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Abstract

This study deals with isolation and optimization of soil origin fungus Drechslera sp. with valued unsaturated
fatty acids using orange peel as a substrate. Accordingly, to maximize oil production, various parameters were
optimized using 'one variable at a time' strategy followed by employing statistical designs (Plackett-Burman
(PBD) & Response surface methodology (RSM)). The results showed that incubation time, FeSO4, pH and yeast
extract were the most significant factors influencing lipid accumulation. Therefore, RSM employed to optimize
their concentrations. The optimum parameter values were: incubation time 144 h, FeSO4 0.015 g/L, pH 8.5 and
yeast extract 2 g/L. Under the optimized conditions, a total biomass of 12 g/L with a lipid content of 40.75 %
(corresponding to a lipid yield of 4.89 g/L) was achieved. The fatty acid profile revealed production of 41.99 %
of unsaturated fatty acids. The feasibility of utilizing orange peel as a sole carbon source proved that it
represents a potentially valuable source of single cell oil (SCO) with oil yield of 3.65 g/L. Its FAME profile
revealed an increment of unsaturated fatty acids up to 58.86% with desirable amounts of polyunsaturated
fatty acids (PUFA) 33.31 %, this making it as ideal substrate for production of unsaturated fatty acids.
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1. Introduction

The main source of edible oil is plants. However, plants do not produce oil with PUFA longer than C18. In
addition, fish act as a source of oil that reaches in length up to that of PUFA. But, fish oil is not preferable
source because of its unpleasant odor and the presence of accumulated toxic compounds [1, 2]. In recent
years, microbial production of oils is gaining importance, which represents a valuable alternative feedstock for
oil production and a prospect solution for economy [3]. Oil-bearing microorganisms (Oleaginous) are
microbial species including yeasts, filamentous fungi and microalgae that are known for their ability to
accumulate intracellular lipids higher than 20% of their biomass when cultivated in nitrogen-limited and
carbon-rich medium [4,5,6]. These lipids are termed as single cell oil or microbial oil and considered as a
supplementary source of conventional oil from plant and animal origin [7].

The main advantage of microbial oils over conventional oils is that it can be employed as substitutes for
expensive lipids which are rare in the plant or animal kingdoms, therefore the basic and applied research are
involved in the subject with great interest [8, 9, 10, 11].

Recently, tremendous attention is paid for SCO from oleaginous filamentous fungi. Thus, due to their high
productivity, easy scaling-up, less labor required, short life cycles, independence of light energy, and the ability
of utilizing a wide range of carbon sources including: wastewater, lignocellulosic materials, agro-industrial
wastes. All of that makes fungal lipid competitive in compare to other lipid sources [12].

Moreover, due to their unique biological activities, fungal oil is considered as an important source of
unsaturated fatty acids (UFA) including poly and monounsaturated fatty acids such as omega 3 (n-3), omega 6
(n-6), and omega 9 (n-9) with their nutritional values and clinical applications [13, 14,15]. These UFAs are
represented by alpha-linolenic acid (C18:3n-3, ALA), eicosapentaenoic acid (C20:5n-3; EPA), docosahexaenoic
acid (C22:6 n-3, DHA), linoleic (C18: 2 n-6), arachidonic acid (C20:4, n-6 ARA,), ¥-linolenic acid (C18:3n-6, GLA),
oleic acid (C18:1n-9, OA) and others [16, 17].

Several filamentous fungi are reported as oil producers such as Aspergillus oryzae, Claviceps purpurea,
Humicola lanuginose, Mortierella isabellina, Mortierella vinacea and Mucor sp. [18, 19].

The first step for the application of these oleaginous fungi in industrial processes is the optimization of culture
conditions for maximizing lipid productivity [20]. This step can be done by experimental statistical designs
such as Plackett-burman design and Response Surface methodology which are better approved for
optimization compared with the traditional methods of one variable at a time [21] which is highly tedious, not
accurate and is often used to screen suitable carbon and nitrogen sources [22]. In contrast, Plackett-burman
and RSM methods enhancing the yield of product; reduce incubation time and costs and are preferable from
economical point of view [23].

Economic feasibility of SCO production was hampered by the high cost of growth substrates prevented the
technology from wider application [24]. Consequently, particular interest in the biotechnological production of
microbial oils has focused upon finding zero or negative value waste substrates to achieve sustainable and
cost-effective production of oil [25].

Therefore, the objectives of this study were to isolate and select an oleaginous fungal strain able to produce
valued unsaturated oils in large amount; by optimizing the environmental, nutritional and cultivation
parameters that affect the yield of produced oils. In addition, the possibility of using orange peel as an
inexpensive substrate for growth and oil production was examined.
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2. Materials and Methods
2.1. Soil Sampling

Soil samples from different sites from the garden of City of Scientific research and technological applications-
New-Burg-Elarab City - Alexandria- Egypt, were collected from a depth of 5-15 cm below the surface, sealed in
sterile sampling polyethylene bags and stored at 4 °C until use.

2.2. Isolation of fungi

One gram of each soil sample was individually suspended in 1 mL of sterile distilled water. Then, serially
diluted 10-fold and plated on potato dextrose agar plates supplemented with 100 mg/L chloramphenicol
(Sigma-Aldrich). Plates were incubated at 30 °C for 5 days. After incubation period, purification of the obtained
fungal colonies were done by single colony culture through transferring the obtained colonies to a new agar
plate repeatedly until pure cultures were confirmed, then it was kept on PDA slants at 4°C.

