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Abstract: Dry acid pretreatment and biodetoxification (DryPB) has been considered as an advanced
technology to treat lignocellulosic materials for improved downstream bioconversion. In this study,
the lipid production from DryPB corn stover was investigated by the oleaginous yeast Rhodosporidium
toruloides using a new process designated prehydrolysis followed by simultaneous saccharification
and lipid production (PreSSLP). The results found that prehydrolysis at 50 ◦C and then lipid
production at 30 ◦C improved lipid yield by more than 17.0% compared with those without a
prehydrolysis step. The highest lipid yield of 0.080 g/g DryPB corn stover was achieved at a solid
loading of 12.5%. The fatty acid distribution of lipid products was similar to those of conventional
vegetable oils that are used for biodiesel production. Our results suggested that the integration of
DryPB process and PreSSLP process can be explored as an improved technology for microbial lipid
production from lignocellulosic materials.

Keywords: corn stover; dry acid pretreatment and biodetoxification; microbial lipids; prehydrolysis;
Rhodosporidium toruloides

1. Introduction

Our growing concerns on fossil fuels depletion and environmental deterioration have prompted
rapid development and application of biofuels especially biodiesel in recent years [1]. While biodiesel
has been considered as safer, greener and renewable biofuel, however, the primary disadvantage
connected with biodiesel application is the consumption of a large volume of conventional lipid
resources [2,3]. Microbial lipids produced by oleaginous microorganisms were considered as
alternative feedstocks for biodiesel production [4]. Since the expense of single cell oil come largely
from raw materials and production processes [5], it is key to use cheap feedstocks and develop a more
efficient process.

Lignocellulosic materials consisting of lignin and two major polysaccharides cellulose and
hemicellulose are renewable and abundant in nature. Cellulose is composed of glucose unit and
hemicellulose is composed of pentoses and hexoses such as xylose, arabinose and galactose units.
However, cellulose, hemicellulose and lignin form very complex and recalcitrant structures that
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present a major challenge for fractionation and utilization [6]. A pretreatment step is usually required
to breakdown interactions among cellulose, hemicellulose and lignin to increase the enzymatic
digestibility [7,8]. Lignocellulosic biomass, like rice straw [9], corn stover [10,11], corn cob [3],
sugarcane bagasse [12], wheat straw [13] and waste office paper [8] have been explored for lipid
production. However, pretreatment methods in those studies suffered from problems such as high
costs, high energy consumption, toxic wastes or generation of more inhibitory compounds. Therefore,
a better process remains to be introduced for the conversion of biomass into lipids.

Previously we developed the dry acid pretreatment and biodetoxification (DryPB) technology
which featured low water input, no wastewater discharge and biodetoxification using the ascomycete
fungus Amorphotheca resinae ZN1 [14–17]. The biodetoxification process effectively removes inhibitors
like furfural, formic acid, 5-hydroxymethylfuurfural [18,19], and thus has been proved to be beneficial
to the subsequent fermentation process [19,20]. So far, DryPB has been adopted to pretreat biomass
such as corn stover, wheat straw and rice straw [21]. Recently, ethanol production from DryPB biomass
through a simultaneous saccharification and co-fermentation process achieved an ethanol titer of 12.8%
(v/v) with only 2.241 ton wastewater per ton ethanol [21]. However, lipid production remained less
effective with hydrolysates of DryPB corn stover [19,22]. In parallel, we reported the simultaneous
saccharification and lipid production (SSLP) process for effective and direct produce single cell oil
from cellulosic materials [11,23]. For the SSLP process, oleaginous microbes readily assimilate the
sugars released by enzymatic hydrolysis [11].

In this study, we explored microbial lipid production from DryPB corn stover by the oleaginous
yeast Rhodosporidium toruloides. We designed a new process designated prehydrolysis and SSLP
(PreSSLP) of which corn stover was prehydrolyzed at 50 ◦C and then lipid production at 30 ◦C.
The PreSSLP process improved lipid yield by more than 17.0% compared with those without the
prehydrolysis step. Our results suggest the integration of DryPB process and PreSSLP process can be
explored as a prospective approach for microbial lipid production from lignocellulosic biomass.

