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Abstract

Background: Microbial oil is one important bio-product for its important function in energy, chemical, and food
industry. Finding suitable substrates is one key issue for its industrial application. Both hydrophilic and hydrophobic
substrates can be utilized by oleaginous microorganisms with two different bio-pathways (“de novo” lipid fermenta-
tion and “"ex novo” lipid fermentation). To date, most of the research on lipid fermentation has focused mainly on only
one fermentation pathway and little work was carried out on both “de novo”and “ex novo” lipid fermentation simulta-
neously; thus, the advantages of both lipid fermentation cannot be fulfilled comprehensively.

Results: In this study, corncob acid hydrolysate with soybean oil was used as a mix-medium for combined “de novo’

"

and “ex novo” lipid fermentation by oleaginous yeast Trichosporon dermatis. Both hydrophilic and hydrophobic sub-
strates (sugars and soybean oil) in the medium can be utilized simultaneously and efficiently by T. dermatis. Different
fermentation modes were compared and the batch mode was the most suitable for the combined fermentation.
The influence of soybean oil concentration, inoculum size, and initial pH on the lipid fermentation was evaluated
and 20 g/L soybean oil, 5% inoculum size, and initial pH 6.0 were suitable for this bioprocess. By this technology, the
lipid composition of extracellular hydrophobic substrate (soybean oil) can be modified. Although adding emulsifier
showed little beneficial effect on lipid production, it can modify the intracellular lipid composition of T. dermatis.

Conclusions: The present study proves the potential and possibility of combined “de novo"and “ex novo” lipid fermen-
tation. This technology can use hydrophilic and hydrophobic sustainable bio-resources to generate lipid feedstock
for the production of biodiesel or other lipid-based chemical compounds and to treat some special wastes such as

oil-containing wastewater.

Keywords: “de novo”and “ex novo”lipid fermentation, Corncob acid hydrolysate, Soybean oil, Microbial oil,
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Background

Single cell oil (SCO), namely microbial oil, is the lipid
accumulated by oleaginous microorganisms in their cell
body [1]. Because of its important function in energy,
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chemical, and food industry, it has been the focus of
many researches [2, 3]. For large-scale production of
SCO, finding suitable substrates is one important factor,
and both hydrophilic and hydrophobic substrates can
be utilized by oleaginous microorganisms for fermen-
tation [2—4]. But the lipid fermentation on hydrophilic
and hydrophobic substrates are carried out in two dif-
ferent bio-pathways: “de novo” lipid fermentation means
the fermentation on hydrophilic substrates (sugars and
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related substrates), while “ex novo” lipid fermentation “ex movo” lipid fermentation can be carried out simulta-
means the fermentation on hydrophobic substrates (oils, neously, the hydrophilic and hydrophobic bio-resources
alkane, etc.) [3, 4]. The pathways of both “de novo” lipid from agriculture, food, and other fields (lignocellulosic
fermentation and “ex novo” lipid fermentation have been  biomass, vegetable oils, waste oils, etc.) can be both uti-
elucidated clearly that the principal biochemical differ- lized efficiently, and also this technology has the potential
ence exists between “de novo” and “ex novo” lipid fer-  to treat some special wastes such as oil-containing waste-
mentation is that in the latter case, lipid accumulation = water. Unfortunately, only a few studies have focused on
happens simultaneously with cell growth, being entirely  this point.
independent from nitrogen exhaustion from the culture Trichosporon dermatis is one new kind of oleaginous
medium; and generation of acetyl-CoA, the necessary yeast which has wide board of substrates, and especially
unit for lipid biosynthesis in oleaginous yeast, is different it can utilize lignocellulosic hydrolysates (containing both
between “de novo” and “ex novo” lipid fermentation [4, 5].  hexose and pentose) efficiently for lipid fermentation
It is worth noting that both “de novo” and “ex novo” lipid  [14-16]. If hydrophobic substrates can be utilized by this
fermentation have their advantages: “de novo” lipid fer-  yeast, it can be one possible and potential microorganism
mentation usually exhibits great lipid production [2, 3], for combined “de novo” and “ex novo” lipid fermentation.
while “ex novo” lipid fermentation can modify the extra-  To evaluate the possibility and potential of combined “de
cellular and intracellular lipid composition to satisfy the  novo” and “ex novo” lipid fermentation, the lipid fermen-
requirement of food or chemical industry [3, 6, 7]. tation by T. dermatis was carried out in the mix-medium
To date, most of the research on lipid fermentation has  containing both hydrophilic and hydrophobic substrates
focused mainly on only one fermentation pathway (“de  for the first time. To prevent potential inhibition on ole-
novo” lipid fermentation or “ex novo” lipid fermentation),  aginous yeast and its lipid fermentation, corncob acid
and little work was carried out on both “de novo” and “ex  hydrolysate and soybean oil were chosen as hydrophilic
novo” lipid fermentation simultaneously [3]; thus, the and hydrophobic substrates due to their high fermenta-
advantages of both lipid fermentation cannot be fulfilled  bility (Scheme 1). In detail, different fermentation modes
comprehensively. For “de novo” lipid fermentation, ligno-  were compared and the optimal mode was chosen firstly.
cellulosic hydrolysate is considered as one ideal substrate  Then, the effect of important fermentation factors (soy-
for industrial production of SCO due to its advantages bean oil concentration, inoculum size, and initial pH)
such as low cost, great availability, and renewable char- on the lipid production was evaluated. Meanwhile, cell
acteristics [2, 8, 9]. For “ex novo” lipid fermentation, veg-  growth, lipid accumulation, and substrate utilization in
etable oils or waste oils are usually used because of their =~ the medium were measured throughout the fermenta-
advantages such as great availability, high fermentability, tion. Finally, the effect of adding emulsifier on the lipid
or low cost [10-13]. If “de novo” lipid fermentation and  fermentation was analyzed. By this study, the system of
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Scheme 1 Combined “de novo"and “ex novo” lipid fermentation in a mix-medium of corncob acid hydrolysate and soybean oil
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combined “de novo” and “ex novo” lipid fermentation can
be initially built.

