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Abstract

Oleaginous yeast lipids have myriad of industrial applications that are gaining significant interest owing to shorter incuba-
tion, ability to use broad spectrum substrates, and quality lipids. However, the lipid content produced is low and need to
enhance by optimization of varied parameters. In the present study, crude glycerol a by-product of biodiesel industry was
supplemented to Trichosporon shinodae for lipid accumulation using central composite design (CCD) of response surface
methodology (RSM). The developed quadratic model was found to be significant with the R? value of 95.20% and adj. R
value of 91.97%. An optimal lipid content of 49.85 +0.8% (w/w) was obtained using 7. shinodae with 6.2% (v/v) inoculum
volume, pH 3.6, C/N ratio 105, 1.52 (g/L) of MgSO,, and 4.55 mM FeSO, in 120.72 h at 30 °C. Lipid composition from
T. shinodae depicted the presence of linoleic acid (C18:2), oleic acid (C18:1), stearic acid (C18:0), palmitic acid (C18:0),
myristic acid (C14:0), and lauric acids (C12:0), respectively. T. shinodae lipids have 61.1% (w/w) saturated fatty acids and
unsaturated fatty acids proportion accord to 38.9% (w/w). Lipid composition of 7. shinodae indicates that these lipids were

suitable for synthesis of high value products like fuel additives, surfactants, detergents, and cleaning applications.
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1 Introduction

Yeast lipids also known as single cell oil (SCO) are the
ideal substrates for surfactants, plasticizers, detergents,
biofuels, and their additives production due to the high
lipid productivity (>20%), short cultivation period,
and alleviates land requirement [1-3]. The yeast T. shi-
nodae is capable to synthesize significant lipid content
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under nitrogen-limited conditions with excess glycerol (a
waste by-product from biodiesel unit) and agro-residues
[4, 5]. However, succint supply of oleaginous lipids is a
major drawback for commercial exploitation. To make
the process viable, lipid accumulation using inexorbitant
feedstocks and optimization of process parameters are
quintessential.

Utilization of by-product crude glycerol is one of the
best options for development of inexpensive process.
Generally, crude glycerol is contaminated with metha-
nol, water, oil, soap, and other compounds and has low
autoignition quality, high viscosity, and poor lower heat-
ing value; as a result, it deems unsuitable neither for
combustion use in fuel burners and internal combustion
engines nor industrial chemicals (biorefinery) [6, 7]. In
biodiesel production process, for every ton of biodiesel
synthesis, 100 kg of raw glycerol (theoretical yield) is
produced as a by-product in the transesterification pro-
cess [8—10], which can be utilized for lipid accumulation
using circular economy approach [7, 11, 12]. Oleaginous
yeasts utilize glycerol to synthesize triglycerides through
sequence conversion of glycerol to glycerol-3-phosphate
(G-3-P), lipophosphatidic acid (LPA), phosphatidic acid
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(PA), diacyl glycerol and triglycerides using glycerol-
3-phosphate acyltransferase, 1-acyl glycerol-3-phosphate
acyltransferase, phosphatidic acid phosphatase, and dia-
cylglycerol acyltransferase enzymes, respectively [13, 14].

To obtain higher lipid content, Wu et al. [15] have pro-
posed a systematic approach of medium optimization from
T. capitatum supplementing oleic acid as feedstock with
the predominant variables of incubation time, pH, tem-
perature, C/N ratio, and agitation speed. However, this
conventional systematic approach of medium optimiza-
tion for enhanced lipid content has failed to determine
the interaction effects of different factors and usually end
up with only one “apparent” set up of optimal conditions
(local optima) [16].

To overcome this problem, mathematical-based RSM
approach could be envisaged, where an empirical model
has been developed through fitting of experimental data
with the predicted data by taking interaction effects of
controllable input variables on the observable output along
with the anticipated optimized results [17, 18]. The effi-
ciency of RSM in modeling and optimization of differ-
ent biotechnological processes has been acknowledged in
several research studies [19-21]. The pre-requisite condi-
tion for lipid accumulation in 7. shinodae is the presence
of higher carbon content coupled with nitrogen limitation
[15, 22, 23]. In addition, some other factors such as inocu-
lum volume, temperature, pH, trace elements concentra-
tion, and magnesium sulfate have showed their prominence
in increasing lipid production. Hence, to increase the lipid
content, the present study is aimed to optimize the pro-
cess parameters that result in higher lipid production using
crude glycerol a by-product in biodiesel industry [24, 25].

