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Abstract Yarrowia lipolytica A-101-1.22 produces high
citric acid (112 g I'") with a yield of 0.6 g g ' and a
productivity of 0.71 g 1"" h™! during batch cultivation in the
medium with glycerol-containing waste of biodiesel indus-
try. However, it was observed that the specific citric acid
production rate, which was maximal at the beginning of the
biosynthesis, gradually decreases in the late production
phase and it makes continuation of the process over 100 h
pointless. The cell recycle and the repeated batch regimes
were performed as ways for prolongation of citric acid
synthesis by yeast. Using cell recycle, the active citric acid
biosynthesis (96-107 g 1"") with a yield of 0.64 g g ' and a
productivity of 1.42 g 1" h™' was prolongated up to 300 h.
Repeated batch culture remained stable for over 1000 h; the
RB variant of 30% feed every 3 days showed the best
results: 124.2 g I"! citric acid with a yield of 0.77 g g’ and
a productivity of 0.85 g I'" h™!.
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Introduction

In the twentieth century, oil hydrocarbons were considered
to be the main source of energy and the cheapest and
readily available raw material for biotechnology. However,
the ever-increasing rise in the cost of oil starting with the oil
crisis of the seventies and the deterioration of the global
ecological situation in the last years made us turn to
alternative energy sources, such as biodiesel. Biodiesel
production worldwide has been on an exponential growth
curve over the past several years. Under Directive 2003/30/
EC Europe established the goal of reaching a 5.75% share
of renewable energy in the transport sector by 2010.

Biodiesel can be produced from various vegetable oils
and animal fats. The technology consists in that oil
triglycerides are hydrolyzed and then methylated with the
formation of methylated fatty acids, which are just used as
biodiesel. One of the major wastes from this technological
process is glycerol, which is formed in an amount of more
than 1 kg per 10 kg of the biodiesel produced. In 2007, the
amount of glycerol-containing waste in Europe reached
600,000 tons (Papanikolaou et al. 2008) that poses the
problem of its utilization.

Biodiesel waste, which contains glycerol (up to 80%),
oil residue, free fatty acids (about 1%), sodium and
potassium salts, and water, may serve as raw material for
various processes of biotechnological bulk metabolites, in
particular citric acid (CA). Global CA production has
reached 1.4 million tons, increasing annually at 3.5-4.0%
in demand and consumption (Anastassiadis et al. 2008).

Traditionally, different strains of filamentous fungus
Aspergillus niger have been used in the commercial
production of CA from molasses, sucrose, or glucose.
Moreover, there is a great interest in various yeasts
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belonging to Candida (Yarrowia) lipolytica, which is
capable of CA production from various carbon sources,
such as n-alkanes (Akiyama et al. 1973; Gledhill et al.
1973; Lozinov et al. 1974; Stottmeister et al. 1982), glucose
(Anastassiadis et al. 2002; Anastassiadis et al. 2008;
Behrens et al. 1987; Briffaud and Engasser 1979; Forster
et al. 2007a; Lozinov et al. 1974; Moresi 1994; Stottmeister
et al. 1982; Wojtatowicz et al. 1991), ethanol
(Arzumanov et al. 2000; Finogenova et al. 2005), and plant
oils (Fickers et al. 2005; Forster et al. 2007b; Holz et al.
2009; Kamzolova et al. 2005). The necessary condition for
the synthesis of CA and its excretion into the surrounding
medium is the retardation of growth of Y. lipolytica under
the conditions of carbon excess and nitrogen deficiency in
the cultivation medium (Akiyama et al. 1973; Behrens et al.
1987; Fickers et al. 2005; Finogenova et al. 2005; Gaden
1959; Lozinov et al. 1974; Stottmeister et al. 1982). Most
strains of Y. lipolytica produced CA and threo-Ds-isocitric
acid (ICA) simultaneously in the proportion that depended
on the strain, carbon source, and composition of the growth
medium (Anastassiadis et al. 2008; Fickers et al. 2005;
Holz et al. 2009; Lozinov et al. 1974; Stottmeister et al.
1982).

