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Abstract The fermentation characteristics of Mortierella alpina were investigated in
response to various nitrogen sources. Influences on nitrogen source and glucose uptake rate,
mycelial morphology of M. alpina, and pH of medium in relation to different nitrogen
sources were discussed. Effects of different nitrogen sources on cell growth, fatty acid
composition, arachidonic acid (ARA), and total lipid concentration were also evaluated. It
revealed that the maximum nitrogen source uptake ratio was obtained when corn steep liquor
was used as nitrogen source. When yeast extract was used as the sole nitrogen source, glucose
was completely exhausted at the end of fermentation. The maximum dry cell weight obtained
from medium with yeast extract as nitrogen source had the highest total lipid concentration.
Sodium nitrate was the favorable nitrogen source for ARA accumulation, and the highest ARA
percentage in total fatty acids was obtained, 35.9%. Urea was identified as the favorable
nitrogen source for ARA production, the highest ARA concentration obtained from urea was
5.8 g/l. Compared with inorganic nitrogen sources, organic nitrogen compounds are favorable
for both cell growth and total lipids accumulation.

Keywords Arachidonic acid .Mortierella alpina . Nitrogen source . Fermentation
characteristics

Introduction

Polyunsaturated fatty acids (PUFAs) have been more attractive recently as a result of
their biological activities and clinical effects, they have been more attractive recently
due to their biological activities and clinical effects [1–4]. Arachidonic acid (cis-5, 8, 11,
14-eicosatetraenoic acid, ARA), as a representative ω-6 PUFA, is important as a natural
constituent of biological membranes and a precursor for numerous eicosanoids such as
prostaglandins, thromboxanes, and leukotriens [5]. There has recently been increasing
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interest in the production of ARA because of its unique biological activities [6–8]. Since
Mortierella alpina is widely used for ARA production, this organism was selected for a
study of the biochemical basis of ARA formation [9]. The major obstacle for large-scale
ARA production by M. alpina is the relatively high cost, which is expected to be solved
by increasing the dry cell weight (DCW) while keeping relatively high ARA percentage
in total fatty acids and reducing the fermentation cost.

Nitrogen sources are very important chemical compounds in the cultivation of M. alpina.
They can use a wide variety of nitrogen sources; however, not all nitrogen sources support
cell growth and ARA production equally well. Compared with other inorganic nitrogen
sources, sodium nitrate and potassium nitrate as the sole nitrogen source showed a high cell
growth, total PUFAs, and ARA production [10]. Replacement of sodium nitrate with corn
steep liquor (CSL, 1% w/v) significantly improved the ARA production of M. alpina ATCC
32222 [11]. Most of the previous works have proven that yeast extract was favorable for cell
growth, but not for ARA production by M. alpina, and it was not an effective nitrogen
resource for large-scale industrial ARA production because of its relatively high cost [12, 13].

Influences of nitrogen sources on oleaginous microorganisms have been widely
investigated. Sodium nitrate cannot only stimulate cell growth but also be considered as
the favorable nitrogen source for lipid accumulation of Neochloris oleoabundans [14]. It
has also been reported that certain oleaginous yeast accumulated more lipid when an
organic nitrogen source rather than an inorganic nitrogen source was used [15, 16]. Urea
and sodium nitrate as the sole nitrogen source, respectively, could increase the intracellular
ergosterol content, but sodium nitrate inhibited the growth of yeast considerably; CSL,
yeast extract, and ammonium sulfate could prompt cell growth, but reduced intracellular
ergosterol content [17].

The diversity of available nitrogen sources in the fermentation medium is important both
for cell growth and ARA accumulation in M. alpina. However, there are few systematic
studies reported in the literature regarding the application of different nitrogen sources for
ARA production. It is therefore of both academic and practical relevance to investigate the
effects of different nitrogen sources on the cell growth, total lipid, and ARA production. In
this paper, we investigated nitrogen source and glucose uptake rate, mycelia morphology
and the pH of medium under the condition of using different nitrogen sources, and the cell
growth, ARA percentage in total fatty acids, fatty acids composition, total lipids, and ARA
concentration of M. alpina in response to different nitrogen source were also discussed.
This study was useful for how to select nitrogen sources for efficient ARA production.

