher than if olive oil was
added (65 g/1).

In studies [15-17] (and other
aforementioned publications), monosubstrates
and their concentrations in the mixture were
established empirically. It is noteworthy that
the substrates were used in extremely high
(sometimes 100 g/l1) concentrations. In this
case, the enhancement of the BS synthesis on
the mixture of growth substrates compared
to the cultivation on monosubstrates was
not indicative, since the main criterion of
efficiency of mixed substrates was the maximal
carbon conversion into final product.

In previous researches [1-4] and in this
study, to provide the highest carbon conversion
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of the two energetically unequal substrates
into microbial products (surfactants), we
performed a theoretical calculation of optimal
molar ratio of monosubstrate concentrations
in the mixture that allowed increasing
the concentration of the final product by
several times in comparison with that on
monosubstrates.

The theoretical calculation of the energy
required for the synthesis of trehalose
mycolates R. erythropolis IMV Ac-5017 and
A. calcoaceticus IMV B-7241 on a mixture
of energy-excessive hexadecane and energy-
deficient glycerol showed that the optimum
molar ratio of substrates for BS synthesis
found to be 1:7 [3, 4]. Under such cultivation
conditions the BS synthesis was 2.6—3.5-fold
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MeToio po6oTH OYJI0 BUSHAUEHHSA ONITUMAJb-
HOTO MOJIIPHOTO CIIiBBiJHOIIIEHHA TJIIOKO3UW Ta
TJIiepoay i inTeHcu@ikaiii cuuTesy moBepxHe-
BO-aKTUBHUX peuoBuH N. vaccinii IMB B-7405 una
CyMilri eHepreTUYHO HEPiBHOIIHHUX CyOCTpaTiB
(rsrroxo03u i raaimepoay).

Ha ocHOBi TeopeTHuYHUX PO3PaxyHKiIB eHeP-
TeTUYHUX TOTpebd CUHTEe3y IMOBEPXHEBO-aKTHUB-
HBIX TpPerajo3oMOHOMikKoJiaTiB Ta Oiomacu Ha
eHepreTnuHo AedinurHoMy cyberpari (raimepoa)
BCTAHOBJIEHO KOHIIEHTPAI[il0 eHepTreTUYHO Hal-
JIUIIIKOBOI TJIIOKO3U, II[0 JA€ 3MOTY HiJBUIIUTHU
e(eKTUBHICTHL KOHBEPCil ByIJIeIl0 BUKOPUCTOBY-
BaHUX Ccy0OCTpaTiB y MOBEepPXHEBO-aKTHUBHI pevo-
BUHHU. 3a MOJSAPHOTO CIiBBiAHOIIEHHS KOHIIEH-
Tpaliii raKo3u Ta riainepoiay 1,0:2,5 kigpKicTs
CHUHTE30BAaHUX NO3aKJITHHHUX IIOBEPXHEBO-aK-
TUBHUX peuoBuH Oysay 2,0—2,3 pasa 6iibina, HixK
Ha BiAmoBiZHUX MOHOCYyOCTpaTax.

IligBuIleHHs KOHIeHTpAIlil MOBEepPXHEBO-aK-
TUBHMUX PEUYOBMH Ha 3MiIllaHoMy cyoOcTpaTi 3y-
MOBJIEHO 30iJILIIIEHHAM CUHTE3y IIOBEPXHEBO-aK-
TUBHUX TPETAJIO30MiKO0JaTiB, IPO IO CBiIUYMJIIO
3poctaHHda B 1,2—5,7 pasa aKTUBHOCTI eH3UMiB IX
b6iocuuTe3dy (TperasododocharcuraTaszu, pocdo-
eHOJIipyBaTKapOoOKcuKinasu, ¢ocdoeHONTipy-
BaTCHUHTETa31) HOPiBHSAHO 3 KYJIbTUBYBAHHAM Ha
MOHOcCyOcTpaTax TJIIOK03i Ta riirnepoJuri. Orpuma-
Hi pe3yJabTaTu cBifyaTh IIPO AOIiJNBHICTHL BUKO-
PUCTAHHA CyMilli eHepreTUYHO HEPiBHOIIHHUX
POCTOBUX CyOCTpATiB AJA MiABUINEHHA CUHTE3Y
BTOPUHHUX MeTabO0JIiTiB, a TAKOK IIPO Te, IO BU-
COKOI e(peKTUBHOCTI TaKUX 3MiIlIaHUX cyOcTpaTiB
MO:Ke OyTU JOCSATHEHO K 3a IPaBUJIBLHOT'0 BUOGODY
cyOcTparTiB, TaK i KOPEKTHOTO BUBHAUEHHA MOJIAP-
HOT'O CIiBBiTHOIIIEHHS 1X KOHIIEHTPAIIii.