The relevant literature data on attempts to use glycerol as
carbon source for CA production are rare (Forster et al.
2007a, b; Holz et al. 2009; Imandi et al. 2007; Levinson et
al. 2007; Papanikolaou et al. 2002; Papanikolaou et al.
2008; Rymowicz et al. 2006; Rywinska et al. 2009). The
available reports are mainly focused on cultivation in flasks
and batch process. Recently, we reported CA production by
Y. lipolytica on glycerol in repeated batch bioreactor
(Rywinska and Rymowicz 2010). Yet, implementation of
a continuous process for CA production from crude
glycerol has not been developed.

The aim of the present work was to study the possibility
of CA production by Y. lipolytica in a cell recycle system
and repeated batch (RB) on the medium containing
glycerol-containing waste of biodiesel manufacture (crude
glycerol), and to conduct a comparative analysis of
biochemical peculiarities (protein content; C, H, N content,
lipid content and fatty acid composition) of the producer in
batch mode and continuous cultivation.

Materials and methods

Strain

The acetate-negative mutant strain Y. lipolytica A-101-1.22
used in this study was from the yeast culture collection
belonging to the Department of Biotechnology and Food

Microbiology, Wroclaw University of Environmental and
Life Sciences in Poland. It was obtained from a parental
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wild-type, asporogenous strain A-101 of Y. lipolytica by
using NTG (N-methyl-N'-nitro-N-nitrosoguanidine) treat-
ment. The parental strain of Y. lipolytica A-101 was isolated
from an oil-field in southeastern Poland. In comparison to
the A-101 strain, the A-101-1.22 mutant is able to produce
lower amount of by-product such as threo-Ds-isocitric acid
(Wojtatowicz et al. 1991; Rymowicz et al. 1993). The yeast
strain was maintained on YM slants under a layer of
paraffin oil at 4 °C.

Chemicals

The carbon source used was raw glycerol from biodiesel
(fatty acid methyl esters) production unit [Rafineria
Trzebinia S.A—glycerol content—76% (w/w)]. The impu-
rities in the industrial raw glycerol solution were sodium
salts [4% (w/w)], methanol [0.1% (w/w], metals [Cu 0.3,
Mg 100, Fe 13.7, Zn 2.9, and Ca 46 (ppm)], heavy metals
[Cd, Cr, Hg not detected], other organic materials [0.8% (w/
w)] and water [19.5% (w/w)].

Culture conditions

The growth medium for a seed culture contained: 50 g
glycerol, 2 g yeast extract, 3 g bacto peptone (Difco, USA) in
1 1 of tap water. A seed culture was grown in a 300-ml flask
(containing 100 ml of growth medium) on a shaker at 30 °C
for 2 days. An inoculum of 200 ml was introduced into the
fermenter containing 1.8 1 of the production medium.

Batch and RB regimes were performed in a 5-1 jar
fermenter (Biostat B Plus, Sartorius, Germany) with a
working volume of 2 1 at 30 °C. The aeration rate was fixed
at 0.6 1 min~'. The stirrer speed was adjusted to 800 rpm,
and the dissolved oxygen concentration was maintained at
25+5% saturation. The pH was maintained automatically at
5.5 by the addition of NaOH (40% w/v).

Batch mode was conducted in a medium consisting of
125 g I'! crude glycerol, 3 g 17" NH,CI, 1 g 1! MgSO, x
7H,0,0.2 g "' KH,PO,, and 1 g ! yeast extract. After 24
and 60 h of cultivation, crude glycerol (62.5 g 1'") was
added until a total concentration of 250 g 1"

Production medium for RB cultivation contained:
250 g 1! crude glycerol, 3 g I'' NH,CL, 1 g 1! MgSO,x
7H,0, 0.2 g I'! KH,PO,, and 1 g It yeast extract. For the
first 75 h, the cultivation was conducted in batch mode, then
a portion of the culture liquid (0.8, 0.6, or 0.4 1) was
withdrawn, and the same volume of the replaced production
medium was added. This procedure was repeated four times
for each volume. The replaced medium contained: 4 g 1™
NH,CL, 1 g I'" MgSO,x7H,0, 0.2 g I'' KH,PO,, and
1 g I"! yeast extract. The volume of culture broth at the start
of each cycle of RB culture was 2 1, and the concentration of
crude glycerol was 125 g 1"'. The end of each RB cycle was
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determined when the concentration of residual glycerol was
below 0.5 g I'' and an appropriate volume of replaced
medium was added.