2. Materials and Methods

2.1. Materials

The corn stover was gathered from Bayan Nur, Inner Mongolia, China in 2015. The preliminary
treatment of corn stover includes four steps: milling, washing, drying and screening using a mesh
(10 mm) and then was stored in a plastic bag. The content of cellulose, hemicellulose, lignin and ash in
raw corn stover were 35.4%, 24.6%, 16.1% and 3.5%, respectively [21].

The cellulase used in this study was the product Cellic CTec2 from Novozymes (China) Investment
Co. Ltd. (Tianjin, China). The filter paper activity and cellulase activity were determined as
252.0 FPU/mL and 7081.6 CBU/mL following a published procedure [24]. The total protein
concentration was 96.4 mg/mL and quantified using the BSA methodology [25]. All the other analytical
chemicals were purchased from the local company.

2.2. Corn Stover Pretreatment Procedure

The corn stover was pretreated using the DryPB method [16,17]. In short, 5% (w/w) sulfuric
acid and corn stover were mixed at a solid loading of 50% (2.5 g H2SO4 per 100 g dry corn sotver)
and put it in the reactor and heated to 175 ◦C for 5 min followed by biological detoxification process
with A. resinae ZN1. The content of cellulose, hemicellulose, lignin and ash in the resulting DryPB
corn stover on the dry weight basis were 47.6%, 4.5%, 30.3% and 3.4%, respectively. The elemental
composition of DryPB corn stover was 41.9% carbon, 5.2% hydrogen and 0.8% nitrogen.

2.3. Strain and Inoculum Culture Condition

The yeast strain R. toruloides AS 2.1389 was acquired from China General Microbiological Culture
Collection Centre (CGMCC). The strain was stored at 4 ◦C on YEPD agar plate supplemented with
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20 g/L glucose, 10 g/L peptone, 10 g/L yeast extract, 15 g/L agar, pH 6.0 and sub-cultured once a
month. The strain A. resinae ZN1 acquired from CGMCC and was plated on PDA. The YEPD medium
contains 20 g/L glucose, 10 g/L peptone, 10 g/L yeast extract, pH 6.0. The media were sterilized at
121 ◦C for 20 min. The inoculum culture was carried out in a 250-mL flask with 50 mL YEPD medium
at 30 ◦C 200 rpm for 36 h. Cells were collected by centrifugation at 8000 rpm for 5 min, washed twice
with distilled water and used as inoculum.

2.4. Lipid Production from DryPB Corn Stover

The SSLP process was conducted in 250-mL flasks with an initial volume of 50 mL [11,23].
To potassium phosphate buffer (50 mM, pH 5.2) was added DryPB corn stover at a solid loading of
10.0%, cellulase, 50 mg/L ampicillin (used to avoid bacterial contamination) and fresh R. toruloides cells
at an inoculum size of 3.0 g dry cell weight per liter. The flasks were placed in a shaker at 37 ◦C, 200 rpm.
The culture broth was withdrawn to analyze glucose and total reducing sugars (TRS) concentration.

For the PreSSLP process, the mixture containing DryPB corn stover, cellulase and 50 mg/L
ampicillin in potassium phosphate buffer (50 mM, pH 5.2) was treated in a water-bath shaker at 50 ◦C,
200 rpm for 10 h. The mixture was cooled to 30 ◦C and adjusted solid loading to 10.0%, 12.5%, 15.0%,
17.5% and 20.0%, and inoculated with fresh R. toruloides cells at inoculum size of 3.0 g/L, 3.8 g/L,
4.5 g/L, 5.3 g/L and 6.0 g dry cell weight per liter, respectively, and held at 30 ◦C, 200 rpm. The culture
broth was sampled every 12 h to analyze glucose and TRS concentrations.

2.5. Analytical Methods

The composition of corn stover samples was detected followed the protocol from National
Renewable Energy Laboratory [26]. Corn stover residues and cells mixture were gathered by
centrifugation at 8000 rpm for 5 min, washed two times with distilled water and desiccated at 105 ◦C
to constant weight. Residual glucose was analyzed by an SBA-40D biosensor (Shandong Academy of
Sciences, Jinan, China). TRS were measured following the DNS method as described by Miller [27].

