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Abstract

Lipid accumulation in oleaginous yeast is generally induced by nitrogen starvation, while oxygen saturation can influence
biomass growth. Systematic shake flask studies that help in identifying the right nitrogen source and relate its uptake kinetics
to lipid biosynthesis under varying oxygen saturation conditions are very essential for addressing the bioprocessing-related
issues, which are envisaged to occur in the fermenter scale production. In the present study, lipid bioaccumulation by P. guil-
liermondii at varying C:N ratios and oxygen transfer conditions (assessed in terms of k; a) was investigated in shake flasks
using a pre-optimized N-source and a two-stage inoculum formulated in a hybrid medium. A maximum lipid concentration of
10.8+0.5 g L™! was obtained in shake flask study at the optimal condition with an initial C:N and k; a of 60:1 and 0.6 min~!,
respectively, at a biomass specific growth rate of 0.11 h™!. Translating these optimal shake flask conditions to a 3.7 L stirred
tank reactor resulted in biomass and lipid concentrations of 16.74+0.8 and 8 +0.4 g L™'. The fatty acid methyl ester (FAME)
profile of lipids obtained by gas chromatography was found to be suitable for biodiesel application. We strongly believe that
the rationalistic approach-based design of experiments adopted in the study would help in achieving high cell density with
improved lipid accumulation and also minimize the efforts towards process optimization during bioreactor level operations,
consequently reducing the research and development-associated costs.
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Abbreviations challenges of ever increasing global demand for fuels. Here,
FAME Fatty acid methyl esters the major challenge in the endeavor towards complete phas-
TAG Triglyceride ing-out of fossil fuel with biofuels is the identification of
MGYP Malt extract glucose yeast extract peptone the right feedstock for biofuel production. Although various
kpa Volumetric oxygen transfer rate feedstocks such as lignocellulosic, micro and macro algae,

yeast, and bacteria have been extensively investigated for

biofuel production, single cell oil (SCO) production from
Introduction oleaginous microbes has particularly gained increased atten-

The depletion of non-renewable fossil fuels over the last
few decades has prompted the world scientific community
to find alternative renewable fuel sources that can meet the
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tion, because of their short life cycle, ease of culturing, non-
dependence on climatic conditions and higher productivity
(up to 10x that of plant oils) [1, 2]. Also, SCOs primarily
comprises of triglycerides (TAGs), the fatty acid composi-
tion of which is very much similar to that obtained from
plant oils.

Oleaginous yeasts have been known to accumulate lipids
up to 70% of their dry cell weight (DCW). In attempts to
improve the yield and productivity of lipids, investigations
related to batch and continuous modes of cultivation of ole-
aginous yeasts have been carried out under different nutrient
limiting conditions like nitrogen, phosphorus, magnesium,
and iron [3-5]. Both single and double nutrient limitations
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have been studied to understand their role in lipid synthesis
[6, 7]. Among various nutrient limiting strategies adopted,
nitrogen limitation has been found to influence lipid accu-
mulation in yeast profoundly mainly because of shift in its
metabolic flux. During nitrogen limitation, the major event
is cessation of cell growth upon reaching the stationary
phase, triggering lipid accumulation through the consump-
tion of excess carbon source in the medium, and this trend
has been invariably observed by a number of researchers [8,
9]. Apparently, the simple and obvious approach to impose
nitrogen limitation on cells is growing the cells at high initial
C:N molar ratio. However, the initial amounts of carbon and
nitrogen sources required for medium preparation are deter-
mined by the desired final yield of biomass/lipid with respect
to the fed substrate (Yy,g or Yp,5). To demonstrate this, in a
recent work, lipid accumulation in Lipomyces starkeyi was
reported to be 10 g L™ (55% w/w) when grown in media
with initial C:N of 72 (60 g L~! glucose, 0.36 g L~! urea and
0.64 g L~! NH,CI), which decreased by about 50-60% when
grown in initial C:N ratio of 24, suggesting that monitoring
the media C:N helped understand the conditions at which
lipid accumulation is initiated [10]. Process optimization is
very important for understanding the biological processes
and identifying the right culture conditions. Since perform-
ing a large number of experiments in a bioreactor is energy
and time-intensive, the only practical way is to do the opti-
mization studies in shake flask and scale up to reactor level.