The cell recycle was carried in a 5-1 tank reactor with
working volume of 1.4 1. Bioreactor was coupled with the
inside spiral membrane module (Bioengineering AG),
which contained a flat polyethersulfone membrane (Sarto-
rius), diameter of membrane was 47 mm, pore size was
0.45 pm. The membrane module was equipped with a
peristaltic pomp (Ismatec). The spiral module with mem-
brane was sterilized in autoclave at 121 °C for 20 min. This
operating membrane system reduces membrane fouling,
therefore the membrane was changed after 2 weeks of the
continuous culture. Production medium contained:
187.5 g I'! of crude glycerol, 4 g I"" of NH,CI, 0.2 g 1"
of KH,PO,, 1.0 g 1! of MSO,x7H,0, and 1 g 1! of yeast
extract (Difco, USA) in tap water. Medium for continuous
process contained: 212.5 g I"' of crude glycerol and
0.7 g I'! of bacto peptone in tap water.

Analytical methods

The biomass was determined gravimetrically after drying in
a drier at 105 °C. Concentration of total CA and ICA,
glycerol, mannitol, and erythritol were determined by
HPLC (Beckman Gold System, USA) on an Aminex
HPX87H organic acid column coupled to a UV (A=
210 nm) and refractive index (RI) detector. The column
was eluted with 20 mM H,SO, at room temperature and a
flow rate of 0.6 ml min '. The retention times for citric
acids, mannitol, erythritol, and glycerol were 7.9, 9.8, 11.3,
and 12.9 min, respectively.

ICA was identified using enzymatic methods as de-
scribed by Goldberg and Ellis (1983). Protein was
determined by the Lowry method.

The intracellular content of carbon, hydrogen, and
nitrogen was measured in a C, H, N analyzer (Carlo Erba
Strumentazione); the ash content was determined by
burning in a muffle furnace. The oxygen content (O) was
calculated from: O =100 — (C+H+ N+ H + Ash),
where C, H, N—values of carbon content, hydrogen
content, and nitrogen content.

Methyl esters of fatty acids were obtained by the method
of Sultanovich et al. (1982) and analyzed by gas-liquid
chromatography on a Chrom-5 chromatograph with a
flame-ionization detector. The column (2 mx3 mm) was
packed with 15% Reoplex-400 applied to Chromaton N-
AW (0.16-0.20 mm). The temperature of the column was
200 °C. The lipid content in the biomass was determined
from the total fatty acid content with docosane (C,,Hye) as
internal standard. The energy content in the biomass was
calculated on the basis of the theory of the material-energy
balance (Erickson et al. 2000).

Calculation of fermentation parameters

To take into account the medium dilution due to the addition
of NaOH solution for maintaining the constant pH value, the
total amounts of citric acid in the culture broth were used for
calculations of the mass yield of CA (Yca), the volumetric
citric acid productivity (Qca), and the specific citric acid
production rate (gca) at batch and repeated batch regimes.

Mass yield of CA (Yca), expressed in g g ' from crude
glycerol was calculated from:

Yca = P/S,

the volumetric citric acid productivity (Qcp), expressed in
g "' h™" was calculated from:

P
Qea =371
the specific citric acid production rate (gca), expressed in
g (g cells h)"' was calculated from:

P
dca = Xt
where P, total amount of CA in the culture liquid at the end
of a regime/cultivation (g); S, total amount of crude
glycerol consumed (g); V, the initial volume of culture
liquid (1); t, the fermentation duration (h); and X, working
biomass in the fermentor (g).