2.3. Screening of oleaginous fungi by Nile red staining

All Isolated fungal strains were screened for lipid accumulation using Nile-red staining assay [26]. Directly,
fungal biomass were incubated in dark with 0.5 mL of 0.1 mM phosphate buffer saline (PBS) pH 7.4 and 0.05
mL Nile-red solution (25 pg/mL in acetone). After 30 min, a thin film was prepared on a clean glass slide and
retained for air-drying. Examinations were performed using fluorescence microscope (Olympus BX 40).

2.4. Selection of fungi with the highest lipid yield

Fungal isolates with the strongest fluorescence were grown separately in triplicate on aliquot of 50 mL
Czapek-Dox’s medium (pH 6) in 250 mL Erlenmeyer flasks for each fungus. After autoclaving and cooling, each
flask was inoculated with a disk aseptically removed from the actively growing outer edge of the 5 days aged
mycelium on agar PDA plates. Flasks were incubated at 30 °C for 7 days under static conditions. After
incubation, dry biomass, lipid yield and lipid content were determined to select the most oleaginous isolate to
further studies.

2.4.1. Determination of dry biomass

Harvesting of the mycelia mats of culture broth was done by filtration, then washing 3 times with distilled,
finally drying at 60 °C till constant weight. Dry biomass weight was determined gravimetrically, expressed in
g/L according to [27] and was crushed into fine powder and preserved in desiccators until use.

2.4.2. Determination of lipid yield and lipid content

Lipid yield (the amount of lipid extracted from the biomass per liter of fermentation medium (g/L))
determination was done using phospho-vanillin method [28]. To determine the lipid yield, the absorbance at
520 nm was measured and compared with the standard calibration curve of canola oil [29]. After determining
the biomass weight and lipid yield, the lipid content was calculated using the following Equation (1) [30, 31]:

Y = (L/X) *100 Eq. (1)
Where, (Y) Lipid content (%); (L) Lipid yield (g/L); and (X) Cell dry weight yield (g/L).
2.5. Identification of the selected isolate
The isolate with the highest lipid content was identified based on both morphological character and molecular

level. Morphological characteristics include macroscopic features of the colonies and examination of the
microstructural features were carried out according to [32]. Molecular identification was done on the basis of
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PCR amplification of the 18S rDNA gene. Fungus was allowed to grow for 3 days and genomic DNA was
prepared using AMSHAG-DNA Extraction Kit [33]. Then, 0.1 ug genomic DNA was used as a template for PCR
reaction and the primers used for the amplification of 18S-rDNA encoding genes were those described by
[34]. The PCR was run on Thermo PCR machine. Thereafter, 1% agarose gel containing Ethidium bromide was
used to separate the PCR fragment by electrophoresis. Gel was run at 100 V in 1X TBE buffer and then
visualized using the Multiimage light cabinet of gel documentation (INGENIUS). PCR product was purified
using NEPRAS DNA kit [33] and sequenced using 373 API DNA sequencer. The sequence were analyzed using
the BLAST program (National Centre for Biotechnology Information) to find out the homology with the
existing species. Confirmed sequence was submitted to GenBank.

2.6. Culture media and optimization of culture conditions for biomass production and lipid
accumulation

Cultivation of the fungus was first performed on the basic Czapek-Dox's medium (in g/L: Sucrose, 30; NaNOs,
2; KH2POg4, 1; MgS04.7H,0, 0.5; KCL, 0.5 and FeS04.7H;0, 0.01) the pH was adjusted to 6 using 1.0 M (HCI or
NaOH) before autoclaving at 121°C for 20 min.

2.6.1. Optimization of one variable at time (OVAT)

The influence of different temperatures (10, 20, 30, 40 and 50 °C) and carbon sources (30 g/L) (sucrose,
glucose, lactose, glycerol, starch and carboxy methyl cellulose (CMC)) were examined. The effect of nitrogen
sources (sodium nitrate, ammonium chloride, urea, yeast extract, peptone and glutamic acid) were studied and
incorporated at 2 g/l separately in the basal medium. In addition, different concentrations of C/N molar ratios
(30:1, 30:2, 30:4, 30:6, 15:2, 60:2, 60:4), static and shaking conditions (150 rpm) were tested.

Each experiment was prepared in triplicate in 250 mL Erlenmeyer flasks containing 50 mL medium. After
autoclaving and cooling, each flask was inoculated with a disk from the margin of 5 days aged cells on agar
PDA solidified medium in petri dishes and incubated at 30 °C for 7 days under static conditions, except for the
experiment of shaking at 150 rpm. Dry biomass, lipid yield and lipid content were determined as described
above.

2.6.2. Statistical experimental design
2.6.2.1. Plackett-Burman design (PBD)

Eight independent variables (sucrose, yeast extract, KH,PO4, MgS04.7H,0, KCl, FeSO4.7H,0, PH, incubation
days) were screened in twelve combinations organized according to the Plackett-Burman design matrix
(Tablel). Each independent variable was set at two levels: a high (+1) and low (-1) level, the low and high
values of each variable are presented in (Table 2). Along with each experiment, biomass, lipid yield and lipid
content were determined and lipid content was considered as the response for each trial.