Several enzymes and metabolites are known to be respon-
sible for channeling the carbon source for lipid synthesis
rather than carbohydrate production in oleaginous yeasts.
A series of events follow nitrogen depletion in the media
such as decline in adenosine monophosphate (AMP) level,
deactivation of isocitrate dehydrogenase, transport of citrate
from mitochondria to cytoplasm and expression of ATP cit-
rate lyase (ACP). ACP is one of the key enzymes found in
oleaginous species, which splits the citrate to contribute to
the acetyl coenzyme A pool for further channelization to the
fatty acid synthesis (FAS) pathway [2, 11].

Only a few studies investigated the influence of oxygen/
aeration on lipid accumulation by oleaginous yeasts. Dif-
ferent lipogenic strains behave differently to oxygen stress.
While cell growth of most strains increases with increasing
dissolved oxygen concentration, the effects on lipid accu-
mulation varies widely. Cell growth of Rhodotorula glutinis
almost doubled when aeration rate was increased from 1.5
to 2.5 vvm in a 5 L airlift reactor. Even though the cellular
lipid content (% DCW) is little low at higher aeration rate, it
is still preferred because of higher productivity (g L™' h™!)
[12].

While many reports have studied the effect of single or
double nutrient limitation on lipid accumulation by yeast
[4, 6, 8], few works have discussed about the changes in
physiological behavior and metabolic flux of the organism.
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Reports studying the influence of oxygen transfer rate on
lipid synthesis are scarce [13], a major factor affecting lipid
biosynthetic pathway, and thus requires a detailed investiga-
tion. Thus, the present work aims to understand the influence
of nitrogen limitation on lipid yield by oleaginous yeast and
to obtain insight about the mechanism of lipid accumulation
by studying its physiological behavior under stress condi-
tion. The study also aims at finding the most desirable volu-
metric oxygen transfer rate (k; a) for maximal growth and
lipid accumulation and reproducing the results in a 3.7 L
reactor. The lipid profile of the yeast was revealed by gas
chromatographic analysis to determine its suitability as a
biodiesel feedstock.

Materials and methods
Chemicals and media

All the chemicals used for media preparation and solvents
were procured from Merck, India.

Strain and culture conditions

The yeast strain Pichia guilliermondii, isolated from a
Kharagpur based oil mill and identified by 18s rRNA
sequencing was used in all the studies. It was maintained
in nutrient agar slants and revived in MGYP growth media
[1] at 28 °C under constant shaking condition of 180 rpm.

MGYP media was used as both the primary and second-
ary inoculation media. An overnight grown culture of ODgy,
10 and 15 was used inoculate the secondary and production
media, respectively. The production media used in the initial
set of experiments was 100 mL Reader media ((NH,),SO,,
3 g L'y KH,PO,, 1 g L™!; K,HPO,. 3H,0, 0.16 g L7!;
MgSO,. 7H,0, 0.7 g L™!; NaCl, 0.5 g L™!; Ca(NO,),.
4H,0, 0.4 g L") with 50 g L™! crude glycerol as C-source
in 500 mL flask. Temperature and shaking condition were
maintained for all the stages are similar to the primary inoc-
ulum preparation.

Shake flask studies
Inoculum optimization

Secondary inoculation media was optimized using three dif-
ferent combinations MGYP, Reader and Hybrid media and the
growth profile of each was noted. Hybrid media was composed
of 75% Reader and 25% MGYP media. MGYP was used as
the primary inoculation for all the experiments. All the experi-
ments were carried out with 25 mL media in 250 mL volume
flask. 10% v/v inoculum was added in each flask.
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Optimization of production media

Media optimization was done to determine the nitrogen source
and the optimal C:N ratio for improved biomass and lipid
yield. The different combinations of N-source tested were (1)
ammonium chloride (NH,Cl), (2) sodium nitrate (NaNO;) and
(3) both (NH,C1+NaNO;). The best N-source was chosen for
further studies. Nitrogen limitation experiments were studied
by varying the initial C:N ratio of the media from 20 to 120.
Carbon and nitrogen consumption as well as product forma-
tion were measured for all the runs. All the experiments were
carried in triplicate.