For the cell recycle cultivation the following equations
were used to calculate mass yield of CA (Yca), the
volumetric citric acid productivity (Qca) and the specific
citric acid production rate (gca):

Yca =C/Sr, Sr=Si—S0, Qex=C-D, qea=%-D
where C, average CA concentration in cell recycle (g 17");
Sr, crude glycerol consumed in the recycle fermentor
(g 17" Si, inlet concentration of crude glycerol in the
recycle fermentor g I '; So, average outlet concentration of
crude glycerol in the recycle fermentor g 1”'; D—dilution

rate in the recycle fermentor (h™").

Results
Biosynthesis of CA in batch regime

The strain Y. lipolytica A-101-1.22 was cultivated under
nitrogen deficiency in a 5-1 fermentor with working volume
of 2 1 with crude glycerol as the carbon source; pH=5.5 was
adjusted automatically with 40% NaOH. The initial concen-
tration of crude glycerol in the medium was 125 g I''; after
24 and 60 h of cultivation, crude glycerol (62.5 g I'") was
added until a total concentration of 250 g 1"

Figure 1 shows the results of a typical experiment.
During the first 24 h of cultivation, the cell biomass
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Fig. 1 Batch cultivation of Y. lipolytica A-101-1.22 on crude glycerol
with a total concentration of 250 g 1", Filled circle indicates biomass,
filled triangle indicates citric acid

increased to 25.3 g I'! and then the culture passed to the
stationary growth phase because of nitrogen exhaustion in
the medium. Most of CA was accumulated in the medium
during the stationary growth phase; by the end of the
cultivation period (158 h), the culture produced 112 g 1!
CA. The mass yield of CA (Yca) and the volumetric citric
acid productivity (Qca) reached 0.6 g g ' and
0.71 g I'" h™', respectively. The concentrations of by-
products ICA, erythritol, and mannitol consisted of 7.1, 8.9,
and 7.9 g I'!, respectively.

The biomass composition of CA-producing strain Y.
lipolytica A-101-1.22 during the cultivation on crude
glycerol is presented in Table 1. In the growth phase the
crude glycerol was essentially converted into protein
(26.9% of the dry biomass), while the lipid content in

yeast cells was low (7.4% of the dry biomass), indicating
predominance of functional lipids in their compositions.
The protein content of Y. lipolytica A-101-1.22 grown on
crude glycerol was lower than that obtained in Y. lipolytica,
grown on pure substrates, such as glucose (43% of the dry
biomass; Kozlova et al. 1981) or ethanol (45% of the dry
biomass; Kamzolova et al. 1996). It seems the impurities in
crude glycerol inhibited of protein synthesis in CA-
producing strain Y. lipolytica A-101-1.22.

The transition of the culture to the stationary phase
initiated by nitrogen limitation of cell growth was accom-
panied by a decrease in the protein amount (in 1.7 times)
and by an increase in the lipid content (in 2.41 times); the
intracellular contents of carbon (46.6—48.6% of the dry
biomass), hydrogen (6.7-7.0% of the dry biomass), and
oxygen (36.8-39.9% of the dry biomass) changed insignif-
icantly during the cultivation period (Table 1).

It should be noted that the intracellular amount of
nitrogen decreased from 4.7% of dry biomass in the growth
phase to 2.5% of dry biomass in the acid production phase
showing the importance of both nitrogen limitation and a
balance between nitrogen concentration and other nutrients
for the optimum citrate excretion by yeast. Similar data on a
decrease in nitrogen content of Saccharomycopsis lipolytica
D1805 biomass during yeast transition to the stationary
phase (from 8.5% in the trophophase to 4% at the end of
exponential phase) have been reported by Briffaud and
Engasser (1979). Moresi (1994) revealed a reduction in
intracellular nitrogen content from 7-8% to 2.3-4.4% in Y.
lipolytica ATCC 20346. There are also data on the

Table 1 The biomass composition of batch culture Y. lipolytica A-101-1.22 grown in a medium containing 250 g 1" crude glycerol

Parameters Growth phase (12h)

CA production phase

Early stationary (39h) Late Stationary (87h)

Component content of biomass (% of dry biomass)

Protein 26.9+1.22
Lipids 7.4+0.38
Carbon 46.6+2.50
Hydrogen 6.7+£0.22
Nitrogen 4.7+0.20
Oxygen 37.0+1.22
Energy content of biomass (kJg™') 18.9
Fatty acid composition (% of lipid)