Total lipids were extracted according to the methanol and chloroform method. In short, cells
and corn stover residue mixture were gathered by centrifugation at 8000 rpm for 5 min, dried and
treated with 4 M HCl at 78 ◦C for 1 h and then extracted two times with CH3OH and CHCl3 (1:1, v/v).
The extract was washed with an equal volume of 0.1% sodium chloride and passed through anhydrous
Na2SO4. The chloroform was removed by rotary evaporation at 34 ◦C. Crude lipids were re-dissolved
in petroleum ether and the mixture was passed through a filter membrane to eliminate the insoluble
substance, and the petroleum ether was wiped off by rotary evaporation at 34 ◦C. The total lipids
were dried to constant weight at 105 ◦C [22,28]. The lipid yield was defined as 1 g lipid per 1 g DryPB
corn stover.

The lipid products were transmethylated as described previously [4]. Then, compositional
profiling of fatty acid was measured by a 7890F GC (Techcomp Scientific Instrument Co. Ltd., Shanghai,
China), which was equipped with a cross-linked capillary FFAP column (30 m × 0.32 mm × 0.4 mm)
and a flame ionization detector. The flow rates for N2, H2 and air were 720 mL/min, 30 mL/min
and 100 mL/min, respectively. The injection port, oven and detector temperature was set at 250 ◦C,
190 ◦C and 280 ◦C, respectively. The injection volume was 0.2 µL. Fatty acids were identified and
quantified by comparing with the retention time of those of standards and the respective peak areas
and area normalization.

3. Results and Discussion

3.1. Lipid Production Using SSLP Process

When the SSLP process was applied for lipid production, enzyme dosage affected the rate and
degree of corn stover hydrolysis, and consequently, cell growth and lipid synthesis. Additionally,
higher culture temperature was found beneficial to enzymatic hydrolysis and led to more lipids [23].
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Hence, the experiment was done with 10.0% solid loading at 37 ◦C in the presence of various cellulase
dosage. The evolution profiles of glucose and TRS are shown in Figure 1. It was remarkable that
TRS and glucose concentrations were low during the whole process with cellulase at a low loading of
1.0 mg/g or 2.5 mg/g, and that lipid titers were only 4.3 g/L and 5.5 g/L, respectively (Table 1, entries
1 and 2), indicating that corn stover hydrolysis was limiting. When cellulase dosage reached 5.0 mg/g,
glucose and TRS concentrations were 10.8 g/L and 15.7 g/L, respectively, at 24 h, suggesting that
the rate of sugar release was faster than assimilation by yeast cells. After 72 h, lipid titer was 6.2 g/L
(Table 1, entry 3), which was increased by 12.7% and 44.2% compared with those using cellulase dosage
of 1.0 mg/g and 2.5 mg/g, respectively. Interestingly, those sugar evolution profiles also indicated that
R. toruloides cells assimilated both glucose as there was little TRS left in the media (vide infra). When
more cellulase was loaded, lipid titer remained at the level of 6.2 g/L (Table 1, entries 4 and 5), albeit
noticeably more TRS and glucose were observed at the early stage of the culture process. This was
probably due that lipid production was inhibited at 37 ◦C. In the previous studies, higher product titers
were obtained at temperatures higher than the optima for cell growth [23,29,30]. For example, our
previous study achieved the highest lipid titer at 37 ◦C from cellulose by Cryptococcus curvatus ATCC
20509 [23], while Zhu et al. obtained the highest ethanol yield at 34 ◦C from DryPB corn stover by
Saccharomyces cerevisiae SyBE005 [30]. However, these studies also pointed out that higher temperatures
significantly affected cell metabolism. Hence, it was important to produce lipids at the optimal growth
temperature, albeit enzymatic hydrolysis rates dropped substantially [31].
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Figure 1. Total reducing sugar (TRS) (a) and glucose (b) evolution profiles of lipid production at 37 ◦C
with various amounts of cellulase.

Table 1. The results of lipid production from DryPB corn stover at 37 ◦C with various amounts
of cellulase.

Entry Cellulase Dosage
(mg/g) a

Total Solid
Mass (g/L)

Residual TRS
(g/L) Lipid (g/L) Lipid Yield

(g/g)

1 1.0 40.6 ± 1.4 1.7 ± 0.2 4.3 ± 0.1 0.043 ± 0.001
2 2.5 40.5 ± 1.2 1.9 ± 0.1 5.5 ± 0.5 0.055 ± 0.004
3 5.0 41.2 ± 1.1 1.9 ± 0.2 6.2 ± 0.1 0.062 ± 0.001
4 7.5 43.0 ± 0.2 1.8 ± 0.1 6.2 ± 0.3 0.061 ± 0.003
5 10.0 39.9 ± 1.1 1.8 ± 0.1 6.2 ± 0.1 0.062 ± 0.001

a mg total protein per g DryPB corn stover.