Materials and Methods

Microorganism

M. alpina ME-AA01 (CCTCC M 207067), preserved in the China Center for Type Culture
Collection (CCTCC), was used in the present study. It was maintained on potato dextrose
agar (PDA) slants at 4 °C and transferred every 3 months.

Culture Media and Cultivation Methods

Inoculum medium (g/l): glucose 30; yeast extract 6; KH2PO4 3; NaNO3 3; MgSO4·7H2O
0.5. Fermentation medium (g/l): glucose 100; KH2PO4 3.8; MgSO4·7H2O 0.5. The single
nitrogen source was: sodium nitrate, potassium nitrate, ammonium nitrate, ammonium
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chloride, ammonium nitrate, yeast extract, CSL, and urea. On an equivalent nitrogen basis,
other nutrients concentration in culture medium in each test was the same. The media were
autoclaved at 115 °C for 30 min. Inocula were prepared in 250 ml baffled flasks containing
50 ml medium. The culture was grown for 3 days at 25 °C with shaking at 120 rpm. Then
5 l bioreactor (New Brunswick Scientific, USA) containing 3 l fermentation medium was
incubated at 25 °C, agitation speed 120 rpm, and pH 6.0. To investigate the pH of
cultivation medium under different nitrogen sources, the pH was first set as 6.0 and was not
controlled during the fermentation process. The cultivation time in the experiments ranged
from 0 to 168 h as indicated. Samples were taken periodically for analysis.

Analytical methods

DCWwas determined gravimetrically. Glucose concentration was measured by a biosensor with
glucose oxidase electrode (Institute of Biology, Shandong Academy of Sciences SBA-40 C).
Total lipids were extracted with chloroform/methanol (2:1, v/v) following the method of Bligh
and Dyer [18]. Fatty acids were methylated by boron trifluoride in methanol according to the
method of Metchalfe and Schmitz [19]. Fatty acid methyl esters were determined using a gas
chromatography–mass spectrometry Thermo Finnigan TRACE DSQ [20]. The degree of
unsaturation (Δ/mol) in the lipid fraction was calculated by the method of Kates [21], according
to the formula: Δ/mol=[1.0 (% monoene)+2.0 (% diene)+3.0 (% triene)+4.0 (% tetraene)+5.0
(% pentaene)]/100. The nitrogen concentration in media was determined using alkaline
potassium persulfate digestion and ultraviolet spectrophotometer according to the China
Standard GB 11894-89 method.

Results

Effects of Different Nitrogen Sources on the Uptake Ratio of Nitrogen and Glucose

Single-factor experiments with triplets were carried out to investigate the nitrogen source uptake
ratio (residual nitrogen source concentration to initial nitrogen source concentration ratio,%) and
glucose uptake ratio (residual glucose concentration to initial glucose concentration ratio,%) by
M. alpina cultured with different organic nitrogen sources (CSL, yeast extract and urea) and
different inorganic nitrogen sources (sodium nitrate, potassium nitrate, ammonium sulfate,
ammonium nitrate, and ammonium chloride). Figure 1 shows nitrogen source and
glucose uptake ratio in relation to different nitrogen sources. The nitrogen source uptake
ratio with organic nitrogen sources was higher than that of inorganic nitrogen sources.
The maximum nitrogen uptake ratio (75.2%) was obtained when CSL was used as the
sole nitrogen source; however, its glucose uptake ratio was only 37.3%, lowest among
three tested organic nitrogen sources (yeast extract, CSL, and urea). The maximum
glucose uptake ratio (100%) was obtained using yeast extract as the sole nitrogen source,
indicating that glucose was exhausted at the end of fermentation. The difference in
nitrogen uptake rate among sodium nitrate, potassium nitrate, ammonium sulfate,
ammonium nitrate, and ammonium chloride was small, varying from 34.0% to 32.4%.
However, there was significant difference in glucose uptake ratio among five tested
inorganic nitrogen sources (sodium nitrate, potassium nitrate, ammonium sulfate,
ammonium nitrate, and ammonium chloride), and the glucose uptake ratio of three
ammonium salts (ammonium nitrate, ammonium chloride, and ammonium sulfate) was
lowest among the tested nitrogen sources. These results suggest that, with different
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nitrogen compounds as the sole nitrogen source, nitrogen source depletion was not in
parallel with glucose depletion.