Knrmouwoei caroea: Nocardia vaccinii IMB B-7405,
HOBerHeBO-aKTI/IBHi peLIOBI/IHI/I, eHepFeTI/IqHO
HepiBHOIIiHHI cyGcTpaTH.
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ITesnbio paboOTHI OBLIO OTIpeeIeHe OTITUMATb-
HOT'O MOJIIPHOT'O COOTHOIIIEHUA TJIIOKO3BI U TJIUIIE-
poJia Ijisi UHTeHCu(pUKAIUY CUHTe3a II0OBEPXHOCT-
HO-aKTUBHBIX BemlecTB N. vaccinii IMB B-7405 na
cMecHt 9HepreTUYecKu HePaBHOIIEHHBIX cyOcTpa-
TOB (TJIIOKO3BI U TJINIEPOJIa).

Ha ocHOBe TeopeTnuecKnX pacueToB dHepTe-
TUYECKUX MOTPEeOHOCTEH CUHTEe3a TOBEPXHOCTHO-
aKTUBHBIX TPEraJI030MOHOMUKOJIATOB U OMOMACCHI
Ha SHEPTeTUUeCcKU AeUIMTHOM cyocTpaTe (TJIu-
1epoJI) YCTAHOBJIEHA KOHIIEHTPAI[US dHEepreTuye-
CKU U30BITOYHOII TJIIOKO3bI, TTO3BOJIAET MOBLICUTH
3(pPeKTUBHOCTH, KOHBEPCUU yIJIepoJa NCIOJIb3ye-
MBIX CyOCTPATOB B IOBEPXHOCTHO-aKTUBHBIE BeIlle-
crea. IIpu MOJISIPHOM COOTHOINIEHUHU KOHIIEHTpA-
MU TJII0OKO36I U riurneposga 1,0:2,5 KoauuecTBO
CUHTE3UPYEeMbIX BHEKJETOUHBIX ITOBEPXHOCTHO-
aKTUBHBIX BellecTB 05110 B 2,0—2,3 pasa GoJibIre,
yeM Ha COOTBETCTBYIOIIUX MOHOCYOCTpaTax.

IloBhINIeHME KOHIIEHTPAIUM IIOBEPXHOCT-
HO-aKTHUBHBIX BeIlECTB Ha CMEIIaHHOM cybOcTpa-
Te 00YCJOBJIEHO YBEeJIUUYEHNEM CUHTEe3a II0BepX-
HOCTHO-aKTHUBHBIX TPErajo30MUKOJIATOB, O UeM
CBUIETEJIbCTBOBAJIO Bo3dpacTtauue B 1,2—5,7 pasa
AKTHUBHOCTHU SH3WMOB UX OMocUHTe3a (Tperaioso-
docharcurTasdwl, GochoeHOITUPYBATKAPOOKCH-
KHHAa3bI, (pocOoeHOJIITNPYBaTCUHTETA3bI) II0 CPaB-
HEHUIO ¢ KyJbTUBUPOBAHNEM Ha MOHOCYOCTpaTax
TUII0OKO3€e U raurepose. [lonyueHHble pe3yabTaThbl
CBUJETEJBbCTBYIOT O I€JeCO00Pa3HOCTH MUCIOJIb-
30BaHUA CMeCH dHepPreTUYeCcKr HePaBHOIIEHHBIX
POCTOBBIX CyOCTPATOB [IJIA ITOBBIIIIEHUSI CUHTE3a
BTOPUYHBIX META00JIUTOB, & TAKKE O TOM, UTO BbI-
cokasa 3G GEeKTUBHOCTh TAKUX CMEIIaHHBIX Cy0-
CTPATOB MOXKET OBITh JOCTUTHYTA KaK MIpPU Ipa-
BUJILHOM BBIOOpPE CyOCTPATOB, TAK M KOPPEKTHOM
ompesesieHUY MOJSPHOTO COOTHOIIEHUA UX KOH-
IEeHTPAaI[UIA.

Knrouesvie cnosa: Nocardia vaccinii IMB

B-7405, moBepXHOCTHO-aKTHUBHBIE BeIeCTBA,
SHEPTreTUYeCKHU HepaBHOIIEHHbBIE CyOCTPaThI.
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