Plackett-Burman experimental design is based on the first order model (Eq.2):

Y = Bo + IB iXi (Eq.2)
Where, Y is the response or dependent variable (lipid content); it will always be the variable we aim to predict,
Bo is the model intercept and i is the linear coefficient, and X; is the level of the independent variable. From

the statistical analysis, the main effect was used to elucidate the significance of variables depending on their
nature; positive or negative effect on the production process.
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Table (1): Plackette-Burman design matrix for screening of critical factors influencing lipid production by

isolate F16
Variable | Sucrose | Yeast | KH,PO, | MgSOs. | KCl | FeSO4. | pH | Incubati Lipid content%
s extrac 7H,0 7H;0 on days | Experimen | Predicte
t tal d
Trials
1 1 1 -1 1 1 -1 1 -1 7.03 9.25
2 -1 -1 -1 1 1 1 -1 1 10.51 1211
3 -1 1 -1 -1 -1 1 1 1 7.09 8.64
4 -1 -1 -1 -1 -1 -1 -1 -1 472 3.79
5 1 1 1 -1 1 1 -1 1 8.94 8.01
6 -1 1 1 -1 1 -1 -1 -1 138 231
7 1 -1 -1 -1 1 1 1 -1 535 312
8 -1 1 1 1 -1 1 1 -1 5.70 4.15
9 1 -1 1 1 -1 1 -1 -1 344 499
10 1 -1 1 -1 -1 -1 1 1 3041 32.01
11 -1 -1 1 1 1 -1 1 1 36.24 34.64
12 1 1 -1 1 -1 -1 -1 1 17.84 15.61

Table (2): The coded and actual values of experimental variables at different levels

Coded levels
Variables Unite Experimental values
-1 0 +1
Sucrose g/L 15 30 45
Yeast extract g/L 1 2 3
KH2PO4 g/L 0.5 1 2
MgS04.7H.0 g/L 0.25 0.5 1
KCl g/L 0.25 0.5 1
FeS04.7H:0 g/L 0.005 0.01 0.02
PH - 45 55 6.5
Incubation days - 4 7 10

2.6.2.2. Central composite design (CCD)

After determining the significant parameters by PBD, CCD was employed to optimize their levels. Four
parameters were studied independently (yeast extract, FeSO4.7H,0, pH and incubation days). Each variable in
the design was studied at five different levels (-2, -1, 0, +1, +2) and the other variables in the study were
maintained at a constant level which gave maximal yield in the PBD experiments. A set of 31 experiments were
employed as indicated in (Table 3) and the minimum and maximum ranges of variables were investigated
(Table 4). Along with each experiment biomass, lipid yield and lipid content were determined and lipid content
was considered as the response for each trial.

For statistical calculation, the relationship between the coded and actual values is described by Eq.3:
Xi=Ui-Uio/AUi (Eq.3)
Where X; is the coded value of the ith variable, U; is the actual value of the ith variable, U is the actual value of

the ith variable at the center point and AU; is the step change of variable. The response variable (lipid content)
suitable to a quadratic equation for the variables was as Eq.4:
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Y = Bo + BiX1 + B2Xa + B3Xz + PaXat BraXa?+ PoXo? + PasXa?+ BaaXa?+ PraXiXo + B1sXaXs + PraXaiXa+ PasXoXs +

Where: Y is the predicted response; X1, X2, X3 and X4 are input variables which influence the response variable
Y; BO, intercept; B1, B2, B3 and P4 linear coefficients; 11, 22, B33 and P44, squared or quadratic coefficients

B12, B13, B14, B23and B24interaction coefficients

Table (3): Experimental range and levels of the most effective variables used in CCD

Coded levels
Variable Experimental values
-2 -1 0 +1 +2
Yeast Extract (g/L) 0.25 0.5 1 15 2
FeS04.7H;0 (g/L) 0 0.002 0.005 0.009 0.015
PH 5 5.5 6.5 7.5 8.5
Incubation days (hour) 6 8 10 12 14

Table (4): Central composite design of the four significant factors with experimental and predicted results of

lipid content
Lipid content %
Run Yeast FeS04.7H:0 PH Incubation Experimental Predicted
order extract days
1 0 -2 0 0 24.05 19.42
2 1 1 -1 -1 16.66 15.26
3 0 0 0 0 2474 25.81
4 -2 0 0 0 8.33 9.23
5 -1 1 -1 1 5.66 484
6 0 0 0 0 25.66 25.81
7 0 0 0 -2 11.31 11.31
8 -1 -1 -1 -1 11.48 9.26
9 0 0 0 0 26.95 2581
10 -1 -1 1 -1 9.00 12.06
11 1 -1 -1 -1 11.86 16.07
12 -1 -1 1 1 349 3.64
13 1 1 1 -1 34.38 36.21
14 0 0 0 0 24.55 2581
15 1 -1 1 -1 35.01 34.58
16 2 0 0 0 43.26 39.04
17 1 -1 1 1 18.79 24.28
18 1 1 1 1 23.92 24.89
19 1 -1 -1 1 14.35 13.94
20 0 0 0 0 26.38 25.81
21 -1 1 -1 -1 7.01 6.09
22 -1 -1 -1 1 6.29 9.03
23 0 2 0 0 15.55 16.86
24 -1 1 1 -1 12.15 11.32
25 0 0 0 0 25.50 25.81
26 0 0 0 0 26.92 2581
27 0 0 2 0 2248 18.84
28 1 1 -1 1 10.61 12.12
29 0 0 0 2 3.08 -0.23
30 0 0 -2 0 2.96 3.27
31 -1 1 1 1 1.54 1.89
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2.6.2.3. Statistical analysis

All experiments were conducted in triplicates. The experimental results obtained were expressed as means of
standard deviation. Experimental matrix and statistical analysis of data of both PBD and CCD, subsequent
regression analysis, ANOVA, 3D surface plots & 2D contour plots and optimizer were performed using Minitab
15 (Minitab Inc., Pennsylvania, USA). The data obtained on lipid yield was subjected for Analysis of Variance
(ANOVA) appropriate to the design of the experiments.