Effects of Different Nitrogen Sources on Cell Growth, ARA, and Total Lipid Production

Dynamic courses of cell growth and ARA percentage in total fatty acids obtained with different
nitrogen sources are shown in Fig. 2. According to Fig. 2a, it was obvious that yeast extract,
urea, CSL, sodium nitrate, and potassium nitrate could bring positive effect on cell growth,
and the DCW kept increasing throughout the cultivation process. When yeast extract was
used as the sole nitrogen source, the fungi grew faster in the early stage of cultivation, the
DCW increased rapidly during the first 72 h, and then reached peak (29.8 g/l) after 168 h,
whichwas 1.2 and 1.6 times of that obtained from urea andCSL, respectively. TheDCWobtained
from urea increased slowly for the first 120 h and then more rapidly reached 25.7 g/l after 168 h.
When sodium nitrate was used as the sole nitrogen source, the DCW increased to 17.5 g/l after
168 h, which was higher than that obtained from potassium nitrate (15.8 g/l). On the other hand,
the DCWobtained from ammonium salts nearly did not increase during the whole fermentation
process. The least DCW obtained with ammonium nitrate was only 0.7 g/l. According to the
dynamic analysis of growth curve of M. alpina with different nitrogen sources, the final DCW
obtained from organic nitrogen sources was higher than that obtained from inorganic nitrogen
sources, and yeast extract was considered as the most favorable nitrogen source for cell growth
of M. alpina.

Different kinds of nitrogen sources not only affect cell growth but also affect ARA
accumulation. As shown in Fig. 2b, the ARA percentage in total fatty acids obtained from
yeast extract, urea, CSL, sodium nitrate, and potassium nitrate kept increasing throughout
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the whole cultivation process. The ammonium salts brought negative effect on ARA
percentage in total fatty acids and showed a decreasing tendency throughout the whole
cultivation process. The ARA percentage in total fatty acids obtained from sodium nitrate
increased rapidly after 120 h and then slowly reached to peak (35.9%) after 168 h, which
was 3.1, 3.8, and 3.5 times of that obtained from ammonium nitrate, ammonium chloride,
and ammonium sulfate, respectively. When urea was used as the sole nitrogen source, the
ARA percentage in total fatty acids slowly increased to 34.1% after 168 h, which was 1.1
times of that obtained from yeast extract and CSL, respectively. These results suggested that
sodium nitrate was the favorable nitrogen source for ARA accumulation by M. alpina.

Table 1 illustrates the fatty acids composition obtained with different nitrogen sources.
When sodium nitrate was used as the sole nitrogen source, the proportion of dihomo-γ-
1inolenic acid (C20:3) in total fatty acids were lowest compared with other fatty acids. The
maximum proportion of γ-linolenic acid (C18:3) in total fatty acids (29.2%) was obtained
from ammonium sulfate, followed by ammonium nitrate, 29.1%. The highest degree of
unsaturation of fatty acids obtained from sodium nitrate was 2.0, which indicated that using
sodium nitrate as the sole nitrogen source could achieve a reasonably good degree of
unsaturation. When ammonium chloride was used as the sole nitrogen source, the
proportion of stearic acid (C18:0) was higher than that obtained from other nitrogen
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sources. The lowest degree of unsaturation of fatty acids was obtained from ammonium
chloride (1.4). The proportion of ARA in total fatty acids obtained from ammonium salts
was obviously lower than that of other fatty acids, and the degree of unsaturation of fatty
acids was also obviously lower than that of other nitrogen sources. Using yeast extract as
the sole nitrogen source, the proportion of palmitic acid (C16:0), C18:0 and oleic acid
(C18:1) in total fatty acids were relatively higher than other fatty acids, and the proportion
of ARA in fatty acids was obviously lower than that obtained from sodium nitrate,
potassium nitrate, CSL, and urea. The proportion of C18:3 and C20:3 in total fatty acids
were lower than that of other fatty acids when urea was used as the sole nitrogen source.