2 Materials and methods
2.1 Experimental material and chemicals

In this study, T. shinodae isolated, identified, and maintained
in Microbial Biotechnology and Down Stream Processing
laboratory, Agricultural and Food Engineering Department,
Indian Institute of Technology, Kharagpur, India was used
and maintained at regular intervals as enumerated by Kumar
and Banerjee [4]. Fatty acids such as oleic, linoleic, lauric,
palmitic, myristic, and stearic acids were procured from
Sigma (USA). Besides, all the chemicals used in the study
were procured from Qualigens, Merck and Himedia, India,
which are of analytical grade.
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2.2 Selection of variables by one-variable-at-a-time
approach for optimization of lipid production
in T. shinodae

Selection of influential parameters that determine the higher
lipid content such as inoculum volume (1-20%, v/v), pH
1-12, carbon and nitrogen sources and their concentration
(C/N ratio 1-200), magnesium sulfate (1-5 mg), ferrous sul-
fate (1-5 mM), and temperature (10-50 °C) were evaluated
using OVAT approach. All experiments were done by alter-
ing the determinant concentration keeping other parameters
range constant followed by biomass and lipid extraction.

2.3 Cell dry weight determination

After fermentation of every experiment, biomass harvest-
ing was done by filtration and dried at 60 °C until constant
weight is observed [4]. Dry cell weight was determined
according to Kumar and Banerjee [19].

2.4 Extraction and quantification of lipid

The dried biomass was subjected to ultrasonication with a
frequency of 50 Hz and 2800 W power for 20 min at 30 °C
[19]. Lipid extraction was done from disrupted biomass
using chloroform:methanol (2:1) according to Kumar and
Banerjee [4]. Separation of the chloroform—methanol mix-
ture into individual layers was performed as per Folch et al.
[26], using 20 mL of sodium chloride (5%, w/v) and dis-
pensed to a known weighed clean vial (W1). Thereafter,
chloroform layer dispensed into vial (W1) was evaporated
with a rotary evaporator (BUCHI Rotavapor R-124), and the
vial weight with residue is recorded and designated as W2.
Lipid content can be calculated by subtracting W1 from W2
and expressed as % dry cell weight [4].

2.5 Modelling and optimization for enhanced lipid
content

To optimize the lipid production from the 7. shinodae,
influential experimental parameters such as incubation time
(h), inoculum volume (v/v), pH, temperature (° C), MgSO,
(mg/L), FeSO, (mg/L), and C/N ratio were studied as per
the equation (Eq. 1) and are coded—1, 0, 1 as illustrated
in Table 1. The experiments were designed using CCD of
RSM by Minitab 16 (USA) statistical software to determine
the effects of influential parameters on the lipid content
(Table 2).

x — [Xmax + Xmin]/2
X = - €))
[Xmax — Xmin]/2
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where x is the uncoded variable, X is the coded variable,
and x,,,, and x,;, are the maximum and minimum values of
the uncoded variable. Employing RSM to fit the experimen-
tal data and to identify the relevant model terms, a second-
order polynomial equation has been developed (Eq. 2) for
aresponse (lipid content, Y7 ;) considering the individual,
square, and interaction effects of seven production param-
eters as follows:

7 7 7
Yipia =bo + Z:ZlbiAi + 2 Z bAA; + Z biinz"' €
=1 =1 i=1

(@)
where b, being intercept, b; corresponds to first order, by
represents interactive, and b;; is second-order effects, while
€ directs towards residual error, i and j represent the factor
number of factors [16, 27].
The experimental conditions adopted for development of
RSM was tabulated in Table 2.

2.6 Validation of the model

The accuracy and validation of the model were evaluated
by ANOVA test using Fisher’s test (F-test) heuristics. The
significance of individual, square and interaction effects of
lipid production parameters on the lipid content (¥ ;;q) was
identified by statistically significant P values < 0.05 with
95% confidence interval. The predicted output with the set
of production parameters was further utilized to test through
triplicate experimental runs [28]. The accuracy of the model
further assessed through the coefficient of determination
(R?) and adjusted R? values. The applicability of the devel-
oped model also evaluated for lack of fit.

2.7 Interaction study of parameters and their
optimization

The interaction effects of influential parameters on lipid
yield presented through the 3D surface plots. Finally, the
attainment of maximum lipid yield through possible values

of important parameters predicted through the optimizer
function of RSM.

2.8 Derivatization and characterization of microbial
lipids

2.8.1 GC-MS based lipid characterization of T. shinodae

Lipids estimation was carried out using GC-MS instru-
ment with gas chromatography unit (Agilent 6890 N) and
mass detector (Agilent MS-5975 inert XL). The capil-
lary column employed was HP-5-MS with dimensions of
30 mx0.25 mm X 0.25 mm film thickness. A program for the
lipids estimation was set according to Kumar and Banerjee
[4], and the lipid analysis was done using National Institute
of Standards and Technology (NIST) library.