2.7. Lipid production using low cost substrates

The carbon source in the optimized media was replaced by orange peel, which was sun dried and grounded
into fine powder then preserved in desiccators until use. The fungi were inoculated in the production medium
and were kept in shaker at 150 rpm at 30°C for 144h.

2.8. Lipid Extraction

Extraction of lipids was performed according to the method of [35]. The dry biomass was grounded
with mixture of chloroform: methanol (2:1) and agitated for 20 min at 200 rpm at room temperature and
centrifuged at 6000 rpm for 10 min to recover solvent phase. The same process was repeated two times. The
solvent was evaporated and samples were dried under vacuum, and then the amount of oil is recorded using
gravimetric method.

2.9. Trans-esterification of extracted lipid

The fungal lipid obtained was mixed vigorously with 20 mL of methanol and 2 mL of concentrated sulphuric
acid for 2 hours at 70 °C. After the completion of the reaction, the mixture was allowed to cool at room
temperature and then transferred to separating funnel for obtaining two layers containing upper methyl ester
layer and lower glycerol layer. The methyl ester was collected and analyzed using GC-MS. It was performed
with Agilent 6890N Gas Chromatograph connected to Agilent 5973 Mass Spectrometer at 70 eV (m/z 50-550;
source at 230 °C and quadruple at 150 °C) in the EI mode with an HP-5ms capillary column (30 m “~ 0.25 mm
i.d., 0.25 mm film thickness; J & W Scientific, USA). The carrier gas, helium, was maintained at a flow rate of 1.0
mL/min. The inlet temperature was maintained at 300 °C and the oven was programmed for 2 min at 150 °C,
then increased to 300 °C at 4 °C/min, and maintained for 20 min at 300 °C. The injection volume was 1 mL,
with a split ratio of 50:1. Structural assignments were based on interpretation of mass spectrometric
fragmentation and confirmed by comparison of retention times, fragmentation pattern of authentic
compounds and the spectral data obtained from the Wiley and NIST libraries.

3- Results and discussion
3.1. Screening for lipids inside fungal isolates

About 22 fungal isolates designated as F1 to F22 were isolated from soil samples obtained from the garden of
the City of Scientific research and Technological Applications. They were screened for lipid accumulation by
Nile red staining assay. This assay was employed simply to recognize oleaginous lipid species from non-
oleaginous as; Nile red reacts only with storage lipid droplets and gives positive red fluorescence signals,
which can be detected by fluorescence spectroscopy. Out of screening assay, five isolates were exhibited with
the strongest red fluorescence under fluorescent microscope as indicated in table (5), so these isolates were
selected for further study.
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Table (5): Screening for lipids inside fungal isolates by Nile red staining assay

Isolate code

Intensity of emitted red fluorescence*

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19
F20
F21
F22

+
+++
++
++
+++
++
++

++

+++
++

++
+++

++
+++
+

+
++

* based on the fluorescence signals, (+++) is designed to express high lipid accumulation, (++) for moderate
lipid accumulation and (+) for low lipid accumulation. As an example, for the results, the difference between

high and moderate lipid accumulation was indicated in Figure (1).

Figure (1): (A and C) Ordinary Light image for mycelia of isolates F2 and F3, (B and D) Fluorescence Light image
for mycelia of isolate F2 and F3, respectively.
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3.2. Selection of the isolate with the highest lipid content

Out of the five isolates, selection of the best one was based on their lipid content. As presented in Table 6,
isolate F16 that exhibited the highest lipid content (21.09 %) was selected for further studies.

Table (6): Biomass, lipid yield and lipid content of the five selected isolates which gave the strongest red
fluorescence signials.

No. Isolate Biomass Lipid yield Lipid content (%)
code (g/L) (g/L)
1 F2 11 2.05 18.6
2 F5 10 2.08 20.8
3 F12 10.1 21 20.7
4 F16 11 2.32 21.09
5 F19 10.1 21 20.6

3.3. Identification of oleaginous isolate F16

Based on the sequence analysis of 18S rDNA gene of isolate F16 in compare to relative sequences present in
the GenBank, isolate F16 was mostly closely related to Alternaria sp. However, microscopic features of conidia
showed that the fungus is belonging strongly to the genus of Drechslera sp. According to [32], the conidia are
cylindrical (not curved) straight and are transversely septate (Figure 2), while the conidia of Alternaria sp. is
characterized by longitudinal and transverse septate. So, based on this, the oil producing isolate F16 was
identified as Drechslera sp. Based on that, the 18S rDNA sequence of isolate F16 was submitted to the
GenBank and gain accession number MH348917. Isolate F16 is named and designed as Drechslera sp. strain
GH3.

Figure (2) : Microscopic features of isolate F16.

3.4. Optimization of one variable at time (OVAT)

It was previously reported that nutritional, environmental and cultivation parameters have pronounced effect
on lipid production [36, 37]. Consequently, for achieving maximum lipid productivity by Drechslera sp.,
biomass and lipid yield of the fungus were investigated at different parameters.
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3.4.1. Comparison between shaking and static culture incubations

Results depicted in Table (7) implied that static and shaking incubation conditions can be considered
satisfactory for lipid production by the fungus, where, the difference between results of both cultivation
modes was considered neglected. The obtained biomass and lipid yield were 11.4 g/L and 2.44 g/L,
respectively under static condition. Whereas, under shaking condition were 11.04 g/L and 2.34 g/L,
respectively. Similarly, [38] reported that static condition was higher in lipid accumulation than shaking
condition. This may be due to the aeration level which has a great effect on fungal growth and its ability to
accumulate lipids [39]. On the contrary, [40] reported that biomass and lipid production by Mucor rouxii and
Mucor sp. in static cultures was less when compared to the well-aerated cultures under shaking conditions.