3.2. Lipid Production Using PreSSLP Process

To balance different temperature requirements for enzymatic hydrolysis and lipid production,
we added a prehydrolysis step before SSLP process, and the overall process is termed PreSSLP process.
The results of lipid production from DryPB corn stover using PreSSLP process are shown in Figure 2
and Table 2. It was found that the prehydrolysis step at 50 ◦C for 10 h led to release substantial
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amounts of TRS and glucose and that the initial TRS and glucose concentrations correlated positively
with enzyme dosage (Figure 2). Both TRS and glucose concentrations dropped over time after cells
were added for lipid production at 30 ◦C. When 1.0 mg/g cellulase was used, TRS and glucose
concentrations were 14.0 g/L and 9.2 g/L initially and 2.8 g/L and 0.0 g/L, respectively, at 24 h.
The final total solid mass of 51.4 g/L and lipid yield of 0.037 g/g suggested that corn stover was not
fully hydrolyzed (Table 2, entry 1). In contrast, when the SSLP process was applied at a cellulase
dosage of 2.5 mg/g, very little TRS and glucose were detected at 12 h; while for the experiment
with 5.0 mg/g cellulase, TRS and glucose concentrations were 8.2 g/L and 4.2 g/L, respectively, at
12 h. Thus, sugars were more readily available by PreSSLP process. For comparison, when 2.5 mg/g
cellulase was applied, PreSSLP process afforded a lipid yield of 0.068 g/g than that (0.046 g/g) of
SSLP process (Table 2, entry 2 vs. 3). When cellulase loading increased to 5.0 mg/g, the initial TRS
and glucose concentrations were 28.9 g/L and 21.0 g/L, respectively, and lipid yield reached a high
level of 0.073 g/g (Table 2, entry 4). Similarly, SSLP process with 5.0 mg/g cellulase gave a lipid yield
of 0.059 g/g, which was 17% less than that of PreSSLP process (Table 2, entry 5). While even more
cellulase was used for prehydrolysis, more initial TRS and glucose were observed, but no further
improvement in terms of lipid yield. Noting that TRS dropped apparently slower at the early stage for
those cultures with cellulase dosage more than 5.0 mg/g, indicating that cellulase-mediated hydrolysis
at 30 ◦C had a large contribution to balance cell growth-associated substrate consumption.

Energies 2019, 12, x FOR PEER REVIEW 5 of 10 

 

glucose concentrations were 14.0 g/L and 9.2 g/L initially and 2.8 g/L and 0.0 g/L, respectively, at 24 
h. The final total solid mass of 51.4 g/L and lipid yield of 0.037 g/g suggested that corn stover was not 
fully hydrolyzed (Table 2, entry 1). In contrast, when the SSLP process was applied at a cellulase 
dosage of 2.5 mg/g, very little TRS and glucose were detected at 12 h; while for the experiment with 
5.0 mg/g cellulase, TRS and glucose concentrations were 8.2 g/L and 4.2 g/L, respectively, at 12 h. 
Thus, sugars were more readily available by PreSSLP process. For comparison, when 2.5 mg/g 
cellulase was applied, PreSSLP process afforded a lipid yield of 0.068 g/g than that (0.046 g/g) of SSLP 
process (Table 2, entry 2 vs. 3). When cellulase loading increased to 5.0 mg/g, the initial TRS and 
glucose concentrations were 28.9 g/L and 21.0 g/L, respectively, and lipid yield reached a high level 
of 0.073 g/g (Table 2, entry 4). Similarly, SSLP process with 5.0 mg/g cellulase gave a lipid yield of 
0.059 g/g, which was 17% less than that of PreSSLP process (Table 2, entry 5). While even more 
cellulase was used for prehydrolysis, more initial TRS and glucose were observed, but no further 
improvement in terms of lipid yield. Noting that TRS dropped apparently slower at the early stage 
for those cultures with cellulase dosage more than 5.0 mg/g, indicating that cellulase-mediated 
hydrolysis at 30 °C had a large contribution to balance cell growth-associated substrate consumption. 

