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Abstract

cultures.

Background: The organic nitrogen source is one of the key factors affecting Mortierella alpina cell growth as well as
arachidonic acid (ARA) production. The aim of the present work is to achieve an optimized recipe of organic nitrogen
source for ARA production by M. alpina by testing four organic nitrogen sources.

Results: In the flasks, the results showed yeast extract or corn steep liquor were the most suitable sole nitrogen
sources for biomass and ARA yield. In the bioreactor, a biomass of 17.5 g L' and an ARA yield of 2.7 g L™" were
achieved when using sole yeast extract, while cell autolysis was induced when using sole corn steep liquor; When
using the combined nitrogen source with corn steep liquor and yeast extract at a 3:7 weight ratio, the biomass and
ARA yield were significantly improved to 37 and 7.8 g L™, respectively.

Conclusions: This work evaluated whether using a mix of organic nitrogen sources could improve ARA produc-
tion when scaling up from a flask to a bioreactor culture. The 3:7 ratio of corn steep liquor to yeast extract was quite
favourable for large-scale ARA production, and as a result, this combination has great potential for improving fungal
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Background

Arachidonic acid (all-cis-5, 8, 11, 14-eicosatetraenoic
acid, ARA) is classified as a polyunsaturated fatty acid
and is an important fatty acid for human nutrition. It is
a direct precursor of several key eicosanoid hormones,
which are important biological regulators. Owing to its
unique biological properties, ARA has been widely used
for a variety of applications in medicine, pharmacology,
cosmetics, the food industry, agriculture, and other fields
(Birch et al. 2000; Dedyukhina et al. 2011).

Traditionally, ARA was extracted from animal livers,
adrenal glands, and egg yolk. These feedstock are read-
ily available; they only contain small amounts of ARA.
Consequently, these feedstock cannot be able to meet
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and indicate if changes were made.

the amazing rising market demand for ARA. There has
recently been an increased interest in using microor-
ganisms to produce ARA (Ratledge 2004; Eroshin et al.
2000). As an alternative source containing a high intracel-
lular content of ARA, the filamentous fungus, Mortierella
alpina, has been extensively studied for ARA production
at various fermentation scales (Peng et al. 2010; Vali et al.
2003). The previous studies reported that cell growth,
total fatty acid and ARA yields were influenced by many
factors, such as cell morphology, carbon and nitrogen
sources, mineral supplementation, and the dissolved
oxygen concentration (Higashiyama et al. 2002; Jang
et al. 2005). Among these parameters, nitrogen source
was reported to be of critical importance in the culti-
vation of M. alpina. However, not all nitrogen sources
enhance cell growth and ARA production equally well
(Lu et al. 2011; Totani et al. 2000). Compared with inor-
ganic nitrogen sources, organic nitrogen sources showed
higher levels of cell growth, total fatty acids and ARA

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-016-0121-9&domain=pdf

Ling et al. Bioresour. Bioprocess. (2016) 3:43

production. Replacement of sodium nitrate by corn steep
liquor (CSL) significantly improved ARA production by
M. alpina ATCC 32222 (Higashiyama et al. 2004). Nisha
and Venkateswaran (2011) also studied the influence of
various nitrogen sources on both the biomass and the
production of ARA by M. alpina. They showed that yeast
extract (YE) produced the maximum biomass (6.8 g L™?)
and highest ARA content in lipids (35.28 %), peptone
produced the highest lipid content in biomass (42.0 %),
and the urea produced the lowest ARA content in lipids
(12.06 %). The previous studies also reported that natural
nitrogen sources had a marked effect on the morphology
of M. alpina in submerged culture (Park et al. 2001) and
that the morphology of the cells had an effect on cellu-
lar enzymes and secondary metabolites. They found that
the morphology of M. alpina cells changed from pelleted
shape to filamentous form. It was suggested that the fluffy
pellet morphology was more suitable for ARA produc-
tion than the smooth pellet or filamentous morphology.