3.4.2. Effect of temperatures

The critical influence of temperature on lipid accumulation by oleaginous microorganisms has been
demonstrated by [30]. Thus, the optimum temperature for maximum lipid yield by Drechslera sp. was studied
at temperature range of (10 to 40 °C) (Table 7). Results informed that the lowest lipid content was obtained at
40 °C (1.65 %), while the highest at 30 °C (21.59 %). Additionally, decrease in biomass and lipid content was
noticed with decreasing or increasing incubation temperature compared with 30 °C as reported by [41].
Therefore; 30 °C temperature was selected as the optimum temperature for further studies. These results are in
accordance with previous reports by [42, 43].

3.4.3. Effect of carbon sources

Table (7) pointing out the ability of Drechslera sp. to assimilate different carbon sources (monosaccharaides,
disaccharides, polysaccharides, and glycerol), with variable amounts of biomass in the range of (4.74: 11.13
g/L) and lipid yield (0.06: 2.45 g/L). Sucrose seemed to be the most favorable carbon source, with the
maximum lipid content (22.04 %), followed by glucose (21.99 %). While, the lowest lipid content (1.32 %) was
obtained with CMC. In agreement with these results, [44] showed that when Mucor circinelloides was
cultivated on sucrose, it produced biomass of 9.83 g/L and lipid yield of 2.03 g/L with the mycodiesel content
of 20.69 %.

3.4.4. Effect of nitrogen sources

Among the nitrogen sources tested, yeast extract was the best source for biomass and lipid production
followed by sodium nitrate then peptone as presented in Table (7). Likewise, [45] proved that the highest lipid
content for Rhodosporidium toruloides was achieved using 2.5 g/L of yeast extract. The possible explanation
for this result is that yeast extract contains amino acids, peptides, vitamins and many micronutrients, which
have a remarkable role in stimulating cell growth and proliferation [46, 47].

3.4.5. Effect of carbon/nitrogen ratio

As displayed in Table (7), C/N ratio (30:2) was found to be the best for maximum lipid yield and lipid content,
while maximum biomass was obtained at 30:6. It was noticeable that as the concentration of yeast extract
increased to 4 and 6 g/L the lipid yield decline and the cell biomass increase. Referring to [48] higher
concentration of nitrogen source is beneficial to cell growth but not to lipid accumulation. Concerning this,
[49] reported that to promote energy storage in microbial cells (lipid accumulation), a starvation step is
required. To achieve this, the starting concentration of nitrogen in the culture medium should be limited
relative to the carbon source (high C/N ratio) [50]. This probably due to inhibition of isocitrate dehydrogenase
during nitrogen limitation, so citrate is accumulated in the cytoplasm and then is transported into the
mitochondria. In the mitochondrial membrane, efflux system is existed between citrate and malate, so citrate
enters the cytosol where it is cleaved to acetyl-CoA by ATP citrate lyase (ACL) [49]. this may be attributed to
the inhibitory effect of high substrate concentration on growth and lipid accumulation due to high osmotic
stress [47] as observed in T. fermentans CICC 1368 [51]. Anyway, the C/N molar ratio 30:2 was used in the
subsequent experiments.
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Table (7): The effect of some nutritional and incubational parameters on cell growth and lipid accumulation of
Drechslera sp.

Parameter Biomass Lipid yield Lipid content

(g/L) (g/L) (%, w/w)

Static or shaking

Static 114 244 214
Shaking 11.04 2.34 21.19

Temperature °C

10 1.75 0.05 2.99
20 7.73 0.79 10.34
30 11.33 244 21.59
40 2.73 0.04 1.65

Carbon source

Sucrose 11.13 245 22.04
Glucose 10.71 235 21.99
Lactose 7.49 0.93 12.67
Glycerol 6.70 0.74 11.10
Starch 8.03 0.79 9.92
CMC 4.74 0.06 1.32

Nitrogen source

Sodium nitrate 111 2.40 21.64
Peptone 6.14 1.26 20.57
Ammonium chloride 3.67 0.52 14.16
Yeast extract 11.72 2.78 2371
Urea 3.18 0.44 13.85
Glutamic acid 2.62 0.21 8.18
C/N ratio
15:2 7.09 0.63 8.94
30:1 791 1.00 12.75
30:2 11.53 271 23.57
30:4 13.04 1.94 14.87
30:6 14.04 1.68 12.01
60:2 131 1.26 9.68
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5. Screening of significant variables using Plackett-Burman design

Plackett—Burman statistical design of twelve runs was employed to analyze the influence of eight variables on
the response value (lipid content) for Drechslera sp..

Results in Table (1) revealed that there is a variation in lipid content ranging from 1.38 to 36.24 % which
represents lipid yield (0.079 + 0.001 g/L) and (2.37+ 0.005 g/L), respectively. This variation of lipid content for
Drechslera sp. throughout the 20 experimental trials reflected that these factors under experiments showed a
strong influence on lipid accumulation by the fungus.