2.8.2 FT-IR characterization of lipids derived from T.
shinodae

Lipids derived from T. shinodae were characterized using
FT-IR as per Forfang et al. [29] protocol. In this study,
Bruker quinox FT-IR spectrometer with mercury-cad-
mium-telluride detector was used. Sample preparation and
analysis was done in triplicate according to Forfang et al.
[29], and the spectra of lipids were retrieved in the wave
number range of 4000-600 cm™".

2.8.3 Determination of lipid properties derived from T.
shinodae

Fatty acids quality is an important factor which depends on
the feedstock. Fatty acids chain length, unsaturation, and
free fatty acids content are important determinants of com-
bustion properties and oxidative stability [30]. Acid value
(AV), saponification value (SV), and iodine value (IV) of T.
shinodae are important parameters to determine the quality
of lipids. These are determined as per the procedure enumer-
ated in Kumar and Banerjee [4].

Table 1 Experimental range of

. Variables Symbol coded Range of variables

variables for the CCD of RSM

in actual and coded variables for Low (—1) Mid (0) High (+1)

lipid (single-cell oil) production
Incubation time (IT, h) A 96 120 144
Inoculum volume (IV, % v/v) B 5 7
pH C 3.5 4
Temperature (temp, °C) D 25 30 35
MgSO, (g/L) E 1 1.5 2
FeSO, (mM) F 3 4 5
C/N ratio G 100 120 140
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Table 2 Experimental runs of CCD of RSM along with the experimental and predicted values of lipid yield (%)

Experimen- IT* (h) IV (%) pH Temp® (° C) MgSO, (g/L) FeSO, (mM) C/N ratio Lipid yield (%)
tal run

Exp. dpredict.®
1 96 3 4 35 1 3 140 44.11 44.05
2 120 5 3.5 25 1.5 4 120 43.88 42.52
3 120 5 3.5 30 1.5 4 140 47.78 47.87
4 120 5 3.5 30 1.5 4 120 46.05 46.21
5 120 5 3.5 35 1.5 4 120 41.92 42.93
6 96 3 4 25 2 5 100 46.67 46.37
7 144 3 3 35 2 5 140 42.93 43.36
8 144 7 3 35 2 5 100 47.00 46.70
9 144 7 4 25 2 3 140 41.98 42.32
10 96 7 4 35 2 3 140 43.33 43.93
11 144 3 3 25 1 5 140 44.12 4391
12 144 3 3 25 1 3 100 46.08 45.65
13 96 3 3 25 2 5 140 41.50 41.86
14 96 5 3.5 30 1.5 4 120 46.06 45.49
15 144 7 4 25 1 3 100 47.11 46.40
16 96 3 4 35 2 5 140 43.15 42.98
17 96 7 3 25 1 3 100 43.74 44.02
18 144 3 4 35 1 3 100 45.10 45.28
19 96 7 3 35 2 5 140 46.45 46.07
20 96 7 3 35 1 3 140 42.20 41.87
21 144 7 4 25 1 5 140 46.99 47.72
22 96 7 4 25 2 5 140 42.90 43.18
23 144 3 4 25 1 5 100 48.34 48.36
24 120 5 3.5 30 1.5 3 120 48.51 48.11
25 120 5 3.5 30 1 4 120 43.93 44.28
26 96 3 3 25 2 3 100 48.01 47.76
27 144 7 3 25 2 3 100 44.98 4541
28 96 7 4 25 2 3 100 4591 46.03
29 144 3 3 25 2 3 140 41.91 41.36
30 144 3 3 35 1 5 100 43.44 42.68
31 96 7 4 25 1 5 100 48.33 48.10
32 144 7 3 35 1 3 100 42.93 43.39
33 144 7 4 35 2 3 100 47.07 46.67
34 144 3 4 35 1 5 140 47.08 46.85
35 120 5 3.5 30 1.5 5 120 48.82 48.87
36 144 7 4 35 2 5 140 48.38 48.33
37 144 7 4 25 2 5 100 47.14 46.77
38 144 3 4 25 1 3 140 4491 45.11
39 144 3 4 25 2 5 140 42.13 41.69
40 144 3 4 35 2 5 100 43.37 43.31
41 120 5 3.5 30 1.5 4 100 50.16 49.72
42 96 7 3 35 1 5 100 44.04 43.63
43 96 7 3 35 2 3 100 47.90 4741
44 120 5 3.5 30 2 4 120 44.53 43.83
45 96 3 3 35 1 3 100 44.83 4498
46 96 3 3 35 1 5 140 44.03 43.56
47 96 7 4 25 1 3 140 42.15 41.91
48 96 3 3 35 2 5 100 44.26 45.06
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Table 2 (continued)

