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Abstract

The effects of nitrogen sources and nitrogen concentration on the growth and fatty acid contents of the fungus Mortierella
alpina were investigated in this study. The poorest nitrogen source (sodium nitrate) and the best nitrogen source (urea) from
six nitrogen sources were selected and used for cultivation of M. alpina D36 in three nitrogen concentrations (0.05, 0.1 and 0.2
M) for 12 days. Dynamic changes in biomass (dry cell weight), yield, as well as fatty acid composition, proportion and content
were determined during fermentation. The results showed that the growth of M. alpina was markedly influenced by nitrogen
source and nitrogen concentration. With sodium nitrate as nitrogen source (low nitrogen), biomass was significantly higher
than that from the medium- and the high-nitrogen concentrations, and the maximum biomass concentration was 6.42 g L™
However, with urea as nitrogen source, biomass concentration at the medium and high nitrogen concentrations were higher
than that at low nitrogen concentration, and the maximum biomass concentration was 18.19 g L™. Besides, the effect of
nitrogen concentration on fatty acid accumulation in M. alpina varied as a function of nitrogen source. Using sodium nitrate as
nitrogen source, nitrogen concentration had very little effect on the content and yield of total fatty acids and polyunsaturated
fatty acids (arachidonic acid and eicosapentaenoic acid). However, when urea was used as nitrogen source, the contents of
fatty acids at low and medium nitrogen concentrations were significantly higher than those obtained at high nitrogen
concentration. However, the fatty acid yield at low nitrogen concentration was not high due to lower biomass concentration. In
conclusion, nitrogen source and nitrogen concentration greatly affect the growth and fatty acid accumulation in M. alpina, with

medium urea concentration being the most conducive condition. © 2020 Friends Science Publishers
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Introduction

Mortierella alpina, a fungus widely distributed in the soil,
has a strong ability to produce lipids which account for up to
50% of its dry weight (Wang et al. 2013). At present, M.
alpina is used commercially for the production of
polyunsaturated fatty acids (PUFAS), especially arachidonic
acid (Kikukawa et al. 2018). Besides, M. alpina produces
many other polyunsaturated fatty acids, including linoleic
acid, y-linolenic acid, dihomo-y-linolenic acid and
eicosapentaenoic acid (Sakuradani 2010; Tang et al. 2018).
These polyunsaturated fatty acids are very beneficial to
human health,in that they are essential for normal
physiological function (Wiktorowska-Owczarek et al. 2015;
Madsen et al. 2019). Therefore, due to the oil-rich property
and safety of M. alpina (Streekstra 1997; Nisha et al. 2009),
it is considered a very promising producer of arachidonic
acid, and it has attracted the attention of many researchers.
Although M. alpina has been used in the industrial
production of arachidonic acid, optimization of fermentation
conditions so as to increase yield is still the most direct and

effective way for arachidonic acid production (Gu et al.
2018; Zhang et al. 2019). It has been proposed that when
microorganisms are in a suitable environmental conditions
with sufficient nutrition, various cellular metabolisms are
active and in a state of balance. At this stage, cell
metabolism mainly serves to promote cellular growth, while
the lipid content in the cell is maintained at a low level.
However, changes in environmental conditions impair the
metabolic balance in the cell, a situation which is beneficial
for the accumulation of some metabolites (Rattray 1984).
Many factors affect the production of arachidonic acid
through M. alpina fermentation. These factors include
carbon source, nitrogen source, amount of dissolved oxygen,
pH, and temperature. Nitrogen is a necessary nutrient
element for the growth of microorganisms. Nitrogen source
has significant effects on the growth of oleaginous
microorganisms and the accumulation of lipids (Baky et al.
2020; Feng et al. 2020). Nitrogen limitation is a common
strategy for inducing lipid synthesis in lipid-producing
microorganisms (Janssen et al. 2019; Tossavainen et al.
2019). It has been shown that the yield of mono-unsaturated
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fatty acids in Saccharomyces cerevisiae was higher under
nitrogen-limited conditions than that under non-nitrogen
limited conditions (Tang and Chen 2014). Previous studies
have revealed that oil-producing microorganisms begin to
accumulate vast amounts of lipids only when the nitrogen
source is exhausted and the carbon source is sufficient
(Granger et al. 1993; Raimondi et al. 2014).

