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Abstract The objective of this research was to investigate the kinetics of lipid production by
Yarrowia lipolytica SKY7 in the crude glycerol-supplemented media with and without the
control of pH. Lipid and citric acid production were improved with the pH control condition.
There was no significant difference observed in the biomass concentration with or without the
pH control. In the pH-controlled experiments, the biomass and lipid concentration reached 18
and 7.78 g/L, (45.5% wilw), respectively, with lipid yield (¥p/s) of 0.179 g/g at 60 h of
fermentation. The lipid production was directly correlated with growth and the process was
defined as growth associated. After 60 h of fermentation, the lipid degradation was noticed in
the pH-controlled reactor whereas it occurred after 84 h in the pH-uncontrolled reactor. Apart
from lipid, citric acid was produced as the major extracellular product in both fermentations
but the much lower concentration in uncontrolled pH. Based on the experimental results, it is
evident that controlling the pH will enhance the lipid production by 15% compared to pH-
uncontrolled fermentation.
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Introduction

Ever growing energy demand and rapid industrialization leads to the generation of a
vast amount of waste materials in various fields throughout the world. This necessitates
the search for alternative waste disposal methods. One of the most important ways of
waste treatment and disposal is the use of their carbon and other nutrients as a substrate
to grow various microbes to generate value-added products. In the present scenario,
energy (in terms of oil, electricity, heat, etc.) has become a vital human need. A rapid
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depletion of energy resources such as fossil fuels and their adverse impact on environ-
ment leads the exploration of fuel alternatives [1, 7]. The revolution in green-energy
technologies resulted in the advancement of research and demonstration of biofuels
(biodiesel, bioethanol, biohydrogen, etc.) from renewable alternative sources. One such
example is biodiesel from yellow grease, used cooking oil, etc. [31]. The production of
each ton of biodiesel generates 100 kg of glycerol as a by-product. On the other hand,
glycerol is generated along with wastewater from ethanol- and soap-producing indus-
tries [9]. Thus, the growth of biorefineries may lead to the generation of a large
quantity of biologically transformable waste materials. Among these wastes, glycerol
has gained much attention of the research community due to a rapid growth of the
biodiesel industry. Moreover, surplus availability of glycerol, which has substantially
decreased the market price of glycerol ($0.04-$0.33/kg of crude glycerol) [1, 6].

Microbes have the advantage to store different energy-reserve materials such as lipids and
polymers, in specialized storage structures. In the case of oleaginous microbes, the excess
carbon is converted to lipid and is stored in specialized organelles called lipid bodies, which
are embedded in phospholipid monolayer. The lipids are mainly accumulated as
triacylglycerides (TAG) or steryl esters [4]. In microbes, TAG mainly consists of C:16 and
C:18 or longer chain length fatty acid molecules and as similar to vegetable oils [2, 24]. This
property of microbial oils makes it a suitable source for biodiesel production. In spite of ample
amount of research reports available for microbial oil production using different substrates, the
fermentation process challenges with reference to physicochemical aspects are yet to be
satisfied.