Experimen- IT* (h) IV (%) pH Temp® (° C) MgSO, (g/L) FeSO, (mM) C/N ratio Lipid yield (%)
tal run

Exp. dpredict.©
49 96 3 4 25 1 5 140 45.73 46.28
50 144 3 3 25 2 5 100 43.00 43.38
51 144 7 4 35 1 5 100 47.29 47.43
52 96 3 4 35 1 5 100 46.04 46.26
53 96 3 4 25 1 3 100 49.22 49.22
54 144 7 3 35 2 3 140 46.63 46.67
55 144 7 3 25 2 5 140 44.22 43.75
56 120 5 3.5 30 1.5 4 120 46.15 46.21
57 120 5 3.5 30 1.5 4 120 46.15 46.21
58 144 3 3 35 1 3 140 43.51 43.85
59 96 7 3 25 2 5 100 46.4 46.44
60 120 5 3.5 30 1.5 4 120 46.05 46.21
61 144 5 3.5 30 1.5 4 120 45.40 45.61
62 96 7 4 35 1 5 140 46.56 46.24
63 144 7 3 25 1 3 140 42.19 41.91
64 96 3 4 35 2 3 100 46.15 45.58
65 96 7 4 35 1 3 100 44.02 44.61
66 144 3 3 35 2 3 100 45.16 44.76
67 120 7 35 30 1.5 4 120 48.15 48.36
68 120 5 3 30 1.5 4 120 43.48 4391
69 96 7 3 25 2 3 140 41.13 41.48
70 120 5 4 30 1.5 4 120 45.76 44.98
71 120 5 35 30 1.5 4 120 46.05 46.21
72 96 3 4 25 3 140 41.34 40.97
73 96 3 3 25 1 5 100 47.01 47.0
74 96 7 3 25 1 5 140 42.57 42.34
75 96 3 3 35 2 3 140 44.0 44.08
76 96 7 4 35 2 5 100 46.87 47.33
77 120 5 35 30 1.5 4 120 46.12 46.21
78 120 5 35 30 1.5 4 120 46.05 46.21
79 144 7 3 25 1 5 100 44.27 44.72
80 120 5 35 30 1.5 4 120 45.95 46.21
81 144 3 4 35 2 3 140 42.66 42.85
82 144 7 3 35 1 5 140 45.75 46.22
83 120 5 3.5 30 1.5 4 120 45.11 46.21
84 144 7 4 35 1 3 140 4691 46.17
85 144 3 4 25 2 3 100 43.21 44.60
86 120 5 3.5 30 1.5 4 120 46.25 46.21
87 120 3 3.5 30 1.5 4 120 48.32 47.76
88 96 3 3 25 1 3 140 42.71 43.23

IT¢, Tincubation time (h); / V?, inoculum value (%, vIv); Temp®, temperature (°C); Expd, experimental; “Predicted, predicted
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2.8.4 Statistical analysis

All the experiments were done in triplicates and the standard
error was calculated at 5% level.

3 Results and discussion

3.1 Development and analysis of the RSM model
for lipid production

In this study, lipid production from 7. shinodae was exe-
cuted based on the CCD sets of RSM and evaluated with
MINITAB 16.0 (USA) software. A quadratic non-linear
polynomial equation was developed based on the positive
and negative effects in the regression coefficients of the
individual, square, and interaction terms of the production
parameters. The production parameters, whose P values
are < (.05, were considered as the significant for the non-
linear regression equation (Eq. 3). The predicted response of
lipid yield was calculated by Eq. (3) as given below:
Lipidyield(%) =4.2 + 0.042IT(h) — 9.411V(%, v/v)

+51.8pH + 7.151Temp(° C) + 32.68MgSO4(g /L)

— 21.81FeSO4(mM) — 1.942C /Nratio — 0.001141IT(h)

X IT () + 0.46281V (%, v/v) X IV(%, v/v)

—7.05pH X pH — 0.1394Temp(° C) X Temp(° C)

— 8.62MgS04(g/L) X MgSO4(g/L) + 2.282FeSO4(mM)

X FeSO4(mM) + 0.006456C /Nratio

X C/Nratio + 0.009181T(h) X IV (%, v/v)

+0.012831T(h) X pH + 0.001305IT (h) X Temp(°C)

— 0.01691IT(h) x MgSO4(g/L) + 0.00080IT ()