Methods

Oleaginous microorganism and fermentation substrates
Trichosporon dermatis CHO07 (Laboratory of Energy
and Chemical Engineering, Guangzhou Institute of
Energy Conversion, Chinese Academy of Sciences) was
used for lipid fermentation in this work. Corncob acid
hydrolysate was provided by ZHONGKE New Energy
Co., Ltd (Ying-Kou, China). According to ZHONGKE
New Energy Co., Ltd, the corncob acid hydrolysate
has been detoxified by overliming and absorption
by activated carbon. The reducing sugar concentra-
tion (measured by DNS method) of this substrate was
51.3 £ 0.2 g/L, and it mainly contained 2.9 g/L of glu-
cose, 37.9 g/L of xylose, and 4.9 g/L of arabinose (meas-
ured by HPLC [17]). Soybean oil was obtained from
local market (Guangdong, China), and its lipid composi-
tion (%) mainly included linoleic acid (53.8%), oleic acid
(20.9%), palmitic acid (12.4%), linolenic acid (6.8%), and
stearic acid (3.5%).

Lipid fermentation

Corncob acid hydrolysate with soybean oil was used as
the medium for combined “de novo” and “ex novo” lipid
fermentation by T. dermatis. The yeast was cultured
firstly on a medium (pH 6.0) containing (g/L) xylose, 20;
peptone, 10; yeast extract, 10 at 28 °C and 150 rpm for
24 h. Then, certain seed culture was inoculated into the
fermentation medium. Cultivation was performed in a
250-mL conical flask containing 50 mL of fermentation
medium in a rotary shaker at 28 °C and 150 rpm.

Comparison of different modes of combined “de novo”

and “ex novo” lipid fermentation

Four fermentation modes including batch mode, fed-
batch mode, first “de novo” then “ex novo” lipid fermenta-
tion, and first “ex novo” then “de novo” lipid fermentation
were compared. For batch mode, soybean oil (20 g/L) was
added into the corncob acid hydrolysate firstly before
fermentation. Then the oleaginous yeast was added into
the medium, and no extra substrate was added into the
medium during fermentation. For fed-batch mode, the
oleaginous yeast was added into the medium (corncob
acid hydrolysate) firstly. Then, at the 48 and 96 h of fer-
mentation, 10 and 10 g/L of soybean oil were added into
the medium, respectively. For the mode of first “de novo”
then “ex novo” lipid fermentation, the lipid fermenta-
tion was carried out in the corncob acid hydrolysate
firstly for 3 days, and then 5% of culture in the corncob
acid hydrolysate was translated into the medium (pure
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water) merely adding soybean oil (20 g/L) and the lipid
fermentation in this medium was carried out for four
days. For the mode of first “ex novo” then “de novo” lipid
fermentation, the lipid fermentation was carried out
in the medium (pure water) merely adding soybean oil
(20 g/L) firstly for 3 days, and then 5% of culture in the
medium merely containing soybean oil was translated
into corncob acid hydrolysate and the lipid fermenta-
tion in this medium was carried out for 4 days. For com-
parison, a control experiment was also carried out in the
control medium (corncob acid hydrolysate without add-
ing soybean oil). The initial pH, inoculum size, fermen-
tation temperature, and total fermentation period of all
lipid fermentation modes were 6.0, 5%, 28 °C, and 7 days,
respectively.