Several oleaginous microorganisms have been identified and reported to accumulate lipids
more than 70% of the cell dry weight. For example, Lipomyces starkeyi 64.9% [19],
Rhodotorula gluttinis were reported to accumulate lipid up to 72% of cell dry weight when
glucose was used as a carbon source [2], Trichosporon porosum 34.1% [16], 65% by Crypto-
coccus curvatus on cheese whey [32], 49% on crude glycerol [11], 72.5% by Mortirella
isabellina on commercial glucose medium [8], and so on. Various isolates of Y. lipolytica were
reported to accumulate 18.9% w/w lipid on crude glycerol, 43% w/w on biodiesel derived
glycerol, 40% w/w industrial lipid plus glycerol, 30.1% w/w industrial waste, 31% on industrial
by-products as a carbon source, and 58% in whey medium. When molecular tools based on Y.
lipolytica were developed, the understanding about the lipid accumulation process was well
addressed, which enhanced the knowledge about the biosynthesis of storage lipids [2, 3].
Compared to the other lipid-accumulating strains, Y. lipolytica has gained more attention due
to the presence of multigene families to assimilate wide array of carbon sources such as
hydrophobic as well as hydrophilic substrates. The ability of Y. lipolytica to produce different
value-added metabolites such as storage lipids, aroma compounds (y-decalactone), single cell
protein [14], and sugar alcohols [21] has made it very popular. Apart from the above mentioned
properties, Y. lipolytica has high tolerance towards glycerol which is reported to be the best
substrate for lipid and citric acid production by this organism [27, 30]. Therefore, the present
study is dedicated to investigating the ability of Y. lipolytica strain SKY7 (isolated from
nitrogen-deficient soil samples collected from the region of Quebec, Canada) to produce lipid
from crude glycerol. To enhance the biomass and lipid accumulation, physicochemical param-
eters, such as pH, DO (dissolved oxygen) mixing rate, were important. However, most of the
existing literature on lipid production deals with the chemical composition of the medium and
failed to explain the physicochemical parameters (pH) associated with biomass and lipid
production. The influence of pH on lipid production has a great importance since the lipid
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accumulation is favored by a slightly acidic pH (5 to 6.5). Similarly, most of the fungal strains
grow well in an optimum pH range of 6.0 and 7.0 [29]. In unbuffered media, the pH falls rapidly
during the growth of microbes resulting in growth retardation. In fact, the growth retardation is a
result of poor nutrient assimilation by the microbes due to the change in pH, which alters the cell
membrane permeability [17]. Moreover, there are studies showing a significant reduction
(above 40%) lipid content at low pH. In the present study, we investigated the influence of
pH control during fermentation on biomass and lipid production since the pH affects the
biomass production and thereby reduces the overall lipid yield. In addition, if fermentation
could be conducted without pH control with less effect on lipid production, it could lead to a
decrease in the cost of operation. The lipid production was studied in two identical 15-L
fermenters to evaluate the influence of pH on biomass and lipid production with and without
control of pH. The data obtained were analyzed to study the kinetics of biomass and lipid
production with and without pH control.

Materials and Methods
Organism and Pre-inoculum Preparation

Yarrowia lipolytica isolate SKY7 (gene bank accession KF908256.1) was used in the present
study. The culture was maintained in YPD (yeast extract, peptone, and dextrose) agar slants
and revived at every 30 days interval. The crude glycerol sample was obtained from a
biodiesel-producing industry in Quebec, Canada. Pre-inoculum was prepared in the crude
glycerol-enriched media with the following composition used: 20 g/L crude glycerol, 1 g/L
(NH4),SOy4, 1 g/ Na,HPO,, 2.7 g/L KH,POy4, 0.5 g/ MgSO47H,0, and 0.3 g/L yeast
extract. The medium was sterilized in an autoclave at 121 °C for 15 min and a loop full of pure
culture was aseptically inoculated. The flasks were incubated at 28 °C in an agitator operated at
180 rpm (revolutions per minute) for 36 h.

Fermentation Conditions

To evaluate the influence of pH on biomass and lipid accumulation, fermentation was
simultaneously performed (to ensure the experimental variations, the experiments were con-
ducted twice and the results were presented with standard deviations) in two identical 15-L
bioreactors (Biogenie, Quebec, Canada) with a working volume of 10 L. The bioreactors were
equipped with programmable logic control system, which includes dissolved oxygen (DO)
probe, antifoam, mixing and aeration, temperature, and pH control system. The above
parameters were maintained using the program ifix 3.5, Intellution, USA. The pH meter
(Mettler Toledo, USA) was calibrated using buffers pH 4 and 7.0 (VWR, Canada). The DO
probe was calibrated to zero using sodium sulfate solution and to 100% saturation by purging
the air in distilled water. All fermentation experiments were conducted with 100 g/L crude
glycerol and C/N ratio of 101. The other medium components are 1 g/l (NH4),SOy4, 1 g/L
Na,HPOy,, 2.7 g/ KH,POy,, 0.5 g/ MgSO,47H,0, and 1.5 g/L yeast extract. The medium
was sterilized at 121 °C for 30 min. After sterilization, the medium was cooled to 28 °C and
aseptically inoculated with 5% v/v 36-h grown pure culture of Y. lipolytica SKY7. The samples
were collected aseptically at each 6 h interval. The samples were analyzed for biomass, lipid,
citric acid, and residual glycerol.
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Analytical Methods
Quantification of Biomass, Lipid, and Residual Glycerol