C16:0 20.8+0.41
Cle6:1 12.3£0.11
C18:0 2.3+0.01
C18:1 28.1+0.21
C18:2 36.5+0.11
C16:1/C16:0 0.59
C18:1/C18:0 12.22
C18:2/C18:1 1.3

15.7+0.81 16.1£1.01
11.8+0.42 17.8+0.81
46.6+2.50 48.6+3.50
7.0+0.31 6.7+0.20
2.9+0.11 2.5£0.10
36.8+1.42 39.9+1.51
19.6 19.7
19.2+0.21 17.4+0.11
17.5+0.21 19.9+0.22
3.7+0.11 4.1+0.07
42.6+0.31 45.6+0.35
16.4+0.11 12.3+0.21
0.91 1.14
11.51 11.12
0.39 0.27

Analyses were performed in duplicate
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importance of nitrogen limitation of Candida oleophila
ATCC 20177 growth for citric acid production; the
optimum concentration of NH4" was found to be
1.2 mg g ' (Anastassiadis et al. 2002).

Under cell growth limitation by nitrogen the energy
content of biomass increased from 18.9 to 19.7 kJ g
(Table 1) that can be explained by a correlation between the
energy content of biomass and the amount of lipids, the
most energy-rich component of the cells, which essentially
increased in this case.

As seen from Table 1, during the cultivation oleic acid
(A°C18:1), palmitic (C16:0), palmitoleic (“?C16:1), and
linoleic (A9‘12C18:2) acids prevailed among the fatty acids.
In the course of cultivation, the significant alterations were
observed in the fatty acid ratio: the content of linoleic acid
(A9’12C18:2) decreased from 36.5% to 12.3% and that of
oleic acid (A9C18:1) increased from 28.1% to 45.6%; the
contents of palmitic acid (C16:0) and palmitoleic acid
(*°C16:1) did not markedly alterate during the cultivation.
Fatty acid desaturase activity during cultivation has been
estimated by calculating the ratios of desaturase product to
substrate (C16:1/C16:0; C18:1/C18:0; C18:2/C18:1). The
high C18:1/C18:0 ratios calculated for all variants suggest
an important A9 activity in the yeast cells, especially in the
growth phase (12 h).

As can be seen from the data presented in Table 2, the
specific citric acid production rate (gca) of Y. lipolytica A-
101-1.22, which is maximal at the beginning of CA
biosynthesis (0.076-0.06 g (g cell) 'h™"', gradually decreases
during cultivation, which makes continuation of the process
over 100 h pointless. The disadvantages of batch cultivation
mentioned determine the necessity to use other cultivation
methods, allowing extended active biosynthesis of CA.

Cell recycle culture

One of the promising ways to prolong microbiological
processes during the metabolites production, which are
excreted into culture liquid, is the cultivation in a membrane
bioreactor (Gledhill et al. 1973; Rane and Sims 1995). Using
a membrane bioreactor allows to increase the duration of
fermentation by maintaining the CA concentration level,
which is not inhibiting the cell metabolism, also the mass
yield from substrate consumed increases by decreasing its
consumption for cell growth, therefore, biomass accumulated
of producer functions longer than in batch culture.

Table 2 Dynamics of the specific citric acid production rate (gca) of
batch culture of Y. lipolytica A-101-1.22

Cultivation 24-39 39-61 61-86 86-111 111-134 134-158
time (h)
gea (g (g cells h))™' 0.076  0.060 0.039 0.034  0.0091 0.006