ARA and total lipid concentration of M. alpina cultivated with different nitrogen sources
are shown in Fig. 3. The maximum ARA concentration (5.8 g/l) was obtained with urea,
which was 1.3 and 1.5 times of that obtained from yeast extract and CSL, respectively.
Among five tested inorganic nitrogen sources (sodium nitrate, potassium nitrate, ammonium
nitrate, ammonium sulfate, and ammonium chloride), the maximum ARA concentration
(3.9 g/l) was obtained from sodium nitrate, which was 6.7, 7.2, and 7.2 times of that obtained
from ammonium nitrate, ammonium chloride, and ammonium sulfate, respectively. Figure 3
shows that the total lipids concentration obtained from organic nitrogen sources was higher
than that obtained from inorganic nitrogen sources. The maximum total lipid concentration
(21.6 g/l) was obtained from yeast extract, which was 1.2 and 1.7 times of that obtained from
urea, and CSL, respectively. The difference in total lipids between sodium nitrate and
potassium nitrate was small, varying from 12.2 to 11.7 g/l. The total lipids concentration
obtained from three tested ammonium salts was obviously lower than that of other tested
nitrogen sources, the lowest total lipids concentration was obtained from ammonium sulfate,
4.1 g/l. These results demonstrated that the ammonium salts was not favorable for lipid
synthesis and caused the lowest total lipids concentration.

Mycelial Morphology and Medium pH in Response to Different Nitrogen Sources

The morphology of a culture is considered to affect enzymes and secondary metabolites,
and the morphology of M. alpina could vary between circular pellet and radial filamentous
forms during cultivation process. It has been reported that changes in morphology were
affected by, for example, culture media and environmental parameters such as pH, aeration,

Table 1 Fatty acid composition of M. alpina ME-AA01 cultured with different nitrogen sources

Nitrogen source Fatty acids composition (%) Degree of unsaturation (Δ/mol)