Effect of soybean oil concentration, inoculum size, initial
pH, and emulsifier addition on the combined “de novo”

and “ex novo” lipid fermentation

To measure the effect of soybean oil concentration on
lipid fermentation, five soybean oil concentrations (g/L,
0, 5, 10, 20, and 40) were used, and the inoculum size and
initial pH were set at 5% and 6.0, respectively. To measure
the effect of initial pH value on lipid fermentation, five
different initial pH values (5.0, 6.0, 7.0, 8.0, and 9.0) were
used, and the inoculum size and soybean oil concentra-
tion were set at 5% and 20 g/L, respectively. To study the
effect of inoculum size on the lipid fermentation, five
inoculum sizes (v/v, 1.0, 2.5, 5.0, 10.0, and 15.0%) were
applied to culture, and the soybean oil concentration
and initial pH were set at 20 g/L and 6.0, respectively.
To study the effect of emulsifier on the lipid fermenta-
tion, four emulsifiers (Tween 80, Span 80, Tween 60, and
OP-10) were added to culture with the concentration of
2 g/L, and the soybean oil concentration, inoculum size,
and initial pH were set at 20 g/L, 5%, and 6.0, respec-
tively. For comparison, a control experiment was also
carried out in the control medium (corncob acid hydro-
lysate with adding 20 g/L soybean oil and without adding
emulsifier). All the lipid fermentation was carried out for
seven days at 28 °C.

The courses of cell growth, lipid accumulation,

and substrate utilization of combined “de novo” and “ex
novo” lipid fermentation

The combined “de novo” and “ex novo” lipid fermentation
was carried out in the corncob acid hydrolysate contain-
ing 20 g/L of soybean oil. The initial pH, inoculum size,
and fermentation temperature of lipid fermentation were
6.0, 5%, and 28 °C, respectively. During lipid fermenta-
tion, the culture was withdrawn periodically (every 1 day)
to evaluate the cell mass, lipid content, lipid production,
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residual sugars, and residual oils. After ten days of fer-
mentation, the courses of cell growth, lipid accumulation,
and substrate utilization of combined “de novo” and “ex
novo” lipid fermentation were obtained.

Analytical methods

Cell mass (g/L) was harvested by centrifugation at 8000g for
10 min and the dry cell weight was determined [18]. Extrac-
tion of intracellular lipid from dry cell mass was performed
according to the modified procedure reported in a previous
study [19], with a chloroform:methanol (2:1, v/v) mixture.
The extracted intracellular lipid was recovered after the
removal of solvent by a vacuum rotary evaporator. Lipid
production is expressed as the amount of lipid extracted
from the cells per liter fermentation broth (g/L) and lipid
content is defined as the percentage of lipid to cell mass (%,
w/w). Lipid yield (%, g/g) refers to the lipid production (g/L)
on substrate (sugars and soybean oil) consumption (g/L).
Residual sugar concentration was determined by DNS
method [20]. The extracellular soybean oil (presented in the
medium and attached to yeast cell mass) was recovered by
hexane and the residual extracellular soybean oil concen-
tration was determined by its dry weight after the removal
of hexane by a vacuum rotary evaporator. After extraction
by hexane, no soybean oil attached to yeast cell mass, and
the remaining cell mass was used to determine the lipid
content. The fatty acid composition was measured by con-
verting fatty acids into fatty acid methyl esters and the fatty
acid methyl esters were determined by gas chromatography
(GC) (GC-7890, Agilent, USA) with an ionization detec-
tor and an HP-INNOWAX polyethylene glycol column
(30 m x 250 pm x 0.25 pm). The column temperature was
maintained at 170 °C for 1 min and then upgraded from 170
to 200 °C at a rate of 10 °C/min and kept for 1 min. After
that, it was increased to 230 °C with a temperature gradient
of 3 °C/min and held for 15 min. Argon was used as the car-
rier gas at 1.0 mL/min, with a split ratio of 1:10 (v/v). The
injector temperature and detector temperature were both
set at 240 °C. All the experiments were performed in dupli-
cate and the results were expressed as the average.