Statistical significance of independent variables coefficients are checked by P-values (probability of error
value) and student T-test [52]. Generally, the larger the magnitude of "T-value" with a low probability P-value
(less than 0.05) indicates high significance of corresponding coefficient [53, 54, 55].

Accordingly, yeast extract, pH, incubation days and FeSO4.7H,0O were the significant components influencing
lipid accumulation for Drechslera sp.. Additionally, the sign of t-value and corresponding coefficient are
considered as a valuable tool to determine their positive or negative effects on response [56]. The positive sign
coefficient causes increasing in response (lipid content) at higher levels of it, while increasing in response is
associated with lower levels of negative sign coefficient as highlighted from Table (8).

Consequently, the coefficient's sign of each independent variable indicated that yeast extract and FeS04.7H,0
had a negative effect and the other factors displayed a positive effect on lipid content of Drechslera sp. (Table
8).

On application of the standard analysis of variance (ANOVA), it was found that the first order model for lipid
content was fitted to the results obtained from the 20 experiments as the following equation (Eq.5)

Lipid content % = 11.559 +0.613 Sucrose -3.558 Yeast extract +2.798 KH2PO4 +1.906 MgS0O4.7H.0 +0.021 KCl
-4.716 FeS04.7H,0 +3.75 pH +6.951 incubation days (Eq.5)

Table (8): Statistical analysis of the Plackett-Burman experiment design

Term Effect Coef. SE Coef. T P
Constant 11.559 0.9483 12.19 0.001
Sucrose 1.225 0.613 0.9483 0.65 0.564
Yeast extract -7.115 -3.558 0.9483 -3.75 0.033
KH:PO, 5.597 2.798 0.9483 2.95 0.06
MgS04.7H,0 3.813 1.906 0.9483 201 0.138
KCI 0.041 0.021 0.9483 0.02 0.984
Fe;S04.7H20 -9.431 -4.716 0.9483 -4.97 0.016
pH 7.5 3.75 0.9483 3.95 0.029
Incubation days 13.902 6.951 0.9483 7.33 0.005
S =3.28518 R-Sq =97.95% R-Sq(adj) = 91.51%

In addition, The Pareto chart Figure (3) identifies the order of significance of variables. For a 95% confidence
level and three degree of freedom, the t value equals 3.18 and shown in the plot as a vertical red line. This
indicates the minimum statically effect for 95% confidence level. Clearly, incubation time was found as the
most significant parameter affecting lipid content and the rest factors were not significant as their values not
exceed the t-value (red line).
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Figure (3): Pareto chart indicating the significance of the variables affecting lipid production

From the standard analysis of variance (ANOVA) the adequacy and significance of the model were proved
from the small P-value (0.024). Moreover, the model F-value, which predicts the quality of the entire model
considering all design factors at the time as reported by [57] is 15.17, which demonstrated that the model was
significant Table (9).

Table (9): Analysis of variance of placket-Burman design

Source DF SS MS F P
Regression 8 1309.37 163.67 15.17 0.024
Residual Error 3 32.38 10.79

Total 11 1341.75

The efficiency of the model can be checked from values of determination coefficient R-Sq and adjusted R-Sq.
As R-Sq values determine to how much the variability in the observed response values can be described by
the experimental factors and their interactions [45].

As represented in Table (8) the values of R-Sq is 0.9795, denoting that the total variation of 97 % for lipid
content is attributed to the independent variables and only about 3 % of the total variation cannot be
explained by the model. The closer the value of R-Sq to 1, the better predicted response and the better
correlation between the experimental and predicted values [58, 59].

The adjusted R-Sq was 91.15 %, which was in good agreement with the R-Sq and this indicates that the
proposed model was reasonable. Overall, the above mentioned findings proved the strongest of the model
[60].

3.6. Optimization of significant variables using CCD
The optimum levels of the determined significant factors were predicted using CCD. Results of 31 RSM
experiments of the four significant factors affecting lipid content of Drechslera sp. (yeast extract (X1),

FeS04.7H,0 (X2), initial pH (X3), and incubation days (X4)) pointing out that these factors caused variation in
lipid content ranging from 1.54 % (the lowest value) at trial number 31 to 43.26 % (the highest value) at trial

1031



16 (Table 4). This variation, clarified that these factors act as limiting factors, and little variation in their values
will alter the production rate [61].

According to T-value and P-value illustrated in Table (10) the linear effects of (X1, X3 and X4), quadratic effects
of (X2, X3 and X4) and interaction effect between (X1*X3 & X3*X4) are significant.

Table (10): Estimated regression coefficients for second order polynomial model for Drechslera sp.

Term Coef SE Coef T P
Constant 25.8186 1.1673 22.117 0
X1 7.4509 0.6304 11.819 0
X2 -0.6393 0.6304 -1.014 0.326
X3 3.892 0.6304 6.174 0
X4 -2.8889 0.6304 -4.582 0
X1*X1 -0.42 0.5776 -0.727 0.478
X2*X2 -1.9183 0.5776 -3.321 0.004
X3*X3 -3.6893 0.5776 -6.388 0
X4*X4 -5.0695 0.5776 -8.777 0
X1*X2 0.5917 0.7721 0.766 0.455
X1*X3 3.9305 0.7721 5.091 0
X1*X4 -0.4736 0.7721 -0.613 0.548
X2*X3 0.6087 0.7721 0.788 0.442
X2*X4 -0.2532 0.7721 -0.328 0.747
X3*X4 -2.044 0.7721 -2.647 0.018

From the analysis of variance (ANOVA) of the model regression, it was apparent that the model was
significant; indicated by F-value 24.71 and the lower P-value (0.000) (Table 11).