C16:0 C18:0 C18:1 C18:3 C20:3 C20:4 Others

NaNO3 13.0 7.8 16.5 14.0 1.2 35.9 11.6 2.0

KNO3 14.3 7.1 15.9 11.3 1.1 31.8 18.5 1.8

NH4NO3 4.2 25.2 10.4 29.1 1.2 11.5 18.4 1.5

NH4Cl 3.0 29.7 11.9 28.3 1.4 9.4 16.3 1.4

(NH4)2SO4 3.2 29.5 11.0 29.2 1.5 10.4 15.2 1.5

YE 22.6 22.9 26.4 3.9 2.3 21.4 0.5 1.3

CSL 18.0 6.5 20.2 0.5 2.4 32.2 20.2 1.6

Urea 4.3 4.2 16.5 1.2 0.8 34.1 38.9 1.7

C16:0 Palmitic acid, C18:0 stearic acid, C18:1 oleic acid, C18:3 γ-linolenic acid, C20:3 dihomo-γ-linolenic
acid, C20:4 arachidonic acid
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and stirring speed [22, 23]. The circular pellet type was obtained in the cases of using
sodium nitrate, potassium nitrate, yeast extract, CSL, and urea as nitrogen source,
respectively. On the other hand, radial filamentous form of mycelia was obtained from
ammonium nitrate, ammonium chloride, and ammonium sulfate (Fig. 4).
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Figure 5 shows the pH profiles of the culture in response to different nitrogen sources.
There was little difference in the initial pH among five tested inorganic nitrogen sources
(sodium nitrate, potassium nitrate, ammonium chloride, ammonium sulfate, and
ammonium nitrate). When sodium nitrate and potassium nitrate were used as the sole
nitrogen source, the pH kept increasing during the whole period of cultivation, and the
final pH were 7.5 and 7.7, respectively. However, the pH of the ammonium salts
significantly decreased after 24 h. With ammonium nitrate as the sole nitrogen source,
the pH almost did not change from 24 to 168 h, and the finial pH was 2.8. When
ammonium chloride and ammonium sulfate were used as the sole nitrogen source, the
pH was constant from 24 to 120 h, and significantly decreased from 120 to 144 h,
respectively, then nearly kept constant until the end of fermentation, and the final pH
was 2.2 and 2.3, respectively.

When urea was used as the sole nitrogen source, the pH significantly decreased during
the first 48 h, and then slowly increased to 5.7 till the end of fermentation. The initial pH of
medium containing yeast extract was lower than that of urea; the pH significantly decreased
for the first 72 h, increased rapidly from 96 to 120 h, then slowly increased to 5.0 after
168 h. With CSL as the sole nitrogen source, the initial pH of medium was lowest among
three tested organic nitrogen sources, then pH slowly decreased from 0 to 72 h and
increased to 6.3 till the end of cultivation.

Discussion

Sodium nitrate and potassium nitrate were selected to represent nitrate. Ammonium
nitrate, ammonium chloride, and ammonium sulfate were selected to represent
ammonia. Yeast extract and CSL are common organic nitrogen sources for
microorganism fermentation. Both of them can act not only as the nitrogen sources
but also as amino acid, vitamin, growth factor, and salt [17]. On an equivalent
nitrogen basis, urea is cheaper than yeast extract and CSL. In addition, its nitrogen
content is higher than that of yeast extract and CSL. It would be interesting to further
investigate the effect of other nitrogen sources on cell growth, ARA, and total lipid
production of these fungi.
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The DCW and total lipids obtained from organic nitrogen source were higher than that
obtained from inorganic nitrogen source, suggesting that M. alpina hardly assimilate
inorganic nitrogen source and require amino acid or protein for cell growth and total lipid
accumulation. It has been known that organic nitrogen source has a higher stimulating
effect on the lipid synthesis in some oleaginous yeast as inorganic nitrogen source [24].
Organic nitrogen source substrates of a complex chemical structure supported an intensive
lipid accumulation, and the nature of the nitrogen source influences the amount and the
composition of M. alpina CCF 185 lipid produced [25].

ARA is not a nitrogenous compound and its content in cell is mainly influenced by
nitrogen source. Nitrogen sources are essential chemical compounds for M. alpina cell
growth, for they require amino acid and protein to obtain a certain amount of DCW [13].
Lipid accumulation is only favored by a fixed range of carbon to nitrogen (C/N) ratio, and
C/N ratio also influences ARA production in the culture of M. alpina [26]. The optimal C/N
ratio for ARA production was around 15–20 in a culture of M. alpina CBS 754.68 [27].
When the C/N ratio was higher than 20, cell growth was inhibited and ARA decreased due
to nitrogen limitation [13]. In our study, the glucose concentration was fixed and constant,
the nitrogen source concentration of different nitrogen source medium was equivalent to
each other, and the C/N ratio was approximately 19.8. However, the DCW, total lipid, and
ARA concentration were obviously different among these tested nitrogen sources. It was
clear that this effect was not caused by C/N ratio.