X FeSO4(mM) + 0.0010531T(h) x C/Nratio

+0.12251V(%, v/v) X pH + 0.042831V (%, v/v)

X Temp(° C) + 0.59531V (%, v/v) X MgSO4(g /L)

+0.19681V(%, v/v) X FeSOA(mM) + 0.00365I1V (%, v/v)

x C/Nratio — 0.0452pH X Temp(°C) — 2.480pH

X MgSOA4(g/L) + 0.583pH x FeSOA(mM) — 0.00669pH

X C/Nratio + 0.1908Temp(° C) x MgSO4(g/L)0.0144Temp(° C)

X FeSO4(mM) + 0.006757Temp(° C) x C/Nratio

— 0.467TMgSO4(g/L) X FeSOA(mM) — 0.02842MgSO4(g /L)

x C/Nratio + 0.01624FeSO4(mM) x C/Nratio
3
In the predicted response of lipid yield equation, the 4+ ve
signs indicate the synergistic effects, while — ve signs denote
the antagonistic effects of the production parameters on the
response, i.e., lipid yield (%, w/w).
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3.2 Statistical validation of the model

The ANOVA results for a quadratic model of lipid yield
showed the significant effect of individual, square, and
interaction terms of production variables on the lipid
yield (Table 3). Based on the presumption of terms, inter-
actions between parameters with P <0.05 were consid-
ered as significant terms, whereas P> 0.05 were deemed
to be insignificant [31]. Among all terms, only individual
and square terms of incubation time, interaction terms of
incubation time and FeSO,, inoculum volume and pH,
inoculum volume and C/N ratio, pH and temperature,
and pH and C/N ratio were found to be insignificant
(P> 0.05) on the lipid yield. The remaining all individ-
ual, square, and interaction terms of the quadratic model
were found to be significant (P-value < 0.05) on the
lipid yield from T. shinodae. The significant effects of
pH, temperature, C/N ratio, FeSO,, and MgSO, resulted
higher lipid accumulation in 7. shinodae [32].

The significance of quadratic model terms on lipid yield
was drawn from the F-values of the ANOVA results, where
the large F-values of the quadratic model were considered
as a highly significant model [33]. Based on the magnitude
of the F-values, the production parameters namely pH, tem-
perature, C/N ratio, FeSO,, and MgSO, were found to be
influential parameters on the lipid production for 7. shino-
dae using glycerol as carbon source. The significance of
the statistical model depends on the R? and adj. R? values
of the model. The R? value of more than 75% suggests that
the optimization model is highly significant [34]. In this
study, the R* value for lipid accumulation in 7. shinodae
using glycerol is 95.20%, which signifies that the model is
highly significant.

The significance and adequacy of the statistical model
could be drawn from the ranges of R? and adj. R? values
[35]. For a good agreement, the R? and adj. R? values
need to be within 20% range. The R? value of the devel-
oped quadratic model for lipid yield (95.20%) was close
to the 100%, which implies that the model offers 95.2%
variability in predicting lipid yield (%) apart from the
experimental interval of production parameters. The
R? (95.20%) value of the model was very close to the
adjusted R? value (91.97%), which indicates the fitness
of the developed model and negligible proportion of the
variation between the experimental and predicted data.
The fitness and significance of the developed regression
model through R? and adj. R? values have been reported
in the studies [19, 35]. From these results, it has con-
cluded that the developed RSM model satisfactorily pre-
dicted the lipid yield from the taken set of production
parameters.



Biomass Conversion and Biorefinery

Table3 ANOVA analysis for
quadratic model of lipid yield
(%) from Trichosporon shinodae

Source DF Adj SS AdjMS F-value P-value Status

Model 35 366.424 10.4693 29.48 0.000 Significant
Linear 7 97.175 13.8822 39.10 0.000 Significant

IT (h) 1 0.226 0.2259 0.64 0.429 Not significant
IV (%, vIv) 1 5.786 5.7862 16.30 0.000 Significant

pH 1 19.043 19.0431 53.63 0.000 Significant
Temp (°C) 1 2.681 2.6806 7.55 0.008 Significant
MgSO, (g/L) 1 3.396 3.3964 9.57 0.003 Significant
FeSO, (mM) 1 9.578 9.5776 26.97 0.000 Significant
C/N ratio 1 56.466 56.4657 159.02 0.000 Significant
Square 7 97.405 13.9150 39.19 0.000 Significant