Fermented broth (25 mL) was used for biomass and lipid quantification. The collected
samples were centrifuged at 4000 rpm for 10 min and the supernatant was collected in a
clean tube. The biomass was washed twice with distilled water and the cell pellets were
collected by centrifugation. Each sample (pellet) for biomass quantification was trans-
ferred to a clean pre-weighed aluminum pan and it was kept at 105 °C until it reaches a
constant weight. Chloroform- and methanol-based conventional methods of lipid extrac-
tion were employed for lipid quantification [13]. Wet sample was mixed with 15 mL of 2:1
chloroform: methanol mixture and zirconium beads (0.7 mm) were added to the mixture
and the cells were disrupted by bead beater for 3 min (BioSpec Products, Bartlesville, OK,
USA). The samples after bead beating were filtered through Whatman filter paper with a
pore size of 0.45 um. The solids, thus obtained, were re-suspended in 1:1 chloroform-
methanol mixture and the procedure was repeated. The resulting filtrates were pooled in a
pre-weighed glass tube and the solvent was evaporated under low nitrogen pressure. The
residual samples were further dried at 60 °C in a hot air oven until the sample reaches a
constant weight.

Glycerol in the centrifuged supernatant was estimated based on a chemical method. Pure
glycerol (Sigma-Aldrich, Canada) was used as the calibration standard [5]. Total dissolved
nitrogen was analyzed by the Shimadzu VCPH automated analyzer. Citric acid estimation was
carried out according to the method described by Marier et al. 1958 [20]. Appropriately diluted
samples were mixed with pyridine and acetic anhydride. The reaction mixture was incubated
in a water bath preset at 60 °C. After 5 min of incubation, the reaction mixture was cooled to
room temperature and the OD (optical density) was measured at 510 nm (Varian Cary 50,
USA). Citric acid (Fisher, Canada) was used as the calibration standard.

Determination of Yield

The lipid and biomass production rates were determined by the following equations. The
specific growth rate (1) was calculated according to Eq. 1.

1 dXx
=-— = 1
r=x (1)
where X is the biomass concentration (g/L) at time ¢ (h).
The biomass yield (Yx/s g/g) was calculated according to Eq. 2, where X is the biomass
concentration (g/L) and S is the substrate consumed to generate the biomass at time ¢ (h).

AX
Yys = —— 2
s = o @

The lipid yield (Yz/s g/g) was calculated based on Eq. 3, where P is the lipid concentration
(g/L) and S is the substrate consumed to generate the biomass at time t (h):

AP

Ypis = S (3)
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The lipid content (Yp,y g/g) was calculated from Eq. 4:

AP
The specific growth rate (1), specific lipid production rate (), and lipid productivity were
calculated based on the model described by Giridhar et al. 2000 [15].

Characterization of Lipid

Lipid sample of 25 mg was trans-esterified using acidified methanol. Decahexanoic acid was
used as the internal standard. The trans-esterified lipid fraction was extracted using hexane and
the samples were further characterized by GC (Agilent 7890B) equipped with flame ionization
detector. Column length was 60 m (Agilent J&W); the carrier gas was helium at a flow rate of
1.18 mL/min with the oven temperature 230 °C. Trans-esterified sample (1 uL) was injected
with an automated sample injector and the sample analysis was performed with Agilent GC
chem station software. A 37 component FAME mixture from Supelco was used as the
calibration standard at different concentrations.

Results and Discussion
Effect of Control of pH on Biomass and Lipid Production

In the present study, the crude glycerol solution used consists of glycerol concentration 78%
(w/v), methanol (1.28% w/v), soap (2.4% w/v), catalyst 0.12% (w/v), and water content of
2.48% (w/v). To calculate the C/N ratio, the carbon present in glycerol was taken into account
whereas the carbon in methanol and soap was not included since the amount was negligible.

Microbial assimilation of carbon source depends on the pH of the medium. The pH
influences the surface properties of the cell membrane and thereby affects the carbon assim-
ilation process. Several studies showed that a pH range of 6 to 6.5 is suitable for lipid
production [26]. In the present investigation, initial pH of both fermenters was adjusted to
6.5. In one reactor, the pH was not controlled and in the other, pH was controlled by adding
4 N NaOH. Due to a rapid decline in pH in the uncontrolled reactor, the cells transformed into
pseudohyphae. In the case of uncontrolled fermentation, the secretion of organic acids (mainly
citric acid) into the medium resulted in significant drop in pH (6.5 to 3.98) (Fig. 1). The
production of citric acid by oleaginous microorganisms has been reported by several authors
[26, 28]. From 60 h onward, the pH of the uncontrolled fermentation started to increase. After
108 h of fermentation, in the pH-uncontrolled reactor, the cells started to aggregate and pH of
the medium increased to 4.3. This increase in pH could be attributed to maintaining the ionic
balance in cellular metabolism; microbes tend to pump protons to intracellular space, which
may lead to a slight increase in pH [10, 34].