Effect of oxygen transfer rate (OTR) on lipid accumulation

The effect of OTR on biomass growth and lipid productivity
was investigated by varying the medium volume (50, 100, 150
and 200 mL) in 500 mL flask. Agitation rate was maintained at
the optimal rate of 150 rpm (data not shown). K| a for different
conditions were calculated based on the following empirical
equation:

kLa =6.67 X 10—6N].IGVL—0.83d00.38d1.92 (1)

where N = agitation frequency (min~'), V; = working vol-
ume (mL), d,=shaking diameter (cm), d =inner shake flask
diameter (cm).

Rangarajan et al. [15] has successfully used this equation
to understand the relationship between k; a and lipopeptide
production.

Fermenter study

A 3.7 L bioreactor (Bioengineering, Switzerland) with 2 L
working volume was used to validate the results obtained
from the shake flask studies with the optimal conditions.
Air flow rate was maintained at 200 L h™! (1.6 vvm) with an
agitation rate of 350 rpm. k; a was calculated by the dynamic
method and was maintained similar to that obtained in shake
flask by means of trial and error by adjusting the agitation
and air flow rate. MGYP and hybrid media was used as pri-
mary and secondary inoculation media, respectively. An
overnight grown culture of P. guilliermondii with an ODg,
of 15 was used as inoculum to the reactor at 10% v/v. Dis-
solved oxygen was measured during the entire batch by a
pre-calibrated DO probe (Mettler Toledo).

Analytical methods
Estimation of ammonium, nitrate, glycerol and biomass
Ammonium and nitrate concentrations were measured

throughout the studies by ammonium test strips, MQuant™
(Merck, Germany). Glycerol consumption was measured

spectrophotometrically by a colorimetric method devel-
oped by Kuhn et al. [15]. Biomass growth was monitored
by measuring the ODyy, values in a UV—Vis spectrophotom-
eter and the corresponding DCW was calculated from the
standard curve of OD vs biomass concentration.

Lipid analysis

Fluorescent microscopy was used to qualitatively determine
the lipid content after nile red staining of the cells [1]. Quan-
titatively lipid concentration was calculated by extraction
of lipids in lipid extractor followed by gravimetric analysis
[16].

Transesterification and FAME analysis

The lipid samples (72 h) were transesterified according to
the earlier method [1]. The FAME profile was obtained by
gas chromatography following the method of Dineshkumar
etal. [17].

Results and discussion
Shake flask studies
Inoculum optimization

A two-stage inoculum has been found to be the most pre-
ferred. It introduces metabolic growth factors to the produc-
tion media, which are essential for the balanced growth of
cells. This helps to avoid the unproductive lag phase, as the
two-stage inoculum does not impose any additional meta-
bolic burden [18]. Our preliminary studies have indicated
that MGYP medium being used both as primary and second-
ary inoculum (10% v/v) (Case 1), resulted in very good cell
density (11+0.85 g LY (Fig. 1), with a lipid concentration
and productivity of 4.5+0.22 gL' and 1.5+0.09 g L='d7},
respectively, in the production medium (Reader medium).
The culture reached log phase within 24 h and continued till
60th h (Fig. 1). Residual glycerol and ammonia was found
to be 10 and 0.04 g L™ !, respectively, at the end of 96 h. The
lipid time course profile revealed that the cells started accu-
mulating smaller amount of lipids from the beginning of log
phase, which increased in the late log- to stationary phase.
However, since the main purpose of this work was to study
the influence of C:N ratio on lipid yield, the presence of
unconsumed complex substrates in the inoculum (10% v/v)
would result in incorrect estimations of yield of biomass/
lipid for the given carbon and nitrogen sources (i.e., glycerol,
calcium nitrate and ammonium chloride) and also pose dif-
ficulty in monitoring the C:N in the production media.
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- Lipid gL formulated to study the growth curve and NH,* profile in
:::i',:ﬁifiu(itg)y, production media. Figure 3 shows that the performance of
14 1 Glycerol (g L") 1.0 hybrid medium was better than Reader’s medium, but little

Time (h)

Fig. 1 Time course profile of biomass, lipid, NH,* and glycerol con-
centration in Reader medium (case 1)

Since the secondary inoculation media, MGYP, contains
considerable amount of organic nitrogen, it can influence
the uptake of ammonium and nitrate present in the produc-
tion media. Ammonium being more readily consumable than
nitrate, the latter must be reduced to ammonium before con-
sumption. After utilization of the inorganic nitrogen sources
in the media, the cells start converting the organic nitrogen
(from peptone and yeast extract) to the easily consumable
form NH,*. Also, nitrate was reduced to NH,*. Thus, the
ammonium pool was getting replenished and the culture did
not experience any nitrogen limitation which was requisite
for the future nutrient limitation studies. So, there was a need
to design the secondary inoculum media such that it would
not influence the NH,* profile in the production media.
Figure 2 shows the different media combinations used for
optimization study.