Table 2. The results of lipid production at 30 °C with various amounts of cellulase. 

Entry Cellulase Dosage 
(mg/g) a 

Total Solid Mass 
(g/L) 

Residual TRS 
(g/L) 

Lipid 
(g/L) 

Lipid Yield 
(g/g) 

1 1.0 51.4 ± 1.4 1.9 ± 0.1 3.7 ± 0.2 0.037 ± 0.002 
2 2.5 41.9 ± 2.2 2.4 ± 0.0 6.8 ± 0.3 0.068 ± 0.003 
3 2.5 b 41.0 ± 0.2 1.6 ± 0.0 4.6 ± 0.0 0.046 ± 0.000 
4 5.0 40.4 ± 0.4 2.4 ± 0.0 7.3 ± 0.0 0.073 ± 0.000 
5 5.0 b 41.3 ± 0.3 2.1 ± 0.0 5.9 ± 0.0 0.059 ± 0.000 
6 7.5 40.0 ± 0.4 2.4 ± 0.1 7.3 ± 0.1 0.073 ± 0.001 
7 10.0 40.9 ± 0.5 2.4 ± 0.0 6.9 ± 0.8 0.069 ± 0.008 

a mg total protein per g DryPB corn stover. b without prehydrolysis. 

 
Figure 2. TRS (a) and glucose (b) evolution profiles of lipid production at 30 °C with various amounts 
of cellulase. #: without prehydrolysis. 

It was clear that lipid yields of PreSSLP process at 30 °C were generally higher than those of the 
SSLP process at 37 °C excepting the experiment with 1.0 mg/g cellulase. When cellulase was applied 
at very low loading, the enzymatic hydrolysis of DryPB corn stover was limited, but lipid production 
at 37 °C could benefit from higher hydrolytic activity of cellulase. Similar results have been observed 
for cellulosic ethanol fermentation [32]. At a high cellulase loading, enzymatic hydrolysis secured 
sugar release such that the lipid production process was depending on yeast cell activity. It is known 
that cellulases have an optimal temperature around 50 °C [33], whereas the optimal temperature for 
R. toruloides is 30 °C. To attain more hydrolytic activity of cellulase, SSLP process cultivated cells at a 
higher temperature, but cellular metabolism might be inhibited for lipid production [34,35]. In 

0 12 24 36 48 60 72
0

5

10

15

20

25

30

35

TR
S（

g/
L）

Time（h）

 1.0 mg/g
 2.5 mg/g
 5.0 mg/g
 7.5 mg/g
 10.0 mg/g
 2.5 mg/g#

 5.0 mg/g#

 

 

0 12 24 36 48 60 72
0

5

10

15

20

25

G
lu

co
se

（
g/

L）

Time（h）

 1.0 mg/g
 2.5 mg/g
 5.0 mg/g
 7.5 mg/g
 10.0 mg/g
 2.5 mg/g#

 5.0 mg/g#

 
a b

Figure 2. TRS (a) and glucose (b) evolution profiles of lipid production at 30 ◦C with various amounts
of cellulase. #: without prehydrolysis.

Table 2. The results of lipid production at 30 ◦C with various amounts of cellulase.

Entry Cellulase Dosage
(mg/g) a

Total Solid
Mass (g/L)

Residual TRS
(g/L) Lipid (g/L) Lipid Yield

(g/g)

1 1.0 51.4 ± 1.4 1.9 ± 0.1 3.7 ± 0.2 0.037 ± 0.002
2 2.5 41.9 ± 2.2 2.4 ± 0.0 6.8 ± 0.3 0.068 ± 0.003
3 2.5 b 41.0 ± 0.2 1.6 ± 0.0 4.6 ± 0.0 0.046 ± 0.000
4 5.0 40.4 ± 0.4 2.4 ± 0.0 7.3 ± 0.0 0.073 ± 0.000
5 5.0 b 41.3 ± 0.3 2.1 ± 0.0 5.9 ± 0.0 0.059 ± 0.000
6 7.5 40.0 ± 0.4 2.4 ± 0.1 7.3 ± 0.1 0.073 ± 0.001
7 10.0 40.9 ± 0.5 2.4 ± 0.0 6.9 ± 0.8 0.069 ± 0.008

a mg total protein per g DryPB corn stover. b without prehydrolysis.