The diversity of available organic nitrogen sources is
important for cell growth and ARA production, so it is
necessary to further study the effect of different nitro-
gen sources on biomass as well as on the ARA yield for
M. alpina. Furthermore, few studies have focused on
adopting a combination of organic nitrogen sources to
M. alpina cultivation. The aim of this work is to achieve
an optimized recipe of organic nitrogen source for ARA
production by M. alpina.

Methods

Microorganism and cultivation conditions

Mortierella alpina LU166 used in this study was a UV
mutation of ATCC 3222, which was obtained from the
American Type Culture Collection (ATCC, Rockville,
USA). It was maintained on potato dextrose agar (PDA)
slants at 4 °C and transferred monthly.

The seed medium contained (g L™'): glucose 30, yeast
extract 4, KH,PO, 2.5 and MgSO,-7H,0 0.3. Inocula
were prepared in 250 mL Erlenmeyer flasks containing
50 mL seed medium. The culture was grown for 72 h at
28 °C in a rotary shaker set at 150 rpm. The fermentation
medium consisted of (g L™?): glucose 60, yeast extract 10,
glutamic acid 1, MgSO,-7H,0 0.1, KH,PO, 0.5, CaCO,
0.05, and vitamin concentrate 1 mL (0.5 mg vitamin B,,,
0.5 mg vitamin H, 1 mg vitamin B,, dissolved in 1 L of
water). The pH of the medium was adjusted to 6.0 before
autoclaving at 121 °C for 15 min. Scale-up batch cultures
were carried out in a 3.6 L bioreactor containing 2 L fer-
mentation medium. The culture was maintained at 28 °C
with 0.5 vvm aeration and 200 rpm agitation. The pH was
maintained at 4—6 in the exponential growth phase and
at 7-8 in the subsequent fermentation period by feeding
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HCI or NaOH automatically. The experimental results
comprise the average of two or three parallel experi-
ments, and the data given in this paper are representative.

Analytical methods

The dinitrosalicylic acid method was used to assay the
glucose concentration (Miller 1959). The biomass of
fungal mycelia was harvested by filtration, washed with
distilled water three times and then dried at 60 °C until
the constant dry cell weight, (DCW) was obtained. The
dried biomass was grinded into powder and used for
extraction of the total lipids, which was determined
gravimetrically. Fatty acid methyl esters (FAMEs) were
prepared as follows: 5 mL 0.5 M KOH-methanol was
added to a tube containing TLs. The tubes were heated
in a water bath at 65 °C for 10 min, after then 5 mL 30 %
BF;-ether was added. The tubes were then heated in
a water bath at 65 °C for 30 min again, and then 5 mL
hexane was added when the tubes cooled down to room
temperature. It was settled for separation of two phases
after adding 1 mL saturated sodium chloride solution for
preventing emulsification. The upper phase containing
FAMEs was applied to a gas chromatograph (Agilent GC
7890, USA) equipped with a 100 m x 0.25 mm capillary
column (SP™-2560, USA). The column was increased
from 140 to 240 °C at 3 °C/min and then maintained at
240 °C for further 30 min. The temperature of the injec-
tor and detector were both set at 260 °C, and nitrogen
was used as the carrier gas at 20 cm/s. The quantity of
ARA was estimated from the peak areas on the chroma-
togram using docosahexaenoic acid methyl ester as an
internal standard.

The experimental design

Based on the literature (Lu et al. 2011; Nisha and Ven-
kateswaran 2011), four types of organic nitrogen sources
(YE, peptone, soybean meal, and CSL) were first tested
individually in the flask culture at a concentration of
10 g L™! to determine the optimal single nitrogen source.
Then, the chosen optimal single nitrogen source was
studied in the bioreactor culture to investigate its scale-
up effect on ARA production. According to the results of
the bioreactor culture using the sole nitrogen source, the
proper nitrogen source mix based on the different weight
ratios was tested for improving cell growth and ARA pro-
duction from the flask culture to the bioreactor culture.