Membrane bioreactor with the inside spiral membrane
module was used in the present work. Figure 2 illustrates
the results obtained in the cell recycle system. After
growing Y. lipolytica A-101.1.22 in the batch mode during
72 h, the yeast was concentrated prior to starting continuous
operation of the recycle fermentor. The dilution rate in the
recycle (D) was 0.014 h™' and the fermentation was
operated for 500 h. The active CA synthesis (96—
107 g 1I'") was observed between 100 and 300 h. ICA
concentration varied from 6.1 to 7.0 g "' and did not
exceed 6% from total CA plus ICA, which was similar to
the batch cultivation data, while the concentrations of
erythritol (0.29+0.19 g 1"") and mannitol (1.97+0.75 g 17")
were significantly lower than those obtained in batch
regime; the residual glycerol maintained at trace level. In
this period of cultivation the average the volumetric citric
acid productivity (Qca) and the specific citric acid
production rate (gca).remained high and consisted of
142 g I'" h™" and 0.064 g (g cell) ' h™', respectively;
average mass yield of CA (Yca) of 0.64 g g ' was slightly
higher to the batch cultivation data. After 300 h of
cultivation, CA synthesis decreased indicating that the
continuous withdrawal of CA produced is not enough for
extending active CA synthesis.

RB cultivation

RB cultivation represents a cultivation process, where
culture liquid is withdrawn with cells and fresh cultivation
medium added to the fermentor at fixed periods of time. As
compared with traditional batch operation, RB mode often
makes a fermentation process more efficient. It has been
successfully employed for the production of CA from
ethanol (Arzumanov et al. 2000; 2002), glucose (Anastas-
siadis and Rehm 2006; Moresi 1994), and crude glycerol
(Rywinska and Rymowicz 2010).

120 160

100 150
~ 8} 40 -
E] ;3
T 7
3 6 130 &
s £
=1 [=]
= I

© 4ot 420

200 4110

0 n 1 n 1 n 1 n 1 n 0

0 100 200 300 400 500

Cultivation time (h)
Fig. 2 CA production during cell recycle cultivation of Y. lipolytica

A-101-1.22 on crude glycerol in production medium. Filled circle
indicates biomass and filled triangle indicates citric acid
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Fig. 3 Citric acid biosynthesis by Y./ipolytica A-101-1.22 repeated batch culture: 40% feed, cycle duration 3 days (a); 30% feed, cycle duration
3 days (b); 20% feed, cycle duration 5 days (¢). Filled circle indicates biomass and filled triangle indicates citric acid

In present experiments, the amount of the medium added
and the duration of a cycle were varied. The following
variants of RB cultivation were studied: 40% feed every
3 days, 30% feed every 3 days, and 20% feed every 5 days.
Each RB culture was repeated four times. In Fig. 3, four
cycles of each variant of RB cultivation are shown. RB
culture remains stable for a long period of time (1,129 h),
even at 886 h CA concentration consisted of 119.9 g ",

Table 3 lists the biomass level, CA concentration, the
concentrations of by-products ICA, erythritol, mannitol,
and calculated values of the mass yield of CA (Yca), the
volumetric citric acid productivity (Qca), and the specific
citric acid production rate (gca) at different modes of RB
cultivation.

RB cultivation mode of 30% feed every 3 days showed
the best results: CA concentration (124.2 g 17'), the
volumetric citric acid productivity (Qca; 0.85 g I'' h'1),
and the mass yield of CA (Yca; 0.77 g g ') were 11%,
20%, and 28%, respectively, greater than those obtained in
batch fermentor operating under similar conditions; the
specific citric acid production rate (gca) (0.05 g (g
cell) ' h™") of Y lipolytica A-101-1.22 was comparable to

rate obtained at 39-61 h of batch cultivation (the period of
maximal CA biosynthesis). An increase in the amount of
replaced medium from 30% to 40% resulted in reduced CA
concentration (108.4 g 1), which was probably due to the
high degree of culture renewal; while the volumetric citric
acid productivity (Qca; 0.77 g I'' h™") and the mass yield
of CA (Yca; 0.64 g g') were higher than those obtained in
batch mode. A decrease in the amount of replaced medium
from 30% to 20% and an increase in the duration of a cycle
from 3 to 5 days resulted in a decrease in CA concentration
(112.6 g 1'"), the volumetric citric acid productivity (Qca;
0.51 g1"' h') and the mass yield of CA (Yca; 0.55g g 1),
and an significant increase in erythritol production (up to
452 g 1I'"). In all RB variants used, ICA concentration did
not exceed 7% from total CA plus ICA, which was similar
to the batch cultivation data.