Results and discussion

Comparison of different modes of combined “de novo”

and “ex novo” lipid fermentation

In this study, four fermentation modes including batch
mode, fed-batch mode, first “de novo” then “ex novo”
lipid fermentation, and first “ex novo” then “de novo” lipid
fermentation (see details in “Methods”) were compared
to evaluate their influence on the lipid fermentation
of T. dermatis (Fig. 1). Generally, these four fermenta-
tion modes can be divided into two groups: batch mode
and fed-batch mode can be classified as one-stage fer-
mentation, while first “de novo” then “ex novo” lipid
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Fig. 1 Effect of different fermentation modes on the combined “de
novo”and “ex novo” lipid fermentation: a First “de novo”then “ex novo”
lipid fermentation, b first “ex novo”then “de novo" lipid fermentation, ¢
fed-batch mode, and d batch mode. For combined “de novo” and “ex
novo"lipid fermentation (a—d), soybean oil was added into the corn-
cob acid hydrolysate with different modes; for control experiment,
fermentation was carried out in corncob acid hydrolysate without
adding soybean oil

fermentation and first “ex novo” then “de novo” lipid fer-
mentation can be classified as two-stage fermentation.

As shown in Fig. 1, for one-stage fermentation (batch
mode and fed-batch mode), the cell mass and lipid con-
tent of 1. dermatis were higher than those in the control
medium (corncob acid hydrolysate without soybean oil).
Compared with fed-batch mode, fermentation by T. der-
matis with batch mode had higher cell mass and lipid
content, and the utilization of sugars and soybean oil was
more. In addition, batch mode is easy to set up and oper-
ate and thus more suitable for industrial applications [21].
First “ex novo” then “de novo” lipid fermentation showed
lower cell mass and lipid content than that in the control
medium, and also many sugars were still not consumed
by T. dermatis. For the mode of first “de novo” then “ex
novo” lipid fermentation, the cell mass of T. dermatis was
extremely low, indicating that the existence of sugars in
the fermentation medium was critical for combined
“de novo” and “ex novo” lipid fermentation. Thus, the
medium merely containing hydrophobic substrate might
not be suitable for the lipid fermentation of T. dermatis.
Different from the batch and fed-batch modes which are
one-stage fermentation, the last two fermentation modes
were two-stage fermentation and therefore they are dif-
ficult to be operated in the industry. Overall, the batch
mode gave higher lipid production than the other modes.
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The influence of different fermentation modes of com-
bined “de novo” and “ex novo” lipid fermentation on the
composition of intracellular lipid (microbial oil) and extra-
cellular lipid (residual soybean oil) was further evaluated.
As shown in Table 1, the lipid composition of microbial
oil obtained from the batch and fed-batch modes of com-
bined “de novo” and “ex novo” lipid fermentation was simi-
lar to that obtained from the control medium (corncob acid
hydrolysate without soybean oil), showing that the influ-
ence of these two fermentation modes on the lipid compo-
sition of T. dermatis was little. In contrast, the fermentation
modes of first “de novo” then “ex novo” lipid fermenta-
tion and first “ex novo” then “de novo” lipid fermentation
showed more influence on the lipid composition of T. der-
matis that the ratio of linoleic acid (C18:2) became lower
and the ratios of stearic acid (C18:0) and palmitic acid
(C16:0) were higher than that obtained from the control
medium. Overall, combined “de novo” and “ex novo” lipid
fermentation showed certain influence on the intracellular
lipid composition, but this influence was not obvious.
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The influence of different fermentation modes on
the extracellular lipid composition is shown in Table 2.
As it is shown, the influence was more obvious on the
extracellular lipid composition than on the intracellular
lipid composition. For the batch mode of fermentation,
the ratio of linoleic acid (C18:2) in extracellular lipid
decreased greatly as the ratio of oleic acid (C18:1), stearic
acid (C18:0), and palmitic acid (C16:0) increased. The
influence of first “ex novo” then “de novo” lipid fermenta-
tion on the extracellular lipid composition was less than
that of batch mode, followed by the effect of fed-batch
mode, and the effect of first “de novo” then “ex novo” lipid
fermentation was the least. Undoubtedly, although the
combined “de novo” and “ex novo” lipid fermentation of 7.
dermatis showed an unobvious effect on the intracellular
lipid composition, it can alter the extracellular lipid com-
position greatly and thus fulfill the in situ modification of
soybean oil by lipid fermentation to satisfy the require-
ment of different industrial applications of lipid [3]. More
specially, lipid with a lower degree of unsaturation may

Table 1 Effect of different fermentation modes on the intracellular lipid composition after combined “de novo” and “ex

novo” lipid fermentation by T. dermatis

Fermentation modes Lipid composition (%)

C16:0 C16:1 C18:0 C18:1 C18:2 c18:3 Others®

Control® 246 +06 05+06 99+ 04 404405 220+£0.1 1.1£00 1.5£02

First “de novo" then “ex novo” 306 £ 04 0.7 £0.1 1624+ 0.0 440406 58+13 02+£0.1 25+£02
lipid fermentation