Results and discussion

Effect of a single nitrogen source on ARA production in the
flask culture

Table 1 revealed that different type of nitrogen source
in the cultivation media had a profound significant
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Table 1 Effects of nitrogen sources on DCW, total lipids,
ARA yield and mycelial morphology of M. alpina

Nitrogen YE Peptone Soybean CSL

source meal

DCW (g L7 135+£015 65+£035 142 £0.23 15+0.14

Residual glu- 534028 281+£13 94+ 06 054024
cose (gL

Lipids (g L™") 28+025 1.2+£031 2.6 +045 394026

ARA (L™ 13£013 006£0.15 094022 194022

Lipid/DCW 218+£053 162£231 176+£042 264 +£0.16
(w/w, %)

ARA/DCW 10.1£032 089+£162 64+£0.16 13.1£042
(w/w, %)

ARA/lipid 4654013 53+£1.54 345+£0.12 49.1+£036
(w/w, %)

Mycelial mor-  Pellet Filamentous Pellet Pellet
phology

effect on cell growth, ARA production and mycelial
morphology. CSL gave the maximum biomass and
ARA vyield in the culture, which also has the lowest
residual glucose content at the end of fermentation. A
slightly lower biomass and ARA yield were obtained in
the medium containing YE, which is a typical nitrogen
source for the cultivation of microorganisms, owing
to the presence of metal ions and required micronu-
trients vital for the growth of microorganisms (Lan
et al. 2002; Sakuradani et al. 2004). It is also showed
that a high ARA percentage, as a fraction of total
lipids (approximately 46 %), could also be obtained in
medium supplemented with either CSL or YE as the
sole nitrogen source. Although the medium containing
soybean meal was favourable for cell growth, lipid and
ARA production were much lower than that contain-
ing YE or CSL. This might be due to that soybean meal
contains insoluble components which are not benefi-
cial for the accessibility of cells. Table 1 also showed
that peptone was unfavourable for M. alpina strain
in this study. There was the highest residual glucose
in the medium containing peptone, which limited the
cell growth and almost totally inhibited the produc-
tion of ARA. In addition, it was observed that pep-
tone induced filamentous forms of mycelia during the
cultivation process, whereas the other three nitrogen
sources induced the formation of fluffy pellets. The
former morphology correlates with a small ARA yield,
and the latter morphology correlates with a consider-
ably higher productivity of ARA. This result indicated
that the fluffy pellet morphology was beneficial for the
production of ARA, which is in agreement with previ-
ous studies (Higashiyama et al. 2002; Lu et al. 2011).
Taking all factors into consideration, YE and CSL were
chosen as the most suitable nitrogen sources for M.
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alpina scale-up culture, among the nitrogen sources
tested.

Effect of a single nitrogen source on ARA production in the
bioreactor culture

The culture of M. alpina was scaled up based on the
results of the flask culture. When using YE as the sole
nitrogen source, the mycelia of M. alpina grew normally
in the bioreactor, and the morphology was maintained in
a pellet form throughout the cultivation, similar to that
in the flask culture, which is favourable for ARA produc-
tion. The results in Fig. 1 showed that cells reached the
maximum concentration at 108 h, which is an increase of
29.6 % over that of the flask culture. Total lipids and ARA
achieved the maximum concentrations at 156 h, which
individually increased by 114.3 and 107.7 %. Figure 1
also showed there was a high concentration of residual
glucose (approximately 37 % of the original glucose con-
centration) in the fermentation broth, which means the
carbon source in this medium could not be efficiently
used to improve cell growth. It has been proven that the
residual glucose level can affect the intracellular metab-
olite productivity (Shang et al. 2003), so the uptake of
glucose should be enhanced in the fermentation. These
results suggested that YE has a positive effect on the
scale-up of cultures of M. alpina, especially with respect
to lipid and ARA accumulation.

When CSL was used as the sole nitrogen source in the
bioreactor, the painful problem of cell autolysis occurred
during the culturing process of M. alpina. It was found
that the cell morphology was filamentous, which was
unfavourable for ARA production. CSL, as one type of
quick-acting nitrogen source, was consumed so fast that
it may have disturbed the consumed C/N ratio balance.
A proper consumed C/N ratio also influences cell growth
and lipid accumulation in the culture of M. alpina (Koike
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Fig. 1 Profiles of glucose concentrations, DCW, total lipids and ARA

yield in a 3.6-L bioreactor by M. alpina cultured in the medium using

yeast extract as the sole nitrogen source. Black square, glucose; black
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et al. 2001). However, the results in Table 1 showed that
when CSL was used as the sole nitrogen source in flask
culture, biomass, lipid and ARA yields were the highest,
especially the ARA content in lipid. These results indi-
cated CSL was more favourable for ARA production. In
view of the results of the flask culture and the bioreac-
tor culture, the combined nitrogen sources of CSL + YE
were considered for the following experiment.