Two different media, Reader (case 2) and Hybrid (case
3) were tested as the secondary inoculum media and the
NH,* profile was studied in the respective production media.
When Reader media was used as the secondary inoculum
media, the lag phase was found to be very long and biomass
density very low to serve as an inoculum for production
media (Fig. 3). So, a hybrid media comprising the con-
tents of both Reader’s medium and MGYP medium was

Fig. 2 Different media combi-
nations for inoculum optimiza-

Primary inoculum

lesser than the MGYP, as evident from the profile of biomass
growth. So, the hybrid media was chosen as inoculum media
for further studies, since it has lesser loading of complex
carbon and nitrogen sources, which can result in better inter-
pretation of the results, particularly the effect of nitrogen
starvation on lipid yield.

Selection of suitable N-source

To optimize the lipid production, it is important to iden-
tify the nitrogen source (NH4+, NO;™, NO,, etc.) which
can be easily utilized by the yeast. Various studies have
reported different nitrogen sources and studied the
respective growth profile of yeast [19]. Similar growth
profiles were observed for C. albidus when grown using
different nitrogen sources [20], but the lipid accumulat-
ing tendency varied significantly. In the present study,
different inorganic N-sources (NH,Cl and NaNO;) were
tested separately as well as in combination at a C:N ratio
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Fig.3 Biomass profile when grown in MGYP, Reader and Hybrid
media as the secondary inoculation media
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of 30:1 to understand the nitrogen uptake mechanism of
the micro organism. Although, organic nitrogen sources
(yeast extract, peptone, urea) have been proved to be bet-
ter N-sources for both biomass and lipid production, it
is difficult to monitor the concentration of carbon and
nitrogen in a complex media during the course of fermen-
tation. Also, the use of yeast extract is economically not
viable. So, our study was restricted to the use of inorganic
N-sources only. When ammonium chloride was used as
the sole nitrogen source, the cells could utilize it effi-
ciently and the concentration of ammonium ions (NH,+)
dropped to 0.05 g L™! at end of 72 h (Fig. 4a), whereas
when sodium nitrate was used, the biomass growth was
very less (only 3.5 g L™!) and around 30% of nitrate still
remained in the media at the end of the batch (Fig. 4b).
The lipid yield obtained with sodium nitrate (0.2 g L™}
is significantly low as compared to that obtained with
ammonium chloride (4.5 g L™!). We have recorded almost
similar lipid yield when grown with ammonium chloride
and ammonium sulfate as nitrogen sources (Fig. 4c).
Although lipid yield in reader media was comparable with
ammonium chloride media, the media did not experience
nitrogen limitation. We found ammonium chloride was
utilized faster than ammonium sulfate (Refer to Online
Resource 1). 0.1 g L™! of nitrate remained in the media at
the end of 96 h (Fig. 4c). Ammonium was utilized more
efficiently than nitrate, as it can be directly converted
to amino acids and was chosen as the suitable nitrogen
source for our future studies. Initial ammonium concen-
tration should be sufficiently high enough to support cell
mass growth till a desired level of Y/ is reached. Once
stationary phase is reached, reduction in number of cells
shifts the lipid biosynthetic pathways to accumulate more
neutral lipid than polar phospholipids required for cell
membrane formation [21].