First “ex novo" then “de novo” 257 +00 06+00 123+£0.1 419+£07 171+ 06 09400 15+00
lipid fermentation

Fed-batch mode 226+ 1.1 04+£04 93+£0.7 383+£23 259+£35 20£04 15+02

Batch mode 236+£00 04405 92+£02 392+16 245+19 16 £03 1.5£0.1

@ Others were C12:0, C14:0, C20:0, C20:1, C20:2, and C24:0
b Fermentation in corncob acid hydrolysate without adding soybean oil

Table 2 Effect of different fermentation modes on the extracellular lipid composition after combined “de novo” and “ex

novo” lipid fermentation by T. dermatis

Fermentation modes Lipid composition (%)

C16:0 c16:1 C18:0 c18:1 C18:2 c18:3 Others?
Soybean oil (substrate) 1244+0.7 02+00 35+02 2094+ 1.1 538413 68+0.2 24+09
Control” NA
First “de novo" then “ex novo” 126 £0.0 0.0+£00 49400 27.1£0.1 535+£02 05+£00 13403
lipid fermentation
First “ex novo” then “de novo” 232+138 12+17 123+05 2034102 376463 45+1.1 09+12
lipid fermentation
Fed-batch mode 145+32 01401 59+16 294 +40 477 £90 05+0.1 19+03
Batch mode 254402 01+£02 109+ 04 445+13 143+03 05+£02 42405

NA not available
@ QOthers were C12:0, C14:0, C20:0, C20:1, C20:2, and C24:0

b Fermentation in corncob acid hydrolysate without adding soybean oil
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have some important functions in food [22] and is more
suitable for the synthesis of chemical products such as
special surfactant or fuel due to its higher oxidative sta-
bility [23, 24]. However, in the case of unsaturated lipid,
it is more suitable for the synthesis of epoxide and its
derivatives [25]. Thus, the in situ modification of oils can
expand the application of combined “de novo” and “ex
novo” lipid fermentation and increase its profits.

In summary, compared with fermentation in the con-
trol medium, the cell mass (21.6 g/L vs. 26.7 g/L), lipid
content (37.7% vs. 43.4%), and lipid production (8.2 g/L
vs. 11.6 g/L) of T. dermatis in the medium of combined
“de novo” and “ex movo” lipid fermentation with batch
mode were higher for about 23.6, 15.1, and 41.5%, respec-
tively. Also, most hydrophilic and hydrophobic substrates
were consumed by 7. dermatis for the batch mode of
combined “de novo” and “ex movo” lipid fermentation
(about 97.7% of sugars and 84.0% of soybean oil were uti-
lized). Although the effect of batch mode of combined
“de novo” and “ex novo” lipid fermentation on the intra-
cellular lipid composition was not obvious, it can modify
the extracellular lipid composition greatly. Considering
the above results, batch mode was chosen as the basic
fermentation mode for later research on the combined
“de novo” and “ex novo” lipid fermentation.

Effect of soybean oil concentration, inoculum size,

and initial pH on the combined “de novo” and “ex novo”
lipid fermentation

In this study, the hydrophilic substrate used in combined
“de novo” and “ex novo” lipid fermentation was corncob
acid hydrolysate (its sugar concentration was fixed and
it is suitable for lipid fermentation of T. dermatis [14]),
and the typical hydrophobic substrate (soybean oil) was
added into corncob acid hydrolysate to build the fermen-
tation system. However, the effect of soybean oil concen-
tration on the combined “de novo” and “ex novo” lipid
fermentation was still unknown and this will be explained
in this part. As shown in Fig. 2, the lipid production of
T. dermatis was higher as the soybean oil concentration
increased to 20 g/L, but the lipid production became
lower when the soybean oil concentration was 40 g/L,
indicating that some substrate inhibition existed when
the soybean oil concentration was high. Overall, soybean
oil concentration of 20 g/L was suitable for the combined
“de novo” and “ex novo” lipid fermentation.

For lipid fermentation in lignocellulosic hydrolysates,
inoculum size and initial pH are the two factors that
might affect the final lipid production [17]. In many
studies, higher inoculum size will help microorganism
to overcome the inhibition of inhibitors in lignocellu-
losic hydrolysates [26]. In this study, the effect of inocu-
lum size from 1 to 15% on the combined “de novo” and
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Fig. 3 Effect of inoculum size on the combined “de novo”and “ex

novo”lipid fermentation

“ex novo” lipid fermentation was evaluated. As shown in
Fig. 3, as the inoculum size was higher within the range
tested, the cell mass of T. dermatis increased gradually.
However, the lipid content of T. dermatis became lower
when the inoculum size was higher than 5%, indicating
that more cell mass was converted into other intracellu-
lar products. The medium of seed culture was a synthetic
medium containing sugars obtained from commercial
sources; thus, the cost of pre-culture medium was much
higher than that of fermentation medium (corncob acid
hydrolysate). Although the inoculum size of 15% gave the
highest lipid production of T. dermatis, the inoculum size
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of 5% seems a better choice for industrial application for
saving the amount of seed culture to reduce the total fer-
mentation cost.