Effect of combined nitrogen sources on ARA production

in the flask culture

As mentioned in the preceding section, a combination
of nitrogen sources (CSL and YE) in shaking cultures
were first tested. On the basis of several previous reports
(Nisha and Venkateswaran 2011) and our experimen-
tal results, it is considered that the suitable substrate
concentration as the nitrogen source in the medium is
10 g L. The different weight ratios of CSL and YE that
were used ranged from 10:0 to 0:10. Figure 2 showed that
the biomass, total lipids and ARA yield obtained from the
culture using 7 g L™ CSLand 3g L' YEor 3 g L™ CSL
and 7 g L™! YE were all higher than those obtained from
the other combination cultures. Therefore, the combina-
tion of 7 g L™! CSL and 3 g L™! YE as well as of 3 g L ™!
CSL plus 7 g L™! YE were chosen as the mixed nitrogen
sources for the bioreactor culture.

Effect of combined nitrogen sources on ARA production

in the bioreactor culture

Considering there is the risk of cell autolysis in the cul-
tures with high concentrations of CSL, the ratio of CSL
to YE of 3:7 was chosen as the first combination to test in

Il pcw
V7] Total lipids

25

Yield (g/L)

8:2 73

10:0 9:1

CSL:YE (w/w)
Fig. 2 DCW, total lipids and ARA yield in shaking culture using a

different weight ratio of CSL and YE. - DCW; 7] Total lipids;

L ARA yield
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the bioreactor culture. It was found that M. alpina grew
well without cell autolysis during the fermentation pro-
cess and the mycelial morphology was also maintained
in a fluffy pellet form throughout the culture period.
Further details were shown in Fig. 3; Table 2. The change
curves of residual glucose also showed that almost all
the glucose was exhausted when using CSL + YE cul-
ture (the bioreactor culture using 3 and 7 g L™ YE as the
combined nitrogen source), while a significant amount of
glucose was still unconsumed at the end of fermentation
in YE culture (the bioreactor culture using YE as the sole
nitrogen source, Fig. 1). It is indicated that CSL enhanced
the accessibility of glucose to cells in the culture con-
tained CSL + YE. As the amount of glucose consumed
increased, the biomass achieved the highest concentra-
tion of 37 g L™ at 108 h, the increase of which is approxi-
mately 111 % higher than that obtained from YE culture.
As previously mentioned, CSL plays a key role during
the early fermentation period by providing a nitrogen
source for fast cell growth, and YE plays a main role dur-
ing the late fermentation period for keeping normal cell
growth and ARA accumulation (Wynn et al. 2001). The
total lipids and ARA concentration were also significantly
increased by 167-189 % higher than that obtained from
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Fig. 3 Profiles of glucose concentrations, DCW, total lipids and ARA
yield in a 3.6-L bioreactor by M. alpina cultured in the medium using
the combination of organic nitrogen sources containing 3 g L~ corn
steep liquor and 7 g L™ yeast extract. Black square, glucose; black
circle, DCW; black star, total lipids; black up-pointing triangle, ARA yield

Table 2 Parameters of DCW, total lipids, ARA yield of M.
alpina cultivated with different nitrogen source in the
3.6-L bioreactor fermentation

Nitrogen source YE CSL:YE (3:7) Increment (%)
DCW (g L™ 1754047 370+ 1.1 11
Lipids (g L") 604025 160+£054 167
ARA (L™ 27402 78404 189
Lipid/DCW (w/w, %)  3434£032 4324063 26
ARA/DCW (w/w, %) 1544028 2114052 37
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YE culture, respectively. The lipid content and ARA con-
tent in DCW were also individually improved to 43.2 and
21.1 %, which were higher than those contents in the YE
culture, as shown in Table 2. It is revealed that the com-
bined nitrogen source of the ratio of CSL to YE of 3:7 led
to an obvious enhancement in cell growth, lipid and ARA
production by M. alpina.