As mentioned above, glucose uptake ratio and ARA percentage in total fatty acids
obtained from yeast extract, urea, CSL, sodium nitrate, and potassium nitrate were
higher than that obtained from ammonium salts. These results suggest that, under
exhaustion of glucose from the medium, ARA synthesis occurred at the expense of the
other fatty acids in the intracellular lipid pool. Intensive ARA accumulation was
accompanied by a decrease in the amounts of saturated fatty acids and unsaturated
ARA precursors. This result was in accordance with previous study [28]. The difference
in nitrogen source uptake rate among the five tested inorganic nitrogen sources was small.
It could be assumed that the lowest DCW, ARA, and total lipids concentration obtained
from ammonium salts were not caused by nitrogen source uptake ratio. It has been known
that the cell stopped growing mainly because of carbon source limitation and,
consequently, inefficient energy source and carbon source needed for cell growth [29].
The glucose uptake ratio of three tested ammonium salts was lower than that of other
tested nitrogen sources, and it seems to be reasonable to assume that the lower
glucose uptake ratio could be the factor that inhibited cell growth of M. alpina. The
cell growth was related to glucose depletion. The higher glucose uptake ratio was, the
higher DCW could be obtained at the end of fermentation. In the presence of sufficient
nitrogen source, ARA and total lipid concentration were dependent on glucose
assimilation. From above results, nitrogen source uptake ratio of organic nitrogen
sources was higher than that of inorganic nitrogen sources, and both DCW and total
lipids concentration obtained from organic nitrogen sources were higher than that of
inorganic nitrogen sources. These phenomena could be explained as follows: firstly,
nitrogen is the most commonly reported nutritional limiting factor triggering lipid
accumulation, it hardly assimilated inorganic nitrogen sources for cell growth [13];
secondly, the depletion of nitrogen in the medium evokes a decrease in the intracellular
concentration of AMP, an activator of isocitrate dehydrogenase, and, as a consequence,
an increase in the contents of citrate and isocitrate in the cells; citrate is converted by
adenosine triphosphate: citrate lyase to oxaloacetate and acetyl-CoA, the latter is used
for the synthesis of fatty acids [29].
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It has been proven that nitrogen source affected mycelial morphology and ARA
production of M. alpina CBS 754.68 [30]. Compared with filamentous form obtained from
ammonium nitrate, ammonium chloride, and ammonium sulfate, small pellets were
obtained from other tested nitrogen sources (yeast extract, CSL, urea, sodium nitrate, and
potassium nitrate) that exhibited considerably higher productivity of ARA, which results
from gas dispersion, mass and heat transfer, and homogenization [31, 32].

Throughout cultivation process, the pH of medium containing sodium nitrate and
potassium nitrate increased slowly, and the pH values were maintained in the range of 4.3–
7.5 and 4.3–7.7, respectively. This might be due to the neutral pH in the nitrate salt
amendment. An acidic pH was observed in ammonium salts supplementation, the
metabolism of these three kinds of ammonium salts can contribute to the acidification of
the medium. The pH of yeast extract and urea medium firstly decreased and then increased
to neutral throughout fermentation. The pH drop at first might be due to the accumulation
of organic acid [33].

In conclusion, the present study provides some fermentation characteristics in relation to
different nitrogen sources. Nitrogen source uptake ratio and fatty acid compositions of M.
alpina with different nitrogen sources could provide valuable information as to how to
effectively apply nitrogen sources and select nitrogen sources to enhance ARA
concentration. Although it is suggested that yeast extract could enhance DCW and total
lipids accumulation by M. alpina, the ARA percentage in total fatty acids was lower than
that obtained from urea, sodium nitrate, and potassium nitrate, resulting in lower ARA
concentration. Because of its high cost, it may not be suitable for large-scale industrial ARA
production. When sodium nitrate was used as the sole nitrogen source, the ARA percentage in
total fatty acids was highest, but the DCW and total lipids concentration were lower than that
obtained from yeast extract and urea. So the ARA concentration was lower than that obtained
from yeast extract and urea. When urea was used as the sole nitrogen source, there was little
difference in the ARA percentage in total fatty acids from sodium nitrate. The DCW and total
lipids concentration obtained from urea were significantly higher than that obtained from
sodium nitrate, and urea showed the highest ARA concentration and ARA proportion in total
fatty acids. According to our calculation, when urea was used as the sole nitrogen source, the
cost was lowest among these tested nitrogen source; therefore, it may be an economic nitrogen
resource for large-scale industrial ARA production.
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