Besides the inoculum size, initial pH also has impor-
tant influence on lipid fermentation [27, 28]. As shown
in Fig. 4, when the initial pH ranged from 6.0 to 8.0, the
lipid production of T. dermatis was similar, showing that
T. dermatis has high pH adaptability in this pH range.
When the initial pH was increased to 9.0, the cell mass
and lipid content of T. dermatis became lower. Interest-
ingly, when the initial pH was low (pH 5.0), T. dermatis
even cannot grow, suggesting that acidic fermentation
environment was not suitable for its combined “de novo”
and “ex novo” lipid fermentation. Overall, the initial pH
6.0 gave the highest lipid production of T. dermatis.

The courses of cell growth, lipid accumulation,

and substrate utilization of combined “de novo” and “ex
novo” lipid fermentation

Using batch mode as the model fermentation system of
combined “de novo” and “ex novo” lipid fermentation by
T. dermatis, the cell growth, lipid accumulation, and sub-
strate utilization during the fermentation process were
further evaluated to learn the law of this bioconversion
(Fig. 5). Interestingly, no lag phase was observed that the
cell mass and lipid content of T. dermatis were 8.8 g/L and
20.2% respectively at the 1st day of fermentation, demon-
strating that the corncob acid hydrolysate and soybean oil
had slight toxicity to the cells of T. dermatis, which was
also observed in another study merely using corncob acid
hydrolysate as the substrate for lipid fermentation [14].

I Cell mass (] Lipid content

Lipid production Residual sugars
60 - |==Residual oils B Initial sugars
[ITT] Initial oils

50

40

30

20

10

<

pH value

Cell mass (g/L), lipid content (%), lipid production (g/L),
initial and residual oils (g/L), initial and residual sugars (g/L)

Fig. 4 Effect of initial pH on the combined “de novo” and “ex novo”
lipid fermentation
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After that, the cell mass of T. dermatis increased gradu-
ally and the rate became slower from the 3rd day to the
7th day of fermentation. Then the cell mass was stable and
became lower at the 10th day of fermentation. For lipid
accumulation, the lipid content of 7. dermatis increased
in a relatively stable rate until the 8th day. But after that,
the lipid content did not decrease, namely the phenom-
enon of “lipid turnover” (using intracellular lipid for main-
taining the growth of oleaginous microorganism) [29-31]
was not obvious for the combined “de novo” and “ex novo”
lipid fermentation. Overall, the highest lipid production
was obtained at the 8th day of fermentation, and this fer-
mentation period was longer than that in the corncob
hydrolysate without adding extracellular oils [14].

For combined “de novo” and “ex novo” lipid fermenta-
tion, both hydrophilic (sugars in corncob acid hydro-
lysate) and hydrophobic (soybean oil) substrates can be
consumed by T. dermatis for cell growth and lipid accu-
mulation (Fig. 5). The sugars were used quickly such that
about 10 g/L of sugars were consumed by T. dermatis
during the 1st day of fermentation and the residual sugar
concentration was 41.9 g/L, again proving that no lag
phase existed for the combined “de novo” and “ex novo”
lipid fermentation. After that, the sugar consumption
rate became slower such that about 5 g/L of sugars was
utilized per day on average before the 5th day of fermen-
tation. From the 6th day to the 10th day of fermentation,
the sugars consumed per day on average (about 4 g/L)
were further lower. Finally, the residual sugar concen-
tration after ten days’ fermentation was 4.2 g/L. For the
utilization of hydrophobic substrate (soybean oil) by T.
dermatis, the condition was different. During the first
day of fermentation, soybean oil was not consumed and
about 20 g/L of extracellular oils was still present in the
medium. From the 2nd to the 3rd day, the soybean oil

-
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Fig.5 Cell growth, lipid accumulation, and substrate utilization dur-

ing the combined “de novo"and “ex novo” lipid fermentation process;
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was consumed simultaneously by T. dermatis as the sugar
utilization. And during this period, the rate of oil con-
sumption was even faster than that of sugars. However,
after the 3rd day, the consumption of extracellular oils
became much slower and the rate was unstable as well.
Finally, the residual extracellular oil concentration in the
medium was about 6.5 g/L after 10 days of fermentation.
Considering the substrate utilization, the lipid produc-
tion and lipid yield (lipid production on consumption
of both sugars and extracellular oils) at the 8th day were
10.0 g/L and 18.5% (g/g) respectively, which were higher
than those in the corncob acid hydrolysate without extra-
cellular oils [14]. It is worth noting that the lipid yield on
hydrophilic substrate (sugars) and hydrophobic substrate
(oils) is different [3, 4], but the comprehensive lipid yield
on both substrates (sugars and soybean oil) in this study
is still attractive and suitable for microbial oil production.