Although pH of culture media is considered to be a criti-
cal parameter influencing lipid accumulation in oleaginous
yeast, for some species, the growth and lipid synthesis are
not affected even at very low pH condition [10]. The growth
profile of P. guilliermondii when grown under controlled pH
(at 6.8) did not show any deviation when cultured without
pH control (data not shown). The pH of culture dropped
to a value less than 2 within 24 h of cultivation indicating
that cells can sustain growth at the acidic condition and still
continue to synthesize lipid. This stands out to be a major
advantage of the species, since bacterial contamination
could be easily eliminated. Also, since ammonium is the
major nitrogen source in corn steep hydrolysate, ammonium
chloride can be easily replaced by the same in industrial
scale bioproduction [19, 22].
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Effect of initial C:N on lipid accumulation

Imposing nitrogen limitation was found to be the most effi-
cient strategy for the induction of lipid accumulation in
yeast. The carbon source in the medium is initially chan-
nelized for the growth of cells and directed towards lipid
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accumulation after the depletion of nitrogen source. The
duration of growth phase and transition to lipid storage
phase depends on the initial C:N ratio of the media [23]. So,
it is of utmost importance to determine the optimal initial
C:N of the media. To understand the relationship between
nitrogen limitation and lipid accumulation and how it affects
the metabolic characteristics of P. guilliermondii, the yeast
was grown in media with different initial C:N ratios of 20,
40, 60, 80,100 and 120. Figure 5 shows the biomass growth
and lipid accumulation along with ammonium and glycerol
consumption under different media combinations. Flasks
with an initial C:N of 20 showed ammonium consumption
of 68% (1.25 g L™! initial ammonium concentration) at the
end of 96 h of cultivation; while the glycerol consumption
was 74% (initial glycerol concentration was 50 g L™!) during
this period (Fig. 5a). The C:N ratio for this media combi-
nation dropped over time and the cells did not experience
nitrogen limitation (Refer to Online Resource 1). The final
lipid concentration was found to be 2+0.1 g L™! with a pro-
ductivity of 0.67 g L™! d~! (Table 1). The lipid concentration
(5+0.26 g L) increased significantly with initial media
C:N of 40 (Fig. 5b). As the initial C:N ratio of the media
was increased (up to 120), the nitrogen concentration in the

media dropped more rapidly as compared to carbon concen-
tration resulting in increase of media C:N ratio over the cul-
tivation time (additional information in Online resource 1)
indicating the cells were under nitrogen stress. A maximum
lipid concentration and productivity of 5.4+0.28 g L™! (45%
of DCW) and 1.83 g L™! d™!, respectively, were achieved
with an initial C:N of 60 (Fig. 5¢). Cultures grown with
higher initial C:N (> 80) reached the log phase within 15 h
and decline phase in 60 h. This is due to the limited avail-
ability of nitrogen in the media that the cells stopped prolif-
erating and entered the stationary phase faster (Fig. 5d—f).
The lipid yield for these cultures was measured at 50 h (the
point of maximum biomass density). Although the lipid
content in the cells increased with further increase of the
initial C:N of the media, the lipid yield is less because of
reduced biomass growth (Fig. 5f). All the results were fur-
ther verified (qualitatively) by observing the cells under
fluorescence microscope (inset Fig. 5). The microscopic
images reconfirms that the lipid accumulation inside the
cells increased up till a certain stress level (C:N=60:1) and
reduced thereafter. Similar results were obtained with Rho-
dococcus opacus when cultivated with 2 g L™! glucose and
varying (NH,),SO,. The lipid content in the cells increased

A Biomass (g L!), m Glycerol (g L), Ammonium (g L"), % Lipid (g L)
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Fig.5 Time course profile of P. guilliermondii when grown with dif-
ferent initial C:N a 20, b 40, ¢ 60, d 80, e 100 and f 120. Data shown
are the average of two experiments +SD. Insets are the microscopic
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Table 1 Influence of initial media C:N on lipid yield and productivity by yeasts

Strain C:N Max. biomass, g L™! Max. lipid concentra-  Lipid productiv-  Yy/g Ypis References
tion, g L™! (lipid %) ity, g L™1d"!