The variation in concentration of biomass, lipid, and glycerol (g/L) with respect to
fermentation time is presented in Fig. 2. A short lag phase at the beginning of the fermentation
was observed in both the pH-controlled and the uncontrolled reactors. During the lag period
(0-6 h), a biomass increase of 1.25 and 0.24 g/L. was observed in the pH-uncontrolled and the
controlled reactors, respectively. This short lag period was brought by the sudden change in the
medium composition, i.e., from a low concentration of glycerol (20 g/L) during inoculum
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Fig. 1 Fermentation profile of pH-controlled and uncontrolled fermentation
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Fig. 2 Variation of biomass, glycerol, and lipid concentration during fermentation with and without pH control
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1.62 g/L pH-uncontrolled). At 60 h, the biomass concentrations in the pH-controlled and the
pH-uncontrolled reactor were 18 and 19.54 g/L, respectively. The biomass concentration was
almost stable from 80 h onwards in both reactors. Growth reduction in both reactors could be
because of the depletion of nutrients. On the other hand, a decrease in growth in the pH-
uncontrolled reactor was additionally contributed by low pH (4 to 4.5) of the medium. At the
end of fermentation (120 h), the biomass concentration was approximately the same in both
reactors (20.58 g/L pH-controlled and 20.48 g/L pH-uncontrolled).

A monotonous decrease of glycerol concentration was observed in both reactors until 80 h
of fermentation (Fig. 2). After 80 h, glycerol consumption and increase in biomass and lipid
concentration were very low. At this point, the consumed glycerol in the case of the pH-
controlled reactor was mostly converted into citric acid (Table 1) or other fermentation co-
products and in the case of the pH-uncontrolled reactor, it may be used mainly for cell
maintenance and some other co-product formation (polyalcohols, glycogens, etc.) [33].

The lipid concentration (Fig. 2) was found to increase until 60 h in the case of the pH-
controlled and until 78 h in the case of the pH-uncontrolled reactor. However, a significantly
low increase in lipid concentration (0.9 g/L) was observed in the pH-uncontrolled fermentation
from 60 to 78 h. From 6 to 18 h (the growth phase) of fermentation, the lipids produced in the
pH-controlled and the uncontrolled reactors were 3.46 and 2.8 g/L, respectively. The concen-
trations of lipid at 48 h in the controlled and the uncontrolled reactor were 2.94 and 1.38 g/L,
respectively. From 48 to 60 h, 1.12 g/L lipid was produced in the pH-controlled reactor,
whereas no substantial lipid production (0.2 g/L) was noticed in the uncontrolled reactor. In the
case of a pH-controlled reactor, the lipid started to decrease after 60 h of fermentation. From 60
to 120 h of fermentation, 1.98 g/L of lipid was degraded, whereas in the pH-uncontrolled
reactor, the lipid degradation was detected from 78 h. The maximum lipid accumulation of
7.78 g/L in the pH-controlled reactor was observed at 60 h. The biomass concentration at 60 h
was 18 g/L with the lipid content of 45.44% w/w. The pH control resulted in 15% (2 g/L)
higher lipid concentration than the pH-uncontrolled experiment (Fig. 2).The maximum lipid
concentration 6.68 g/L with biomass concentration 20.6 g/L and lipid content of 33.8% (w/w)
was observed at 78 h in the pH-uncontrolled fermentation. A slightly low lipid concentration
can be correlated with the pH of the medium. The pH of the fermentation medium affects the
cell membrane property and it has been reported that growth rate was higher when the pH was
above 4.5 [35].