Table (11): Analysis of variance (ANOVA) for optimization of lipid production by Drechslera sp. using central
composite design

Df SS MS F-test P-value
Regression 14 3299.74 235.696 2471 0.000
Residual 16 152.62 9.539
Total 30 3452.36

A second-order polynomial equation was obtained by applying multiple regression analysis to experimental
data, to defines the predicted response (Y) in terms of the independent variables (X1, X2, X3, and X4) was
obtained (Eq. 6)

Y = 25.8186 + 7.4509 X1 -0.6393 X2 + 3.892 X3 -2.8889 X4 +0.5917 X1*X2 + 3.9305 X1*X3 - 0.4736 X1*X4 +
0.6087 X2*X3 — 0.2532 X2*X4 — 2.044 X3* X4 -0.42 X12 -1.9183 X22 -3.6893 X32- 5.0695 X42 (Eg. 6)

Where Y is the response (lipid content); X1, X2, X3, and X4 are the coded values of yeast extract, FeS04.7H,0,
pH and incubation days, respectively.

The R-Sq of the model was 0.956, pointing out the accuracy of the model as it indicated that 95.6 % of
variability in the response could be explained by the model and only 4.4 % could be occurred due to noise.
Furthermore, this ensures a satisfactory fitting of the quadratic model to the experimental data. In addition,
the value of the adjusted R-Sq is also very high (91.7 %), which is very close to the R-Sq value and this
representing a good agreement between the experimental and predicted values [62].

Remarkably, the interactions between the significant factors can be elucidated through 3D response surface
plots, these curves were the graphical representations of the regression model and act as a function of two
factors at a time keeping the other factors fixed [63].
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As illustrated in Figure (4.1) a synergistic interaction was exhibited between yeast extract concentration and
FeS0.4.7H,O concentration, implying high lipid content associated with elevating concentration of both
examined variable.

By maintaining FeSO4.7H,0O and incubation days at their zero level, more than 40% of lipid content was
predicted with 2 gm yeast extract and (8.5) pH as depicted from Figure (4.2).

However, more than 30% of lipid content of Drechslera sp. was attained with 2 gm of yeast extract and 6 days
incubation time. Upon incubation Drechslera sp. for 14 days, the lipid content decreased, indicating
antagonistic interaction (Figure 4.3).

Obviously from Figure (4.4), the increase in the values of FeSO4.7H,0O concentration and pH to a certain limit
led to maximize the lipid content. While, further increase led to gradual decrease in the lipid content.

As shown in Figure (4.5), the antagonistic interaction between FeS04.7H,O concentration and incubation time.
The plot illustrated that the high level of incubation time supported a high lipid yield. On the other hand high
levels of FeSO4.7H,0 inhibited lipid production.

As noticed from Figure (4.6), the higher lipid content was obtained at higher level of pH, while maintaining

incubation days at intermediate level. Up on increasing incubation of Drechslera sp. in higher pH level, the
lipid content of Drechslera sp. decreased.
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Finally, Response optimizer tool was used to identify the exact optimum values of each tested variable that
leads to achieving response goals. The results of the response optimizer at optimum levels of significant
factors for maximum goals are shown in Figure (5). The optimum values for obtaining 40% lipid content of
Drechslera sp. were (2 g/L) yeast extract, (0.015 g/L) FeS04.7H,0 and (8.5) pH for 144 h incubation time.
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Figure (4): Three-dimensional response surface plots (1-6) showing the interactive effects of independent variables
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Figure (5): Response optimizer for optimum concentrations of significant variables affecting lipid content of
Drechslera sp..

Generally, incubation day's is a significant parameter for lipid production. It was obvious that lipid content
reaches its highest value at stationary phase of microbial growth, thus, to prevent lipid degradation it is
recommended that cells should be harvested at this stage [64].

The fact that mineral salts including MnSOs, ZnSOs MgSQOs COCl; CuSOs and FeSOs; at appropriate
concentrations have a profound effect on cell growth and lipid accumulation [65, 66], confirmed the
significance of FeS0O4.7H;0 for lipid production in our study. This may be related to their role as cofactors
required by key enzymes implicated in lipid biosynthesis pathway [67]. As reported by [68], who mentioned
that acetyl-CoA carboxylase requires bivalent metal ions as the cofactor.

The pH of the medium affects the availability of metal ions, cell permeability and enzymatic activity.
Subsequently, pH was reported as an important environmental factor affecting cell growth and products
formation [69]. It was informed that at pH 6-8.5 Fatty Acid Synthases can create a bond with NADPH well [70].

So far, nitrogen source was demonstrated as the key nutritional factor in the medium controlling lipid
accumulation process [71]. During the growth phase nitrogen was utilized for the synthesis of proteins and
nucleic acids, under nitrogen exhausted conditions cell growth stopped, and consequently, available carbon
source in the growth medium was assimilated and converted into lipid [49].

3.7. Verification of model

To test model validation and to evaluate the optimized medium versus the original medium, verification
experiments were performed by cultivation both fungi under the above-mentioned optimal conditions and the
control basal medium. Results showed that, under optimized conditions about 4.89 g/L lipid obtained from 12
g/L biomass, which represents lipid content of 40.75 %, compared with 10.8 g/L biomass, 2.5 g/L lipid yield
and lipid content of 23.14 %. This revealed that optimization through RSM gave significant enhancement in
lipid production by 1.7 fold increase. On the other hand, this result (40.75 %) was in close agreement with the
model-predicted response of (41.4 %), therefore the validation experiments confirmed the predicted values
and the accuracy of the model.