The biomass composition of CA-producer, cultivated on
crude glycerol during the long RB cultivation (1,129 h) is
presented in Table 4. The intracellular contents of carbon
(46.3-48.5% of the dry biomass), hydrogen (6.7-7.0% of
the dry biomass), and oxygen (35.0-39.4% of the dry
biomass) changed insignificantly. This is why RB culture

Table 3 Biosynthesis of citric acid by RB culture Y. lipolytica A-101-1.22

RB mode Biomass Citric acid Isocitric acid Mannitol Erythritol Residual glycerol Qca qca Yca
(E) (E) (E) (E) (e (E) @' (gecel) ') (g
40% feed 3 days 18.1+0.24 108.4+10.4 7.15+0.8 2.68+1.63 0.5+0.35 0.5+0.1 0.81 0.047 0.64
30% feed 3 days 17.0+£0.88 124.2+1.73 7.2+0.1 3.63+0.68 13.45+7.85 1.55+0.5 0.85 0.05 0.77
20% feed 5 days 16.4+0.05 112.6+1.75 7.6+0.1 4.75+0.25  452+35 1.9+0.4 0.51 0.023 0.55

Data are the average from four replicate experiments for all regimes
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Table 4 The elemental compo-

. . o .
sition of biomass of Y. lipolytica RB mode Time (h) Component content of biomass (% of dry biomass)
A-1~01-¥.22 during long RB ¢ u N o
cultivation
40% feed 3 days 141 47.8 7.0 3.7 35.4
357 47.7 7.0 3.4 35.0
30% feed 3 days 434 48.2 7.1 3.5 354
653 48.5 7.1 4.3 36.3
. 20% feed 5 days 760 46.3 6.7 3.5 39.4
Analyses were performed in 1,129 471 70 27 387

duplicate

allows maintenance of more stable activity of the culture
for a long period of time and achieves better results, as
compared to batch mode.

Discussion

In this study, CA production from glycerol-containing
waste of biodiesel production by Y. lipolytica A-101-1.22
in batch, cell recycle, and RB bioreactors is reported.
Table 5 lists CA, citric—isocitric acid ratios, the yields and
productivities obtained in all type of bioreactor at similar
biomass concentrations, and operating conditions.

Batch culture Y. lipolytica A-101-1.22 produced 112 g 1!
CA with yield of 0.6 g g'; the citric acid to isocitric acid
ratio in the strain studied was high (15.8). In our previous
study (Rywinska et al. 2009), we showed that other acetate-
negative mutant of Y. lipolytica Wratislavia AWG7 produced
131.5 g I"' CA with yield of 0.66 g g~ and the citric acid to
isocitric acid ratio equal 28. For comparison, Y. lipolytica
NRRL YB-423 produced 21.6 g 1! of CA with yield of
0.54 g g ' (Levinson et al. 2007) and Y. lipolytica LGAM S
(7)1 produced 62.5 g I"! of CA with yield of 0.56 g g
(Papanikolaou et al. 2002; 2008) with ratio between 2 and 6.
According to Anastassiadis et al. (2002) the highest ratio,
49.6, was obtained using C. lipolytica DSM 3286 on a
glucose medium after 196 h. These authors showed that in
all strains used, the citrate to isocitrate ratio, increased with
the fermentation time and that this ratio depended on the
particular strain used. Other authors showed that Y. lipolytica
strains produced CA and ICA simultaneously in a proportion
that depended on the carbon source and the composition
medium (Finogenova et al. 2005; Levinson et al. 2007;
Rymowicz et al. 2006; Wojtatowicz et al. 1991).

As can be seen from the data presented in Table 2, the
specific citric acid production rate (gca), which is maximal
at the beginning of the citrate biosynthesis, gradually
decreases during the cultivation. Our data is in agreement
with the findings of Arzumanov et al. (2000) and
Wojtatowicz et al. (1991) who reported two distinctly
different CA production phases using Y. lipolytica.