Pichia guilliermondii 20 11+0.55 2+0.1(18.1) 0.67 0.29 0.05 This study

40 14+0.72 5+0.26 (35.7) 1.67 0.35 0.12

60 12+0.67 5.4+0.28 (45) 1.83 0.31 0.13

80 8.34+0.5 3.10+0.18 (59) 1.55 0.51 0.19

100 8+0.5 3+0.16 (58.8) 1.5 0.54 0.2

120 7.8+£0.4 2.98+0.14 (64.7) 1.49 0.75 0.29
Y. lipolytica 15 7.31 1.05 (14.34) 0.15 0.41 0.06 Nambou et al. [25]
L. starkeyi 72 17 9(52) 1.28 0.28 0.15 Calvey et al. [10]

Data shown as mean + SD

from 50.21 +3.02 to 65.89 +3.11%, as the concentration of
(NH,),SO, was reduced from 2 to 0.01 g L™! [24]. Table 1
summarizes the maximum biomass, lipid concentration, bio-
mass (Yyx,) and lipid yield (Yp,g) as well as lipid productivity
achieved for different media combinations. The Yy, and Yp/g
values increased consistently with increasing stress condi-
tion; however, it does not represent the actual scenario, since
the substrate consumption was less in medias with initial
C:N of 80, 100 and 120. Even though the Yy, (0.31) and
Yps (0.13) values were little low for media with C:N 60, the
lipid concentration (5.4 +0.28) and productivity (1.83) was
highest in this media and thus chosen as the optimal condi-
tion for further studies.

When the nitrogen source in the medium gets exhausted,
the cell division ceases and the excess carbon is channelized
towards formation of storage lipid in oleaginous yeasts. As
the nitrogen level drops, the enzyme AMP deaminase gets
activated and the level of AMP decreases, which in turn
inhibits the enzyme isocitrate dehydrogenase. Citrate is fun-
neled out of mitochondria and flux through TCA cycle is
reduced. The citrate is then cleaved by ATP citrate lyase
(ACL) and the produced acetyl CoA is directed towards for-
mation of lipid bodies [2, 10].

Effect of oxygen transfer rate on biomass growth and lipid
accumulation

As yeast biomass growth and in turn the lipid accumula-
tion is a direct function of the oxygen transfer rate in the
medium, investigations concerning the same in shake flasks
will give good insight about the aerobic growth process and
minimize the number of experiments required to be carried
out in bioreactor studies [10, 12].

Pichia guilliermondii is a facultative aerobic organism
and thus it is expected that cell growth rate will increase
with increase in dissolved oxygen (DO) concentration. A
combined increase in agitation and aeration rate can improve

the DO level in the media and consequently the k;a. To
identify the optimal combination of aeration and agitation
for improved biomass and lipid production, shake flask
experiments were conducted with the previously determined
optimal conditions but with different medium volumes.
ky a for different flasks were calculated according to Eq. 1,
which was actually calculated based on the agitation rate,
medium volume, shaking diameter of shaker and flasks. It
was observed that the increase in headspace in the flasks
(as a result of decrease in the medium volume) from 200
to 50 mL (operated at 150 rpm) resulted in almost doubled
biomass growth (Fig. 6; Table 2) with the specific growth
rate increasing from 0.09 to 0.11 h™!. A maximum lipid con-
centration of 10.8 g L™! (53% of DCW) was achieved for
50 mL filling flask. The regression line of the k; a versus the
cell growth rate is a reasonable fit with a R? value of 0.95
(Fig. 7). The high k; a in the flasks with less filling is indica-
tive of the high oxygen transfer rate (OTR). The higher OTR
not only resulted in higher dry cell weight, but also increased
the lipid content of the cells from 40% (w/w) in 200 mL

L

: +50mL
£ =100mL
8 150mL

200mL

120

Time, h

Fig.6 Biomass growth profile when grown in different media volume
(constant flask volume)
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Table 2 Influence of change in shake flask headspace on lipid accumulation, specific growth rate and k; a

Media volume & a® (min~!) Max. DCW (g L7} Specific growth % Lipid/bio- Total lipids (g L) Lipid pro-

(mL) rate (h™1) mass d.w. ductivity
eL™'h™h

50 0.61 20.35+1 0.11 53 10.80+0.5 0.100

100 0.46 14.60+0.9 0.96 42 6.13+0.3 0.056

150 0.32 11.64+0.6 0.09 44 5.12+0.2 0.047

200 0.26 9.23+£0.5 0.085 40.3 3.69+0.2 0.034

#Calculated from Eq. 1

0.2 1

0.16 -

0.12 -

y=0.283x+0.012
R?=0.986
0.08

Biomass growth rate, g L' h!)

0.04 -

0 - ; : : — —— —- : ‘
0.26 031 036 041 046 051 056 061 0566

kia, min?!