Y. lipolytica is a well-known industrial scale citric acid producer. The concentration of citric
acid was similar in both reactors at 24 h of fermentation. In the case of a pH-controlled reactor,
the citric acid concentration was noticed to considerably increase from 24 h and reached
571 g/L at 60 h and 11.1 g/L at 120 h (Table 1). In the case of pH-uncontrolled fermentation,

Table 1 Variation of citric acid

concentration during the pH- Time (h) Citric acid (g/L)

controlled and the pH-uncontrolled

fermentation pH-controlled pH-uncontrolled
0 0.4 £0.05 0.4 +0.02
24 0.51 £0.01 0.55 £ 0.001
48 2.35+0.06 0.65 £ 0.004
72 5.71+0.17 1.25+0.02
96 7.92 +0.62 1.14 £ 0.006
120 11.10 +£ 0.08 1.05+0.1
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rapid decline in pH (Fig. 2) inhibits the citric acid production. The maximum concentration of
citric acid obtained was 1.2 g/L at 72 h. On the other hand, the citric acid production (citrate
concentration in the cytoplasm) is one of the important factors that control the lipid accumu-
lation. Citrate is known as the acetyl donor for fatty acid biosynthesis and is transported from
mitochondria to the cytoplasm as a result of nitrogen depletion in the medium. Further, the
intracellular citrate is believed to be converted into fatty acids. Besides, depletion in nitrogen
concentration is noticed to increase the extracellular citrate. Similarly, in the pH-controlled
experiment, the citric acid concentration was noticed to be 2.35 g/L at 48 h. However, it was
noticed to increase to 5.71 g/L at 72 h and these observations well support with Evans and
Ratledge et al. (1983) [12]. On the other hand, the optimum pH for citric acid production is
reported to be 5.5 to 6.5. Citric acid production by Y. lipolytica in glycerol-based fermentation
media under buffered and non-buffered media was evaluated by Papanikolaou et al. (2002)
[27]. The results showed improved citric acid production in buffered media which is well
agreed with our observation. Therefore, under a pH-controlled condition under nitrogen-
limited environment, the citric acid production was significantly improved after 48 h. Lipid
biosynthesis requires a certain concentration of citrate in the cytoplasm which activates the
intracellular lipid-synthesizing enzymes. Citric acid is the substrate for ATP citrate lyase,
which is involved in lipid production metabolism. Citric acid activates the ACC (acetyl-CoA
carboxylase), which is involved in the conversion of acetyl-CoA to malonyl-CoA (a step in
lipid synthesis) [18]. A constant supply of citrate will generate adequate amounts of acetyl-
CoA in the cytoplasm by the enzyme ACL (ATP citrate lyase). Narlin et al. (1983) showed that
2.0 mM citrate concentration resulted in a steady rate of ACC activity [23]. Further, the
relationship between the cellular concentration of citrate and carboxylase activity was con-
firmed by Moss and Lane [22]. Thus, the supply of acetyl-CoA required for lipid synthesis
depends on the cellular ACL and the ACC catalytic activity and these enzymes are guarded by
cellular citrate concentration. In the case of pH-uncontrolled fermenter, a low citrate concen-
tration in the medium (0.55 g/L at 24 h and 1.25 g/L at 66 h, (Table 1)) reflects that the
intracellular citric acid concentration in the cells would be low. The low citric acid concentra-
tion reduced the lipid production, which resulted in a little lower lipid concentration in the pH-
uncontrolled fermentation. Thus, pH control favors the citric acid production that resulted in
slightly higher biomass lipid content and higher medium lipid concentration in a shorter time
than the pH-uncontrolled fermentation.

From the above observations, it is clear that the fermentation can be stopped at 60 h. At this
instant, 53.9% glycerol (added initially) was assimilated (23.2% w/w was converted to lipid-
free biomass, 17.7% w/w to lipid, and 13% w/w to citric acid) under the pH-controlled
condition. In the case of the pH-uncontrolled fermentation, 48.38% glycerol was assimilated
(32.0% w/w was converted to lipid-free biomass, 13.4% w/w to lipid, and 2.9% w/w to citric
acid). The above comparison shows that 8.7 and 4.3% more glycerol was used for biomass
production and lipid production, respectively, in the pH-controlled reactor than the uncon-
trolled pH. Thus, controlling the pH during fermentation can lead to a little higher lipid
production.

Variation of Yield Factors, Specific Growth Rate, and Specific Lipid Production
Rate During pH-Controlled and Uncontrolled Fermentation

The values of biomass and lipid yields with respect to glycerol consumed in the case of pH-
controlled and uncontrolled fermentation are presented in Fig. 3a, b. In both cases, Yy
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Fig. 3 Variation of biomass (Yx/s), lipid-free biomass (Yfx/s), and lipid yield (¥ps) in the pH-controlled (a) and
pH-uncontrolled (b) fermentation

(biomass produced/g of glycerol consumed) increased with the fermentation time until 24 h.
The maximum biomass yield (Yys) of 0.54 g/g (Yy;s 0.35 g/g of lipid-free biomass) for pH-
controlled and 0.51 g/g (Yys 0.34 g/g of lipid-free biomass) for pH-uncontrolled fermentation
was attained at 24 h (Fig. 3a, b). Thereafter, the Yy, value decreased with fermentation time in
both cases.