IT (h) XIT (h) 1 1.005 1.0053 2.83 0.098 Not significant
IV (%, vIV) X1V (%, vIV) 1 7.969 7.9693 22.44 0.000 Significant
pHXxpH 1 7.229 7.2286 20.36 0.000 Significant
Temp (°C) X Temp (°C) 1 28.239 28.2388 79.53 0.000 Significant
MgSO, (g/L)xMgSO, (g/L) 1 10.791 10.7906 30.39 0.000 Significant
FeSO, (mM) xFeSO, (mM) 1 12.113 12.1125 34.11 0.000 Significant
C/N ratiox C/N ratio 1 15.513 15.5125 43.69 0.000 Significant
2-Way Interaction 21 171.844 8.1830 23.05 0.000 Significant

IT (h) XIV (%, vIv) 1 12.420 12.4203 34.98 0.000 Significant

IT (h) xpH 1 1.518 1.5178 4.27 0.044 Significant

IT (h) X Temp (°C) 1 1.570 1.5700 4.42 0.040 Significant

IT (h)xMgSO, (g/L) 1 2.635 2.6349 7.42 0.009 Significant

IT (h)xFeSO, (mM) 1 0.024 0.0239 0.07 0.796 Not significant
IT (h) X C/N ratio 1 16.340 16.3398 46.02 0.000 Significant

IV (%, v/v)xpH 1 0.961 0.9609 2.71 0.106 Not significant
IV (%, v/v)x Temp (°C) 1 11.743 11.7426 33.07 0.000 Significant

IV (%, vIv) x MgSO, (g/L) 1 22.681 22.6814 63.88 0.000 Significant

IV (%, v/v) xFeSO, (mM) 1 9.911 9.9115 2791 0.000 Significant

IV (%, v/v) X C/N ratio 1 1.363 1.3631 3.84 0.055 Not significant
pH X Temp (°C) 1 0.816 0.8163 2.30 0.136 Not significant
pHxMgSO, (g/L) 1 24.604 24.6041 69.29 0.000 Significant
pHxFeSO, (mM) 1 5.445 5.4452 15.34 0.000 Significant
pH X C/N ratio 1 0.286 0.2865 0.81 0.373 Not significant
Temp (°C) xMgSO, (g/L) 1 14.560 14.5599 41.01 0.000 Significant
Temp (°C) xFeSO, (mM) 1 0.332 0.3324 0.94 0.338 Not significant
Temp (°C) X C/N ratio 1 29.222 29.2221 82.30 0.000 Significant
MgSO, (g/L)xFeSO, (mM) 1 3.488 3.4885 9.82 0.003 Significant
MgSO, (g/L) X C/N ratio 1 5.169 5.1688 14.56 0.000 Significant
FeSO, (mM) X C/N ratio 1 6.754 6.7535 19.02 0.000 Significant
Error 52 18.464 0.3551

Lack-of-fit 43 17.524 0.4075 3.90 0.017 Significant
Pure error 9 0.939 0.1044

Total 87 384.888

S$=0.595882 R-Sq=95.20% R-Sq(adj)=91.97%

3.3 Response surface plots analysis

The 3D response surface plots of RSM (drawn through
MINITAB 16) help in investigating the interaction effects
of different production variables on the lipid yield (Fig. 1).

The interaction effect of the incubation time (IT) and
inoculum volume (IV) on lipid yield (%) is illustrated in
Fig. 1(a). The higher lipid yield seems with the mid-range
of incubation time (around 120 h) and more upper side of
inoculum volume. This type of behavior is attributed to the
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Fig. 1 Response surface plots of

lipid yield (%) with a incubation

time (IT, h) and inoculum vol-

ume (IV, % v/v); (b) incubation

time ((IT, h) and pH; (c) inocu- 48 h
lum volume (IV, % v/v) and T

Lipid Yield (%) L]

temperature (°C); d inoculum : “:‘:::“:‘:“\“\:\\:{i
volume (IV, % v/v) and C/N " = N
ratio (%); e temperature (°C) /

and MgSO, (g/L) 00

48

Lipid Yield (%) 46

exhausting of the substrate with the incubation time and
higher inoculum volumes needed for initiating the 7. shino-
dae growth for the higher lipid production.

Interaction effect of incubation time (IT) and pH on the
lipid yield depicted in Fig. 1(b) implies that the substantial
lipid yield observed with the mid-range of incubation time
(120 h) and pH value of around 3.6. The interaction results
suggested that the higher lipid yield was possible with the
mid-range of incubation time that is required to reach the
exponential phase of the lipid production with the produc-
tion medium pH around 3.6.