Fig.7 Relationship between k; a and biomass growth rate

filling to 58% (w/w) in 50 mL filling (Table 2). The rate of
depletion of ammonium concentration in flask with 50 mL
filling compared to that in 200 mL filling explains prevailed
nitrogen limiting conditions (refer Online Resource 1) in
the former and hence enhanced lipid accumulation. Yen and
Liu [12] reported that cell growth rate of R. glutinis almost
doubled in a 5 L airlift bioreactor when the aeration rate was
increased from 1 to 2.5 vvm suggesting the dependence of
cell growth on the OTR or &; a.

Validation of optimal condition in reactor

The optimal shake flask conditions (C:N =60 and NH,CI
as N-source) were maintained in a 3.7 L (2 L working
volume) reactor to reproduce the biomass and lipid profiles
obtained earlier (Sect. 3.1.4). The aim was to grow the
yeast in a similar environment as in shake flask. By trial
and error method (data not shown), a k; a of 0.6 min~! was
achieved in reactor by maintaining the agitation and aera-
tion rate at 400 rpm and 0.75 vvm (150 Iph), respectively.
A maximum biomass density of 16.74 g L™! was achieved
at 72 h, while the lipid concentration was around 8 g L™!
(Fig. 8), which were lower than obtained in shake flask

@ Springer

—@—Biomass (g L")
A~ Ammonium (g L")
DO (%) r 60
184 * Lipid (g L")

I m— Glycerol (g L") ﬂ+
el 16-“ i / *\§ Ls

I 40

20

0.0

Fig.8 Time course profile of biomass, glycerol, ammonium, dis-
solved oxygen and lipid concentration in 3.7 L reactor

cultures. A possible reason may be due to some inhibi-
tory effects by antifoaming agent (silicone oil), which was
added at regular intervals to prevent foam formation, a
common occurrence when reactor is run at high agitation
and air flow rates. Lower biomass yields obtained in bio-
reactor may be attributed to the difference in agitation and
aeration patterns leading to mass transfer limitation. Oxy-
gen is sparingly soluble in culture media and the transition
from surface aeration in shake flask to submerged aeration
in reactor might have taken toll on the biomass growth
because of possible oxygen limitation, which may further
be complicated by high shear stress and nutrient limitation
due to high culture density. However, we observed that the
broth was not viscous or dense enough to consider shear
stress as a limiting parameter. Though nitrogen limitation
was induced to increase lipid production after achieving
good biomass growth, glycerol (carbon source) uptake pro-
file showed the presence of residual carbon substrate after
each batch, thereby ruling out glycerol limiting condition.

Some possible ways to improve the lipid production
in reactor may be supplementing certain non-metabo-
lizable oil or introducing some pathway intermediate.
Further optimization in terms of feeding strategy or use
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of two-stage cultures (biomass growth phase and lipid
accumulation phase) is required to improve the lipid pro-
ductivity in reactor. Table 3 shows stepwise increment
in biomass and lipid yield upon optimization. An overall
39 and 77% improvement in terms of biomass and lipid
yield was observed in the reactor as compared to the initial
study (Table 3). Relative filling is not applicable in reactor
because of submerged aeration in it as compared to surface
aeration in shake flask.

Lipid properties

Determination of fatty acid (FA) composition of lipid is
important to realize its application potential as a biodiesel
feedstock. The FA composition of lipids produced by P.
guilliermondii when grown in different nitrogen limited
conditions is summarized in Table 4. The profiles are
almost similar with slight variations. The lipid profiles
were similar to that obtained from other oleaginous yeasts
[9, 26, 27] and was majorly composed of oleic (C 18:1),
palmitic (C 16:0), stearic (C 18:0) and palmitoleic (C
16:1) acid (Table 3). Other FAs were present in minor
amounts and the total percentage of other FA is less than
30%. The most desirable composition of biodiesel is the
presence of large amount of the mono unsaturated oleic
acid and trace amount of poly unsaturated FAs (PUFA)
[19]. We found percentage of PUFA to be less than 10%
for all combinations. The % saturation of lipids varied
from 29 to 50% for media with different initial C:N ratio.
The variation in fatty acid profile can be attributed by the
difference in growth rates, which is a direct function of the
change in the media nitrogen concentration. It is difficult
to establish the exact co-relationship between nitrogen
starvation, aeration rate and fatty acid profile in a particu-
lar yeast strain. Most strains behave differently to changes
in culture condition such as change in limiting substrate,
pH, and temperature [28]. Generally, a higher or almost
equal ratio of saturation:unsaturation is preferred for lipids
to qualify for biodiesel feedstock [29]. This is because a
higher unsaturation leads to oxidative unstability of the
fuel. Overall, the lipid profiles are very much similar to
that of other vegetable oils such as soyabean, jatropha oil
[30] indicating that the lipids produced under nitrogen
limited condition can be used as an alternative feedstock
to diesel (Table 4).