The lipid yield (Yps, g lipid produced/g of glycerol consumed) increased in the beginning
of the fermentation (0 to 18 h) and then decreased until the end of fermentation (Fig. 3a, b). In
the case of the pH-controlled fermentation, the Yp/g value reached 0.2 g/g at 18 h whereas it
was 0.16 g/g in the pH-uncontrolled reactor. The high value of lipid yield (Yp/s) in the
beginning of the fermentation could be attributed to lipid production as a part of cell wall
synthesis. From 24 to 60 h, the Yp/s decreased (from 0.18 to 0.17 g/g) very slowly in the pH-
controlled reactor. In the case of the pH-uncontrolled fermentation, Yp,s also decreased slowly,
but for a longer period (24 to 78 h, Yp5 0.15 to 0.13 g/g). Almost constant Yp/g value or a slow
decrease up to 60 h of fermentation leads to the conclusion that the fermentation should be
terminated at 60 h. After 60 h of fermentation, the Yp,s value declined in both cases. The
decline in Yp/s value could be explained by the lipid-free biomass concentration synthesized
from 24 to 78 h. The Yy,s value (with respect to lipid-free biomass) was noticed to be higher
than the Yp/5 value from 24 to 78 h (Yp/5 0.13 g/g and Yy lipid-free biomass 0.3 g/g). This
indicates that most of the assimilated glycerol were directed towards biomass synthesis.
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Further, lipid-free biomass yield reached maximum (0.35 g/g) at 24 h in the pH-controlled
reactor followed by a decrease and reached 0.21 g/g at 60 h. In the pH-uncontrolled
fermentation, the lipid-free biomass yield reached maximum 0.34 g/g at 30 h and then
decreased slightly 0.3 g/g at 60 h. This high lipid-free biomass production results in low lipid
accumulation.

A different trend of lipid yield with respect to biomass (Y, g lipid produced/g of biomass)
in the pH-uncontrolled reactor was perceived (Fig. 3b). The lipid content of the biomass
declined from 0.45 to 0.31 g/g within the first 30 h of fermentation and then remained almost
constant (from 36 h onward) until the end of fermentation. In the case of the pH-controlled
fermentation, after a short decline from 12 to 24 h of fermentation, an increasing trend in the
Yp.x value was observed for 24 h (0.34 g/g) to 60 h (0.45 g/g), which reflected high biomass
lipid content at 60 h (45.4% w/w). After 60 h, a sharp decline in Yp,x value was evident (Fig.
3a), which indicates the lipid degradation in the pH-controlled fermentation. The lipid
degradation could be attributed to (3-oxidation of the produced lipid by the organism. In the
case of the pH-uncontrolled fermentation, the lipid degradation was noticed after 78 h (about
1 g/L lipid degraded from 78 to 120 h).

The specific growth rates (1) in both reactors reached a maximum at 12 h of fermentation
(Fig. 4a, b). A higher value of ;1 was observed for the pH-uncontrolled reactor (0.18 h™") than
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the pH-controlled reactor (0.14 h™"). This shows that from 6 to 12 h, high growth occurred
with or without control of pH. After 12 h of fermentation, the specific growth rate value
declined until the end of fermentation in both reactors. The decrease in specific growth rate
could be due to the nutrient limitation in the medium. The specific lipid production rate () also
followed a similar trend. The value of for both fermentations was found to decrease with
fermentation time (Fig. 4a, b) and reached near zero at around 60 h. In the case of the pH-
uncontrolled fermentation, specific lipid production rate () was very low from 24 to 42 h. In
the pH-controlled fermentation, the was higher at 12 h (0.061 h™"). The value was found to
be 0.031 h™" at 12 h for the pH-uncontrolled reactor, which is almost 50% lower than the pH-
controlled fermentation.