From the interaction effect of inoculum volume (IV)
and temperature of lipid yield (Fig. 1(c)), it was found
that higher range side of inoculum volume coupled with
temperature at 30 °C was the ideal for maximum SCO pro-
duction. Similar results was observed with T. capitatum,
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where the maximum lipid accumulation has been increased
up to 28 °C and further increase in temperature lead to
sharp decline of lipid accumulation [15]. This observed
pattern is due to the partial inactivation of lipid synthe-
sis enzymes at higher temperature. The fate of lipid yield
based on the interaction effects of inoculum volume and
C/N ratio is summarized in Fig. 1(d). The response plot
indicates that the maximum ranges of inoculum volume
and C/N ratio significantly contributed for higher lipid
yields owing to higher C/N ratio and inoculum volume
that facilitate the growth of the T. shinodae.

Finally, Fig. 1(e) depicts the interaction effect of tempera-
ture and MgSO, on lipid yield. From the response surface
plot, the mid-range values of temperature and 1.52 (g/L) of
MgSO, were the ideal for higher lipid yields. Divalent metal
ions play a significant role in increasing the lipid production
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by binding and stabilizing the malic enzyme, which is a
rate limiting step in fatty acid biosynthesis [36]. Further
increase of MgSO, resulted decrease of SCO accumulation
in T. shinodae due to divalent toxicity and higher range of
temperature.

3.4 Optimization towards higher lipid yields
and experimental validation

The response optimizer function (MINITAB 16) predicated
a lipid yield of 50.12% with the incubation time of 120.72 h,
6.2 (%, v/v) inoculum volume, C/N ratio of 105 at 30 °C
using pH 3.6, 1.52 (g/L) of MgSO, and 4.55 mM of FeSO,.
The predicted set of production variables were done in trip-
licate for experimental validation. The experimental lipid
yield was found to be 49.85+0.8% that was found to be in
good agreement with the predicted optimum. The optimal
lipid yields from T. shinodae using various parameters (vari-
ables) is in good agreement with other optimization studies
that have employed glycerol as a carbon source [15, 19, 36].
Saenge et al. [13] reported 42.12% (w/w) of lipid content
from Rhodotorula glutinis using glycerol with optimized
parameters of C/N ratio 85, pH 6, and aerial rate 2vvm.
Similarly, Saenge et al. [37] obtained 48.90% (w/w) of lipid
content with two-stage lipid production from Rhodosporid-
ium toruloides Y4 in glycerol (50 g/L) supplemented broth
coupled with optimized cultural parameters of pH 6 and
inoculum volume 20 mL. These studies substantiate that the
production parameters have a potential for enhanced lipid
accumulation and are in corroboration with the present study
findings. Similar findings were observed in studies pertinent
to lipid production using optimization of process parameters
[13,21].

3.5 Lipid profiling of T. shinodae using GC-MS
The lipids obtained by optimization of different variables

were determined their quality using GC-MS analysis. T.
shinodae fatty acids using GC—MS depicted the presence

of linoleic acid (C18:2), oleic acid (C18:1), stearic acid
(C18:0), palmitic acid (C18:0), myristic acid (C14:0), and
lauric acids (C12:0), respectively (Table 4). The proportion
of saturated fatty acids was 61.1% and unsaturated fatty
acids content remained 38.9%, respectively. Among poly
unsaturated fatty acids, presence of oleic acid is highly pref-
erable because of low melting point (—19.9 °C) that enhance
fuel additive properties at low temperatures and storage [38].
Lipid composition of oleaginous yeast determines the qual-
ity of oleochemicals. Fatty acids properties such as chain
length, saturation, and unsaturation and branching influence
the properties. Fatty acid with long chain length has good
ignition property that can be used as fuel additive. However,
longer chain length with more unsaturation decreases igni-
tion property and prone to oxidation [39, 40]. On the other
hand, polyunsaturated fatty acids (PUFA) reduce cetane
number, stability, cloud point, and increase in NOX emis-
sion. T. shinodae lipids being rich in oleic acid can be used
as fuel additive.

3.6 FT-IR characterization of lipids obtained from T.
shinodae

The lipids of T. shinodae can be identified with the peaks
at 2952.23 cm™! and 2868.50 cm™! because of symmetric
and asymmetric aliphatic C-H stretching [41]. A peak
at 1743.11 cm™! signifies C =0 ester groups by virtue
of lipids and fatty acids and peaks at 1520.44 cm™! cor-
responds to N-H amides of proteins that was probably
derived from residual biomass proteins obtained in the
extraction process [42]. The fingerprint region of the
compounds provides specific pattern in the region of
1500-900 cm™'. The peak at 1461.11 cm™" corresponds to
asymmetric stretching of -CH; group of long chain fatty
acids [43]. Similarly, peaks at 1377.63 ecm™, 1123 cm™,
and 1069 cm™! imply the presence of O-CH,-, O-CH,
groups that correspond to tri, di, and monoglycerides,
respectively [44] (Fig. 2).