Concluding remarks
In the present study, attempts were made at enhancing lipid

concentration of an indigenously isolated oleaginous yeast
strain, P. guilliermondii by facilitating oxygen transfer and

Table 3 Stepwise improvement in lipid concentration and productivity upon nitrogen stress

Lipid productivity

(gL7'a™h

Lipid (g L7

Max biomass (g LY

YP/S

Relative filling (Ry) Y5

C:N

N-source

1.5
1.53
1.8
3.6
2.66

4.5+0.24
4.6+0.23

12+0.64
13.5+0.85

0.17
0.

0.41
0.43
0.4

0.2
0.2
0.2
0.1

30
30
60
60
60

(NH,),SO, + Ca(NOy),

NH,Cl

Shake flask

15

54+0.28
10.8+0.5

12+0.67
20.35+1

0.18
0.24
0.17

NH,Cl

16.74+0.8

0.44
0.36

NH,Cl

8+0.4

NH,Cl

Reactor

Data shown as mean + SD
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Table 4 Fatty acid composition

. Fatty acids Fatty acid content for different C:N (%)*
of lipids
20 40 60 80 100 120 Reactor
Capric (C10:0) 0.9
Lauric (C 12:0) 1.1 0.7
Tridecanoic (C 13:0) 13.5 24.7

Myristic (C 14:0)
Pentadecanoic (C15:0)

Cis 10 pentadecanoic (C 15:1)
Palmitic (C 16:0)

Palmitoleic (C 16:1)
Heptadecanoic (C 17:0)
Cis-10 heptadecanoic (C 17:1)
Stearic (C 18:0)

Oleic (C 18:1)

Linoleladic (C 18:2)
Linolenic (C18:3)

Eicosenoic (C 20:0)
Heneicosanoic (C 21:0)

Cis 13-16 Docosadienoic (C 22:2)

Lignoceric (C 24:0)
% Saturation

1.2 4.8 0.9 0.8 1.8 0.2 29
0.6 1.4 0.4 0.5 0.3 0.2

0.5 0.3 0.5 1.3
12.9 18 204 204 17.2 26 11.8
7.7 74 53 73 6.8 11.4 4.7
0.5 0.5 1 0.9 0.5 0.6 1.2
2.1 2 2.7 32 1.9 1.6 24
5.4 8.5 8.5 6.9 8.1 4.8 10.9
45.1 48 47.7 459 51.7 51.4 338
7.3 7.7 9.3 8.8 7.6 29 4.5
2.1 1.7 1.8 1.8 1.6 0.3 1
0.4 1.1 0.2
1.2 0.9
1.6 0.7 0.1
0.3
34.1 332 40.9 32.8 29 31.8 52.2

“Data shown are average of two experiments

uptake, while simultaneously limiting nitrogen availability
for higher production of biodiesel as an alternative fuel.
With this aim, the optimal nitrogen source and growth condi-
tions were found to be ammonium chloride with a C:N ratio
of 60:1 and a k; a of 0.6 min~!, which resulted in a biomass
and lipid concentrations of 20.35+1 and 10.8+0.5 g L7},
respectively, in shake flask studies. The results motivated us
to replicate the same in a 3.7 L reactor. Although the optimal
conditions were replicated in the reactor by controlling the
agitation and aeration rate to get the desired k; a, the yields
were little lower than that of shake flask due to experimen-
tal limitations. A maximum of 16.74+0.8 and 8 +0.4 g L™!
could be achieved for biomass and lipid concentration,
respectively, in the reactor. The % saturation of the lipids as
calculated from its FAME profile conformed to the require-
ments for its application as a feedstock for biodiesel.
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