On the contrary, lipid production in both reactors occurred throughout the fermentation
but decreased with fermentation time. The lipid productivity in case of the pH-controlled
fermentation increased from 0.12 to 0.21 g/L/h from 12 to 18 h followed by a slow decline
and reached 0.12 g/L/h at 60 h (Fig. 4a). The maximum lipid production rate of 0.25 g/L/h
was found at 12 h in the pH-uncontrolled reactor, which declined rapidly and reached to
0.1 g/L/h at 60 h (Fig. 4b). The rapid decrease in lipid productivity with respect to the
fermentation time in both cases could be attributed to a decrease in the malic enzyme
activity [36]. It was reported that the malic enzyme (intracellular) activity decreases
exponentially when nitrogen in the medium is depleted (discussed later). At the end of
fermentation (120 h), with or without pH control, the lipid productivity was noted to be the
same (0.05 g/L/h). These results clearly established that after 60 h, the lipid produced is
not significant.

Relation Between Specific Growth Rate and Specific Lipid Production Rate

The specific growth rates and specific lipid production rates were computed by differentiating
the concentration (biomass and lipid) versus time data and the results are presented in Fig. 5,
which revealed that the lipid production was proportional to growth. In general, the lipid
accumulation has been defined as non-growth associated [29]. The maximum specific growth
rate was attained between 6 and 12 h (Fig. 4a, b) in both cases and at this time, a substantial
amount of lipid was also synthesized (1.42 with and 3.02 g/L without pH control at 12 h).
Thus, the lipid synthesis even occurred during the early stage of fermentation.
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Fig. 5 Specific lipid production rate of pH-controlled and uncontrolled fermentation
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These observations suggest that controlling the pH at an optimal level slightly im-
proved the lipid productivity. In the case of the pH-uncontrolled fermentation, lipid
concentration 6.12 g/L and biomass concentration 19.54 g/L were attained at 66 h and
there was no significant increase afterwards (Fig. 2). On the other hand, 7.78 g/L of lipid
with 18 g/L biomass was attained at 60 h of fermentation in the pH-controlled reactor.
Meanwhile, in experiments with controlled pH, Yp,s (0.17 at 60 h) stayed significantly
high until 60 h compared to the pH-uncontrolled experiment (Yp/s; 0.14 at 60 h). Further,
lipid productivity and specific lipid production tend to near zero in both cases. This
suggests that the fermentation should be terminated before 60 h.

Evolution of C/N Ratio on pH-Controlled and Uncontrolled Conditions

The change in carbon flux alters the lipid accumulation in oleaginous microbes [2]. It is
advocated that a low concentration of carbon in the medium leads to [3-oxidation of stored
lipids for re-utilization by the organism. However, in the presence of an abundance of
carbon with high C/N molar ratio in the medium, Y. lipolytica generates low biomass and
high lipid concentration. Further, a very high C/N ratio represses the metabolism due to
nitrogen deficiency, which reduces the lipid accumulation and favors the secondary
metabolite formation. In the present study initial, C/N ratio was 113 for the pH-
controlled and 115 for the pH-uncontrolled fermentation (Fig. 6). The C/N ratio increased
with the fermentation time. The nitrogen content of the fermentation broth reached 0.1 and
0.09 g/L in 24 h in the pH-controlled and the uncontrolled fermentation, respectively, and
after that remained approximately unchanged during the rest of the fermentation period
(Fig. 6). The glycerol was continuously assimilated by the organism and thus decreasing
the carbon concentration in the medium, which resulted in a decrease of the C/N ratio
below 300 in both fermentations. At this moment, the lipid production rate and an increase
in biomass concentration were very low; therefore, it seems that most of the assimilated
glycerol were diverted for cell maintenance purpose. Under the nitrogen-limited condition,
the glycerol consumed could also be diverted to the synthesis of secondary metabolites
such as organic acids (citric acid, isocitric acid) or polyalcohols (erythritol, mannitol, etc.).

450 0.4

=
3 400 -0.35
g
g 350 o3 _
~ 300 3
g Lo.25 =2
5 250 §
[ 02 ©
% 200 S
.2 o
= L0.15 &
S 150 £
5 z
©
= -0.1
o 100
€
= 4 - 0.05
Z so

0 T T T T T T 0

0 20 40 60 80 100 120 140
Time (h)
—&— CN molar ratio pH controled ——CN molar ratio pH uncontrolled
—a— Glycerol (g/L) pH controlled —>— Glycerol (g/L) pH un controlled

Fig. 6 C/N evolution upon time in pH-controlled and uncontrolled experiments
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Citric acid production was enhanced when the nitrogen content was low or unavailable in
the media (from 24 h) in the pH-controlled reactor (Table 1). Synthesis of citric acid
should have concomitantly increased the lipid production; however, due to unavailability
of nitrogen in the medium, the rate of the lipid production drastically decreased.