It was clear that lipid yields of PreSSLP process at 30 ◦C were generally higher than those of the
SSLP process at 37 ◦C excepting the experiment with 1.0 mg/g cellulase. When cellulase was applied
at very low loading, the enzymatic hydrolysis of DryPB corn stover was limited, but lipid production
at 37 ◦C could benefit from higher hydrolytic activity of cellulase. Similar results have been observed
for cellulosic ethanol fermentation [32]. At a high cellulase loading, enzymatic hydrolysis secured
sugar release such that the lipid production process was depending on yeast cell activity. It is known
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that cellulases have an optimal temperature around 50 ◦C [33], whereas the optimal temperature
for R. toruloides is 30 ◦C. To attain more hydrolytic activity of cellulase, SSLP process cultivated cells
at a higher temperature, but cellular metabolism might be inhibited for lipid production [34,35].
In contrast, PreSSLP process assured optimal temperatures for enzymatic prehydrolysis and cell
growth, yet collected residual hydrolytic activity of cellulase in the culture broth. Overall, PreSSLP
process is more beneficial to convert lignocellulosic materials into lipids.

3.3. Lipid Production with Higher Solid Loadings

Increasing solid loading is more favorable because of its potential to achieve a higher product
titer. Ye et al. found that ethanol was 82.8 g/L at high solid loading of 34.0% from mixtures of
sugarcane bagasse and Dioscorea composita extracted residue using SSF process [36]. To demonstrate
the effectiveness of PreSSLP process and improve lipid titer, we performed more experiments with
5.0 mg/g cellulase and solid loading up to 20.0%. It was found that more TRS and glucose were
obtained at higher solid loading (Figure 3). At a solid loading of 12.5%, TRS and glucose concentrations
were 40.4 g/L and 27.5 g/L, respectively. The lipid yield was 0.080 g/g (Table 3, entry 2), which was
slightly higher than the results obtained with 10.0% solid loading. When the solid loading was 15.0%
or higher, lipid titer increased proportionally to solid loading (Table 3, entries 3-5); but lipid yield
dropped and longer culture time was required. When comparing the results obtained at a solid loading
of 20.0% with those of 17.5%, it was clear that lipid titer was almost identical but lipid yield dropped
(Table 3, entry 4 vs. 5). Albeit lipid production at higher solid loading may encounter difficulties
including higher concentrations of inhibitory components [19,22], high viscosity and reduced oxygen
transfer [37], it remains attractive due to reduced consumption of water, energy, as well as resources
used for lipid recovery [2,10,38]. The mass balance of microbial lipid production from DryPB corn
stover is summarized in Figure 4. Lipid yield was only 6.2 g per 100 g DryPB corn stover using SSLP
process, while it produced 7.3 g lipid using PreSSLP process. However, PreSSLP process gave better
results than those of SSLP process in terms of lipid yield at a wide range of solid loading, indicating that
PreSSLP process was robust to convert DryPB corn stover into lipids. The highest lipid of 8.0 g from
100 g DryPB corn stover was achieved at solid loading of 12.5%. Further, it also suggested that DryPB
process afforded raw materials suitable for enzymatic hydrolysis and microbial lipid production.
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Figure 3. TRS (a) and glucose (b) evolution profiles of PreSSLP process with various solid loading.

Summarized in Table 4 are results of lipid production from corn stover being pretreated with
various methods by oleaginous yeasts. A similar study was done by Trichosporon cutaneum CX1, but
lipid yields were substantially lower [22]. In another study, hydrolysates of DryPB corn stover were
first prepared with high initial solid loading for subsequent lipid production by T. cutaneum ACCC
20271, and lipid titers were relatively low [19]. In addition, hydrolysates of corn stover being pretreated
by the AFEX process were used for lipid production by Lipomyces tetrasporus NRRL Y-11562, and lipid
yield was only 0.037 g/g [10]. It should be noted that, for lipid production, SSLP process was superior
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to SHF process due to low cost, low energy consumption and high productivity [11]. Further, PreSSLP
process produced even more lipids than those previous results at identical solid loading.

Table 3. The results of lipid production at 30 ◦C under various solid loadings.