Table 4 T. shinodae lipid

- . Oil/lipid source C:8 C:10 C:12 C:14 C:16 C:180 C:18:1 C:18:2 C:18:3 C:20 C:22

composition and their

evaluation with other Canola - - 39 19 641 187 92 06 02

predominant oil composition Cocoa Butter - - 0.1 258 345 353 29 - 11 -
Coconut 80 64 485 176 84 257 65 15 - 01 -
Linseed - - - 48 47 199 159 527 - 1.1
Olive - - - 137 25 7.1 100 0.6 09 -
Palm - 03 1.1 451 0.1 4.7 388 94 03 -
Peanut - - 0.1 116 3.1 465 314 - 15 3
Soybean - - 0.1 110 40 234 532 738 03 0.1
T. shinodae - - 6.1 100 400 5.0 350 3.9 - - -

Oil composition of vegetable oils has been retrieved from Tao [51]
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Fig.2 FT-IR spectra of T.
shinodae lipids 015
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4 Biochemical properties of T. shinodae
lipids

4.1 Acid value

Biochemical properties of 7. shinodae have been done with
acid value, iodine value, and saponification value (Table 5).
Acid value signifies free fatty acids content present in fatty
acids, which is 1.2 +0.04 mgKOHg_1 in 7. shinodae sam-
ple. Generally, microbial lipids have higher free fatty acids
that can be efficiently converted to esters using enzymatic
transesterification [45].

4.2 Saponification value, iodine value

Combustion quality of lipids can be determined by SV and
IV. SV indicates the fatty acids chain length and longer the
carbon chain length, greater the combustion properties,
which is measured by cetane number (CN) [46].

In the present study, 7. shinodae lipids showed
202 +0.32 mg/KOH (Table 5) saponification value, which
signify the higher carbon chain lengths of fatty acids and
ignition potential of fuel additives [39, 47]. Nouri et al.
[48] reported SV of 215.3 mg/KOH from a Sarocladium
kiliense an oleaginous fungi. On the other hand, effect of
pre-treatment on substrates influences the SV. Patel et al.

Table 5 T. shinodae chemical properties of lipids

Property T. shinodae
Acid value (mg/ KOH g 1.240.04
Iodine value (g 1,/100 g) 112+0.12
Saponification value (mg/ KOH) 202+0.32
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[14] reported that the Y. lipolytica cultivated on detoxified
and non-detoxified wheat straw hydrolysate showed 160.05
and 157.75 mgKOH, respectively. Similarly, supplementing
glucose and xylose for cell growth and oil production (bipha-
sic system) in Lipomyces starkeyi ATCC 56,304 resulted SV
of 203.95 mgKOH.

The iodine value is an important parameter that deter-
mines the oxidative stability of the esters. Higher the content
of unsaturated fatty acids in the oil corresponds to greater
scope of oxidation and lesser oxidative stability [49]. T. shi-
nodae lipids showed low iodine values 112+0.12 g1,/100 g
(Table 5). The lower iodine value represents the higher oxi-
dative stability of the T. shinodae lipids. Study conducted
on IV determination using Rhodosporidium kratochvilovae
HIMPAL1 supplemented with Cassia fistula L. fruit pulp
aqueous extract and paper industry effluent showed 16.46
mgl,/100 g and 120.017 mgl,,100 g, respectively. These
studies indicate that the lipid biochemical properties pre-
dominantly depend on substrate type and pre-treatment of
the lipids [50].

5 Conclusion

Crude glycerol (circular economy) coupled with RSM
showed maximum SCO production of 49.85+ 0.8% with
the upstream production variables of inoculum volume of
6.2 (%, v/v), pH 3.6, C/N ratio of 105, 1.52 (g/L) of MgSO,,
and 4.55 mM of FeSO, in 120.72 h at 30 °C. Studying the
interaction effects of different production parameters on the
lipid production facilitates to identify predominant variables
responsible for higher lipid accumulation. The developed
RSM model was exemplary with the 95.20% and 91.97%
values of R? and adj. R? values, respectively. The lipid
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profiling of 7. shinodae shown the presence of 61.1% satu-
rated fatty acids and 38.9% unsaturated fatty acids. Moreo-
ver, lipid composition and biochemical properties illustrated
the suitability to be used as fuel additives, surfactants and
detergents due to higher chain length, ignition property, and
improved oxidative stability. Therefore, bioconversion of
crude glycerol for lipid synthesis using 7. shinodae is one
of the viable approaches to reduce the cost of the feedstocks.
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