Effect of emulsifier on the combined “de novo” and “ex
novo” lipid fermentation

In this study, the fermentation system of combined “de
novo” and “ex novo” lipid fermentation is special since it
contained both hydrophilic substrate and hydrophobic
substrate. Usually, for this system (water/oil biphasic sys-
tem), adding emulsifier might help the utilization of dif-
ferent kinds of substrates especially for the hydrophobic
substrates by different microorganisms [32]. Therefore,
four emulsifiers including Tween 80, Span 80, Tween 60,
and OP-10 were added into the system of combined “de
novo” and “ex novo” lipid fermentation, respectively, to
evaluate their effect on fermentation. As shown in Fig. 6,
interestingly, adding emulsifiers into the fermentation sys-
tem even showed a negative effect on the final lipid pro-
duction. Moreover, adding emulsifiers made the recovery
of extracellular hydrophobic substrates to be much more
difficult because emulsifier and extracellular hydropho-
bic substrates might be both dissolved in the hydropho-
bic solvents for substrate recovery and thus the residual
oil concentration in the medium was not measured in
this part. Based on the above reason, it is not necessary
to add emulsifiers in the actual application of combined
“de novo” and “ex novo” lipid fermentation by T. dermatis.
However, adding emulsifiers showed some effect on the
intracellular lipid composition of microbial oil obtained
from combined “de novo” and “ex novo” lipid fermenta-
tion. As shown in Table 3, adding Tween 80 could increase
the ratio of linoleic acid (C18:2), and adding Span 80 and
OP-10 could increase the ratio of oleic acid (C18:1). Over-
all, although adding emulsifiers showed little beneficial
effect on the lipid production, its capacity to alter the
intracellular lipid composition made it also one potential
technology of industrial application of microbial oil in the
food or other chemical industries [3].
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Fig. 6 Effect of emulsifier on the combined “de novo”and “ex novo”
lipid fermentation: a OP-10, b Tween 80, ¢ Tween 60, and d Span 80.
For fermentation (a-d), different emulsifiers were added into the
media, respectively, while for control experiment fermentation was
carried out in the medium without emulsifier

Evaluation and outlook of the bioprocess

The main objective of this research is to evaluate the
potential and possibility of combined “de novo” and “ex
novo” lipid fermentation. To prevent potential inhibition
on oleaginous yeast and its lipid fermentation, hydro-
philic and hydrophobic substrates with high ferment-
ability (corncob acid hydrolysate and soybean oil) were
chosen to build the fermentation system. It is worth not-
ing that little raw material contains both corncob acid
hydrolysate and soybean oil in nature, and these two typi-
cal substrates are merely used as the model substrate in
this study. For combined “de novo” and “ex novo” lipid
fermentation, sugar (such as glucose, xylose, fructose,
etc.) and fatty acid (oleic acid, stearic acid, palmitic acid,
etc.) can be used as hydrophilic and hydrophobic sub-
strates, respectively. Usually, it is difficult to find pure
sugar or fatty acid in nature and pure sugar or fatty acid
is seldom applied as a substrate in fermentation industry
because the cost will be high. In the experiments, one
typical hydrophilic substrate (corncob acid hydrolysate)
and one typical hydrophobic substrate (soybean oil) were
used simultaneously for lipid fermentation of oleaginous
yeast. Compared with pure sugar and fatty acid, lignocel-
lulosic biomass and vegetable oils are the natural materi-
als that can be obtained or generated easily in nature, and
therefore the potential and possibility of combined “de
novo” and “ex novo” lipid fermentation in industrial appli-
cation can be shown clearly using these materials as feed-
stock. However, after that the potential and possibility
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Table 3 Effect of emulsifier on the intracellular lipid composition after combined “de novo” and “ex novo” lipid fermenta-

tion by T. dermatis

Emulsifier Lipid composition (%)

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 Others?
Control (no emulsifier adding) 255424 16+£05 79+02 3734+28 249406 16402 1.1+£03
Tween 80 215£16 134+02 65+03 327+£13 3434+04 28+0.1 09+0.1
Span 80 271455 1.34+0.1 83+35 439+30 168+ 523 10+07 1.5+00
OP-10 240424 11+£04 117434 472+43 145+ 46 0.7+02 09+02
Tween 60 245402 1.1+00 89405 386+ 14 244415 1.5+06 1.0+0.1

@ Others were C12:0, C14:0, C20:0, C20:1, C20:2, and C24:0

of combined “de novo” and “ex novo” lipid fermentation
were proven by the present research, it is wise to evalu-
ate the influence of different sugars and fatty acids on “de
novo” and “ex novo” lipid fermentation in future and this
will help in developing this technology.