Entry Solid Loading
(%)

Total Solid
Mass (g/L)

Residual TRS
(g/L) Lipid (g/L) Lipid Yield

(g/g)

1 10.0 40.4 ± 0.4 2.4 ± 0.0 7.3 ± 0.0 0.073 ± 0.000
2 12.5 52.2 ± 0.7 2.8 ± 0.1 10.1 ± 0.4 0.080 ± 0.003
3 15.0 60.3 ± 2.3 3.3 ± 0.5 11.6 ± 0.7 0.077 ± 0.005
4 17.5 73.9 ± 0.3 4.0 ± 0.1 12.4 ± 0.6 0.071 ± 0.004
5 20.0 82.9 ± 2.6 4.7 ± 0.8 12.5 ± 0.1 0.062 ± 0.000Energies 2019, 12, x FOR PEER REVIEW 7 of 10 
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Table 4. Lipid production from corn stover by different approaches.

Strain Pretreatment
Method

Detoxification
Method

Culture
Mode

Solid
Loading (%)

Lipid
(g/L)

Lipid Yield
(g/g) a Reference

T. cutaneum CX1 Dry acid
pretreatment Biodetoxification SSF 10.0 3.0 0.030 [22]

15.0 4.0 0.027
T. cutaneum

ACCC 20271
Dry acid

pretreatment Biodetoxification SHF 15.0 5.9 - [19]

20.0 7.4 -
25.0 8.0 -

L. tetrasporus
NRRL Y-11562 AFEX No SHF 22.1 8.4 0.037 [10]

R. toruloides AS
2.1389

Dry acid
pretreatment Biodetoxification SSLP 10.0 6.2 0.062 This study

R. toruloides AS
2.1389

Dry acid
pretreatment Biodetoxification PreSSLP 10.0 7.3 0.073 This study

12.5 10.1 0.080
15.0 11.6 0.077
17.5 12.4 0.071

a base on pretreated corn stover.

3.4. Fatty Acid Composition

The total lipids produced by R. toruloides according to PreSSLP process under different solid
loading were transmethylated and detected by GC. The results of the fatty acid composition analysis
are presented in Table 5, the majority were saturated and unsaturated fatty acids including palmitic acid
(C16:0), stearic acid (C18:0), and oleic acid (C18:1), which were similar to the fatty acid compositions of
conventional vegetable oils. These samples also showed similar fatty acid compositions to those lipids
produced by other oleaginous yeasts [3,39,40]. These data suggested that microbial lipids from corn
stover may be used as a biodiesel feedstock.
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Table 5. Fatty acid compositional profiles of lipids produced from DryPB corn stover by R. toruloides
according to the PreSSLP process.

Entry
Solid

Loading (%) Lipid (g/L)

Relative Fatty Acid Contents (%)

Myristic
Acid

Palmitic
Acid

Palmitoleic
Acid

Stearic
Acid Oleic Acid Linoleic

Acid

1 10.0 7.3 ± 0.0 2.5 ± 0.2 46.0 ± 1.0 0.6 ± 0.0 15.0 ± 0.4 35.0 ± 0.6 1.0 ± 0.2
2 12.5 10.1 ± 0.4 2.6 ± 0.2 44.6 ± 1.2 1.0 ± 0.0 15.5 ± 0.9 36.0 ± 0.5 0.7 ± 0.0
3 15.0 11.6 ± 0.7 2.5 ± 0.6 41.0 ± 5.4 1.1 ± 0.1 14.9 ± 1.5 38.6 ± 5.6 1.9 ± 1.7
4 17.5 12.4 ± 0.6 3.6 ± 0.6 55.0 ± 1.7 0.8 ± 0.3 21.3 ± 3.1 19.3 ± 4.7 0.0 ± 0.0

4. Conclusions

Here we showed that DryPB corn stover was effectively converted into lipids using R. toruloides
as a lipid producer. PreSSLP process obtained higher titer and lipid yield of 7.3 g/L and 0.073 g/g,
respectively, compared with those of SSLP process. When higher solid loading was used, lipid titer
and lipid yield could reach 12.5 g/L and 0.080 g/g, respectively. Thus, the DryPB process and
PreSSLP process can be fully integrated for microbial lipid production from corn stover to make it
industrially feasible.
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