CSL is a nitrogen source that contains abundance of
soluble proteins micronutrients, both of which can be
used rapidly by microorganisms to promote cell growth.
YE would be accessed slowly. As a result, cells can be sup-
plied nutrition continually, which in turn helps prevent
cell autolysis, a phenomenon caused mainly by a C/N
ratio imbalance. As presented in Figs. 1 and 3, the cell
growth reached 22 g L™! at 48 h when using CSL + YE,
which was higher than the highest value of 17.5 g L™
obtained at 96 h using YE only. Furthermore, at 48 h, 59 %
of total biomass had been produced in CSL + YE culture,
while only 40 % of total biomass had been obtained in YE
culture. The time courses of the lipid and ARA accumu-
lation show that the lipid and ARA reached their high-
est concentrations at 144 h in CSL + YE culture, which
was 12 h earlier than when peak concentrations reached
in YE culture. This result indicated that CSL + YE culture
can shorten cultivation duration, which is favourable for
large-scale production.

In the other culture, which had a CSL:YE ratio of 7:3,
it was found that M. alpina grew well in the incipient
stages of fermentation but the cells still underwent autol-
ysis quickly on the 3rd day and onward (Figure omitted).
It was concluded that the bioreactor provided a better
environment for M. alpina growth than the culture flask.
When the percentage of CSL was higher than YE in the
medium, most of the nitrogen source was consumed
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rapidly and the C/N ratio was disturbed. Consequently,
the cells underwent autolysis because of insufficient
nutrition.

The present results were compared with those of previ-
ous studies by others, which are summarized in Table 3.
To the best of the authors’ knowledge, during batch cul-
tures, only one 7.5 L bioreactor cultivation of M. alpina
R807 after 7 days was reported to produce a higher ARA
yield (8.29 g L™!) than our work, which applied a novel
membrane gas distributor to provide sufficient oxygen
in the culture. Among fed-batch cultures, three stud-
ies obtained higher ARA concentration than the results
reported here, typically by combining glucose feed-
ing with other strategies to improve ARA production.
These studies with fed-batch cultures provided us with
a significant amount of information and insight regard-
ing how to further enhance the culture of M. alpina in a
bioreactor.

Conclusions

The experimental results indicate that YE and CSL are
favourable for the morphology of M. alpina LU 166 to
form the fluffy circular pellets, which is linked to high
biomass and ARA yields. And the combined nitrogen
source containing 3 g L™ CSL and 7 g L™ YE was found
to be the most suitable composition to avoid cell autolysis
and promote high cell density and ARA production dur-
ing scale-up of the culture in the bioreactor. The corre-
sponding biomass and ARA yield are 37.0 and 7.8 g L™},
respectively. In addition, extensive efforts, including
research on the mechanism of morphology formation
and on fed-batch culture strategies (including glucose
and nitrogen source feeding), are in progress to facilitate
the large-scale industrial ARA production.

Table 3 Comparison of ARA production of M. alpina reported in the literatures

Strain Culture mode Fermentor volume (L) Culture time (d) ARAYyield(g L-" Reference

LMP 301 Batch 30 8 45 Eroshin et al. (2000)
DSA-12 Batch 12 6 48 Hwang et al. (2005)
UW-1 Batch 20 6 5.5 Li etal. (1995)
ME-AAO1 Batch 5 7 58 Luetal (2011)
R807 Batch 75 7 8.29 Nie et al. (2014)
R807 Fed-batch 7.5 7 6.7 Jietal (2014)

D20 Fed-batch 250-mL flask 8 6.82 Lietal (2015)

Mé Fed-batch 250-mL flask 8 7.74 Zhu et al. (2006)
ATCC32222 Fed-batch 250-mL flask 11 11 Singh and Ward (1997)
DSA-12 Fed-batch 12 125 18.8 Hwang et al. (2005)
ME-1 Fed-batch 5 11 19.8 Jinetal. (2008)
LU166 Batch 36 6 78 This study
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