This can be further explained by correlating the specific lipid production rate with the C/N
ratio. The specific lipid production rates of the pH-controlled and the uncontrolled fermenta-
tion were noted to decline with increasing C/N ratio and reached very low at 24 h in both cases
(Fig. 4a, b) when the nitrogen content of the medium was very low (0.1 and 0.09 g/L). It is
reported that when the organism enters the lipid synthesis mode, it needs a certain amount of
nitrogen (as ammonium ion), which could serve as the co-factor for several enzymes in lipid
biosynthesis [3, 26]. Thus, the present observation and the previously reported studies clearly
suggest that it is necessary to maintain a low concentration of usable nitrogen in the medium
after the growth, which will help to increase the lipid content of the cells.

Influence of pH Control on Lipid Composition

The composition of lipid considerably depends on the carbon source, the concentration of
carbon and the C/N ratio of the medium. There are several studies, which showed that the lipid
profile changed with fermentation time [25]. Table 2 presents the lipid composition of Y.
lipolytica (SKY7) for the pH-controlled and the uncontrolled experiments. Oleic acid was
found to be the major component in all cases. Y. lipolytica SKY7 isolate produced the following
fatty acids in high quantity: myristic (C14:0), palmitic (C16:0), stearic (C18:0), oleic cis-9
(C18:1n9-cis), linoleic (C18:2n6¢), and arachidonic (C20:4n6). Other than the above-listed
triacylglycerols (TAG), this isolate also produced C15:0, C15:1, palmitoleate (C16:1n7),
elaidic (C18:1n9t), linolenate (C18:3n3), arachidic (C20:0), eicosenoate (C20:1n9), and
lignoceric (C24:0) in minor quantities (data not shown). Linoleic acid concentration decreased
from 27.76% (24 h) to 15.25% w/w (120 h) in the case of pH-controlled fermentation. In the
case of the pH-uncontrolled reactor, linoleic acid was decreased from 31.76% (24 h) to 12.88%
(120 h). Myristic acid concentration decreased from 24 to 48 h and after that remained almost
constant. The other TAGs were noted to increase with fermentation time.

Table 2 Lipid profile of Y. lipolytica SKY7 in different culture conditions (digits represent % of the total lipid)

Sample Myristic Palmitic Stearic Oleic cis-9 Linoleic Total Others

details (C14:0) (C16:0) (C18:0) (C18:1n9-cis) (C18:2n6¢)

pH controlled
24 h 8.04 12.88 8.28 39.56 27.76 96.52 348
48 h 0.76 12.44 8.01 38.44 27.02 86.68 13.32
72 h 0.62 14.45 9.68 43.18 17.43 85.37 14.63
96 h 0.80 15.38 9.10 43.95 18.65 87.87 12.13
108 h 0.54 15.51 8.92 44.51 16.54 86.03 13.97
120 h 0.53 16.24 9.37 44.53 15.25 85.93 14.07

pH uncontrolled
24 h 9.17 14.11 4.85 27.28 31.76 87.17 12.83
48 h 0.48 15.67 9.06 45.13 18.27 88.59 1141
72 h 0.69 15.11 9.02 46.47 16.01 87.31 12.69
96 h 0.56 15.95 9.56 47.47 14.67 88.21 11.79
108 h 0.37 15.72 10.64 48.84 12.66 88.23 11.77
120 h 0.42 16.11 9.98 49.47 12.88 88.85 11.15
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Table 2 Lipid profile of Y. lipolytica in different culture conditions (digits represent % of the
total lipid)

Summary and Conclusion

The results revealed that controlling pH at 6.5 produced 7.78 g/L and uncontrolled 6.58 g/L
(60 h) of lipid. In both cases, early lipid production was observed and this could be helpful to
reduce the fermentation time. The specific lipid production was proportional to the specific
growth rate and most of the lipid was produced during 60 h fermentation. Due to the low
nitrogen concentration in the medium, the growth ended before 18 h in both fermentations. In
conclusion, controlling pH leads to increase in lipid production significantly and further favors
citric acid production in late fermentation stage.
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