Generally, the cost of agricultural residues such as straw,
bagasse, and corncob is low and using lignocellulosic
hydrolysates as the substrate for fermentation has great
competitive advantages in industrial application [33]. For
lignocellulosic biomass, corncob is usually used for xylitol
production [34] and other lignocellulosic residues such
as straw or bagasse might have more competitiveness for
cost. Vegetable oils are usually used as food but the cost of
waste vegetable oils from kitchen or industry is low. There-
fore, future work should focus more on the fermentation
on more low-cost hydrophilic and hydrophobic substrates
such as waste lignocellulosic materials and waste oils for
combined “de novo” and “ex novo” lipid fermentation espe-
cially for bioenergy purpose. Besides, two aspects will
make this bioprocess more profitable in application. On
the one hand, besides microbial oil, the residual yeast cell
mass containing other valuable by-products such as cell
wall polysaccharides can also make profits [35]. On the
other hand, the residual hydrophobic substrate (e.g., soy-
bean oil) can be modified that the saturation degree of oils
can increase greatly, and this oil is more suitable for the
synthesis of special food or other biochemical products
[22-24] and makes more profits.

For biodiesel production, many forms of oils ranging
from soybean oils to waste animal fats can be applied
as feedstock [36], but many feedstock containing both
hydrophilic and hydrophobic materials such as oil-
containing wastewater cannot be simply converted into
biofuels, and thus more exploitation on the applica-
tion of these hydrophobic oil substrates is necessary. It
is worth noting that most hydrophilic and hydrophobic
substrates could be consumed after combined “de novo”
and “ex novo” lipid fermentation (Fig. 1), and therefore
this technology also has great potential for treatment of

oil-containing wastewater. For treatment of oil-contain-
ing wastewater, adding hydrophilic substrates seems nec-
essary because the efficiency of hydrophobic substrate
utilization is low when the medium merely contains
hydrophobic substrates (Fig. 1). In the actual application,
lipid composition mainly decides the function and appli-
cation of oil products and oils can be applied as biofuels,
biochemical products, and health products with differ-
ent lipid compositions [37-39]. The lipid composition
of hydrophobic raw materials (vegetable oils or waste
oils) varies greatly in nature [40], and thus future work
should pay more attention on the influence of different
raw materials on the composition of final oil products
of combined “de novo” and “ex novo” lipid fermentation
(both intracellular and extracellular lipids). Also, more
hydrophobic materials with different initial lipid com-
positions and structures can be tried for combined “de
novo” and “ex novo” lipid fermentation, and the modifica-
tion on these hydrophobic substrates might offer suitable
lipid composition for potential value-added applications.

Some basic parameters (soybean oil concentration,
inoculum size, initial pH, and adding emulsifier) on lipid
fermentation were initially evaluated to find out the pos-
sible factors that might affect the combined “de novo”
and “ex novo” lipid fermentation, and future work should
consider using more mathematical tools such as response
surface analysis or orthogonal design to optimize the
fermentation parameters especially when this technol-
ogy is used for practical production. Last but not least,
many aspects including cost of substrate, exploitation of
fermentation by-products, and downstream technolo-
gies should be considered for industrial application of
lipid fermentation [2], and even some details such as the
amount of energy (aeration during fermentation, fermen-
tation time, etc.) should be taken into account and com-
pared to plant-based edible oil production cost. More
work should be carried out to reduce the total cost of
lipid fermentation and make this technology more com-
petitive in industry.



Huang et al. Biotechnol Biofuels (2017) 10:147

Conclusions

Overall, the combined “de novo” and “ex movo” lipid
fermentation system containing both hydrophilic and
hydrophobic substrates was successfully built. This study
can offer one potential technology for utilization of sus-
tainable bio-resources of agriculture, food, and other
fields (lignocellulosic biomass, vegetable oils, waste oils,
etc.) for lipid fermentation. Future study should focus on
controlling the cost of this bioprocess using more low-
cost materials as substrates, effect of different substrates
on the product yield and composition, and more precise
optimization of this bioprocess using mathematical tools
in actual application.
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