3.8. Lipid production using Orange peel as a carbon source

Orange peel is highly economical substrate for oil production by Drechslera sp. with lipid yield of 3.65 g/L; this
attributed to the high value (50) of C/N ratio of orange peel, which is suitable for lipid production [72].
Moreover, the composition of orange peel made it a suitable substrate for fungal growth as it contains
protein, soluble sugar, starch, lignin, cellulose, hemicellulose, fat, pectin, vitamin C and organic acids (citric
acid, oxalic acid, malonic acid, malic acid) [73]. A report by [74] illustrated that cultivation of the fungi
Cunninghamella echinulata on orange peel resulted in lipid yield of 15-20 mg of oil per gram of dry mass.
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3.9. Fatty acid composition

It is well known that, cultivation conditions and nutritional factors greatly effect on the fatty acid composition
of SCOs [75]. In the present study, the effect of two carbon sources (sucrose and orange peel) on fatty acid
composition of Drechslera sp. was tested. Gas chromatography analysis showed that the fatty acid profile of
lipids produced from both cultures were found to contain a saturated, mono and poly unsaturated fatty acids
with palmitic acid (SFA) as the most dominant one in both cultures. However, notable difference was observed
with palmitic acid concentration in both cultures as it was 35% with sucrose and 27.6 % with orange peel
(Table 12).

Significant difference of fatty acid composition between sucrose and orange peel was found with PUFA
especially omega-6 as it was noticed that omega-6 PUFA concentration increased from 16.49 % with sucrose
culture to 30.93 % with orange peel cultures and this increment was denoted to increase in concentration of
both linolenic acid and gama-linolenic from 12.5 to 25 % and 1.5 to 4.6 %, respectively. Thus, the fungal
culture with orange peel as carbon source was recommended for gama-linolenic acid and linolenic acid
production. On the other hand, culture with sucrose was recommended for Arachidonic acid production as it
was absent from profile when orange peel was utilized.

It was found that oleic acid, elaidic acid and stearic acid (MUFAs) was slightly higher with orange peel than
with sucrose. Overall, the total unsaturated fatty acids (PUFA & MUFA) content was higher in the fungal oil
obtained from orange peel culture (58.68 %) than with the oil obtained from sucrose (41.99 %). Other than
previously mentioned fatty acids, bioactive FAs belonging to the n-3, n-6, and n-9 families were identified in
both lipid profile, such as EPA, DHA, DGLA, Eicosenoic, Erucic acid and nervonic acid. These fatty acids
concentrations were not high but their valuable value cannot be neglected.

In conclusion Drechslera sp. was considered a promising candidate for UFA production especially PUFA as the
fungus give 33.31 with orange peel and 18.90 with sucrose.

Table (12): Fatty acid composition and concentrations of extracted total lipids from Drechslera sp. using
sucrose and orange peel as a carbon source by GC/MS

Fatty acids Percentage of each fatty acid
Sucrose Orange peel

Caproic acid (Co) 8.27 0.15
Caprylic acid (C8) 1.51 0.95

Capric acid (C10) 0.73 0.16
Undecanoic acid (C11) 0.16 0.09

Lauric acid (C12) 2.34 042
Tridecanoic acid (C13) 0.16 0.12
Myristoleic acid (C14) 0.35 0.24
Myristic acid (C14) 1.25 0.70
Cis-10-Pentadecenoic acid (C15) 0.53 0.28
Pentadecenoic acid (C15) 0.22 0.48
Palmitoleic acid (C1e6) 4.00 3.17
Palmitic (Cle) 35.06 27.69
Cis-10-Heptadecenoic (c17) 0.63 0.34
Heptadecenoic (C17) 0.36 0.55
Gama-linolenic (C18) 1.56 4.68
Linolenic (C18) 12.52 25.10

Oleic (C18) 15.61 16.95
Elaidic (C18) 0.62 3.46
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Stearic (C18) 3.89 4.86
Arachidonic (C20) 0.82 0

Cis-5,8,11,14,17-Eicosapentaenoic (C20) 0.85 1.25
Cis-8,11,14-Eicosatrienoic (C20) 0.82 0.60
Cis-11,14-Eicosadienoic (C20) 0.76 0.55
Cis-11-Eicosenoic (C20) 0.54 0.50
Cis-11,14,17-Eicosatrienoic (C20) 0.76 0.55
Arachidic (C20) 041 0.39
Heneicosanoic (C21) 0.54 0.46
Cis-4,7,10,13,16,19-Docosahexaenoic (C22) 0.80 0.58
Cis-13,16-Docosadienoic (C22) 0 0

Erucic (C22) 0 0

Behenoic (C22) 1.00 1.28
Tricosanoic (C23) 0.65 0.97
Nervonic (C24) 0.83 0.62
Lignoceric (C24) 145 1.87

4. Conclusion

The present research explores the capacity of an oleaginous fungus, Drechslera sp. to accumulate lipids with
essential unsaturated fatty acids when cultivated on Czapek- Dox's medium. An increment of 1.7 fold in lipid
content of optimized medium was achieved compared to original medium. Also, the feasibility of using an
inexpensive and renewable waste substrate (orange peel) as a carbon source for lipid production by
Drechslera sp. was also demonstrated. Thus, the study provides evidence that Drechslera sp. is considered as a
promising fungus for economic production of SCO.
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