The cell recycle and RB regimes were performed as
the ways for prolongation of CA synthesis by yeast. It
was found that an acetate-negative mutant Y. lipolytica A-
101-1.22 shows the stability for 500 h (Fig. 2) in the cell
recycle bioreactor and over 1,000 h for RB cultivation
(Fig. 3). Several researchers have investigated the long-
term production of CA by yeast. Enzminger and Asenjo
(1986) studied CA production by Saccharomycopsis lip-
olytica Y 7576 from glucose in a cell reactor; the yield of
0.86 g g ', productivity of 1.16 g "' h™', and a constant
rate of acid production were maintained for over 200 h. C.
lipolytica Y 1095, grown on glucose, indicated the
stability for nearly 600 h in the cell recycle (Rane and
Sims 1995). Arzumanov et al. (2000) described RB
process with Y. lipolytica grown on ethanol, which
maintained the high acid-producing activity for 700 h.
About 20 RB experiments were sequentially carried out
without any technical and microbiological stability prob-
lems at 100% conversion for Candida oleophila grown on
glucose (Anastassiadis and Rehm 2006). Recently, we
reported long RB process (more than 1,650 h) with an
acetate-negative mutant of Y. lipolytica Wratislavia AWG7
(Rywinska and Rymowicz 2010).

CA concentrations and the volumetric productivities
(Qca) in cell recycle and RB regimes were comparable to
the best values reported previously for long-term cultivation
on various substrates (Anastassiadis and Rehm 2006;

Table 5 CA production by Y.

lipolytica A-101-1.22 in batch, Fermentor type Time CA CA-ICA ratio Yca CA productivity
cell recycle, and RB bioreactors
-1 -1 QC—Al -1 dea 17 -1
(L)) (gl (gg ) (gl"'h™) (g (geel) 'h)
a Cell recycle cultivation between Batch 158 112 15.8:1 0.60 0.71 0.036
100 and 300 h Cell recycle® 500 96-107 15.3:1 0.64 1.42 0.064
®Data from 30% feed 3 days RB gpp 1,129 1242 17.3:1 0.77 0.85 0.05

mode
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Arzumanov et al. 2000; Enzminger and Asenjo 1986;
Klasson et al. 1989; Rane and Sims 1995; Rywinska and
Rymowicz 2010). Moreover the data obtained on the use of
Y. lipolytica A-101-1.22 RB culture show that this
cultivation method achieves better results than batch
cultivation and that the element composition of producer
remains stable for a long period of time (Table 4).

The maximum yield (0.77 g g ') obtained in this study
using RB mode was comparable with the values obtained
with glucose-grown Y. lipolytica (Rane and Sims 1995) and
lower than those reported for ethanol-grown Y. lipolytica
187/1 yeast (Arzumanov et al. 2000). The citrate to
isocitrate ratio in cell recycle and RB regimes were similar
to batch fermentation.

It should be noted that Y. lipolytica A-101-1.22 grown
on crude glycerol produced a high amount of erythritol and
mannitol, especially at RB cultivation. As noted, sugar
alcohols, including mannitol and erythritol, protect plants,
fungi, yeasts, and bacteria during stress conditions, e.g.,
osmotic stress (Aoki et al. 1993). It is quite likely that the
production of polyols in the present study resulted from the
exposure of the strain to high concentration of CA and
glycerol. Moreover, our recent investigation has shown that
a high initial concentration of glycerol up to 150 g I"' and
the total glycerol concentration of 250 g 1' favors
erythritol production by other strain Y. lipolytica Wrati-
slavia K1 (Rymowicz et al. 2006). Probably in response to
a high external osmotic environment, Y. lipolytica accumu-
lates a high amount of erythritol and mannitol, which
compensates for the difference between the extracellular
and intracellular water potential. To date, biochemical
pathways involved in the regulation of the erythritol and
mannitol production from crude glycerol by Y. lipolytica
have not been studied in depth.

In conclusion, based on the data presented in this study,
it appears that the production of CA by Y. lipolytica A-101-
1.22 using proposed cultivation methods could potentially
compete with the more traditional A4. niger process.
Moreover, the cell recycle and RB regimes have the
advantages offered by continuous processes, e.g., the
decrease in the expenditure of sterilization and preparation
of a fermentor and inoculum preparation, and hence,
increases the economical efficiency of CA biosynthesis.
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