At present, research on the effect of nitrogen sources on
lipid accumulation in M. alpina focus mainly on the selection
of nitrogen sources and the optimization of fermentation
conditions (Lu et al. 2011; Asadi et al. 2018; Lu et al. 2019).
Studies have shown that the available nitrogen sources for M.
alpina are inorganic and organic nitrogen sources, and the
direction and yield of metabolites are influenced by different
types of nitrogen sources (Stressler et al. 2013; Yu et al.
2018). A study on the effects of eight nitrogen sources on the
characteristics of fatty acids in M. alpina showed that organic
nitrogen sources were more favorable for cell growth and
total lipid accumulation, than inorganic nitrogen sources,
with urea being the most economical nitrogen source for
industrial production of arachidonic acid (Lu et al. 2011).
However, there are limited reports on the effect of nitrogen
concentration on lipid accumulation in M. alpina. Moreover,
different strains of M. alpinamay present distinct demands
for nitrogen. In this study, the effects of six nitrogen sources
(@ammonium chloride, ammonium nitrate, ammonium
sulfate, sodium nitrate, potassium nitrate, and urea) on
the growth and fatty acid accumulation of M. alpine of
M. alpina were investigated. Mortierella alpine D36
was fermented with sodium nitrate and urea as nitrogen
sources under different nitrogen concentrations (0.05, 0.1
and 0.2 M). Dynamic changes in biomass concentration,
nitrogen residue, fatty acid content, and yields of mycelia
were measured during the fermentation. This could provide a
reference for the industrial production of polyunsaturated
fatty acids using M. alpina.

Materials and Methods
Fungal strain

Mortierella alpina D36 was previously isolated from the
soil by the Laboratory of Food Microbiology, Yunnan
Agricultural University, and identified using morphological
and ITS sequences. This fungal strain was maintained on
potato dextrose agar (PDA) slants at 4°C.

Fermentation methods

The mycelia of M. alpina D36 were aseptically picked from
the PDA slant medium and transferred to the inoculum
medium comprised of glucose (30 g L™), yeast extract (6 g
L) KH,PO, (3 g L™, NaNO5(3 g L™) and MgSO,-7H,0
(0.5 g L. The fungus was cultured with shaking at 175 rpm
in Erlenmeyer flasks for 3 days at 20°C. Then, 10-15
mycelium pellets were transferred to the fermentation

medium containing glucose (50 g L), KH,PO, (3.8 g L™),
MgSO,-7H,0 (0.5 g L™?), and a specific nitrogen source
(any of ammonium chloride, ammonium nitrate, ammonium
sulfate, sodium nitrate, potassium nitrate, and urea). The
amount of each nitrogen source was calculated based on 0.1
M nitrogen. Four replicates were carried out with each
nitrogen source. The fungus was cultured in Erlenmeyer
flasks for 12 days at 20°C, with shaking at 175 rpm.

The formula of media

Different sodium nitrate concentrations were used to replace
the nitrogen source in the above fermentation medium at
concentrations of 4.25, 85 and 17 g L™ Similarly, the
nitrogen source in the fermentation medium was replaced
with urea at concentrations of1.5, 3.0and 6.0 g L™. The
nitrogen concentrations in the medium were equivalent to
0.05M, 0.1 M, and 0.2 M, respectively.

Determination of biomass concentration in medium

The mycelia from each fermentation medium were
harvested using vacuum filtration, and washed three
times with distilled water, followed by freeze-drying to a
constant weight. Biomass concentration was expressed
in terms of dry cell weight (DCW) per liter of
fermentation medium.

Determination of nitrogen residue in media

The nitrogen content of the medium was determined using
alkaline potassium persulfate digestion in combination with
ultraviolet spectrophotometry (Sattayatewa et al. 2011).

Analysis of fatty acids

Dry mycelia (50 mg) were added to 1 mL of toluene, 2 mL
of 1% (v/v) sulphuric acid in methanol, and 1 mL of
heptadecanoic acid (1 mgmL™ in hexane). The mixture was
placed in a 50°C-water bath overnight. Then, 5 mL of 5%
(w/v) NaCl was added, followed by two extractions with
hexane. The hexane layer was evaporated with N,, and
the residue was dissolved in 1 mL of hexane for GC-MS
analysis  (Agilent  7890A/5975C). The GC-MS
conditions and methods used were in line with those
reported in a previous report (Gu et al. 2018). The
quantity of each fatty acid component was calculated
from the peak area on the chromatogram using Ci7. ¢ as
the internal standard.

Statistical analysis

Statistical analysis was performed with S.P.S.S. 19.0.
Differences amongst multiple groups were determined using
one-way analysis of variance (ANOVA), followed by
Ducan’s multiple range test. Values of P < 0.05 were taken
as indicative of statistical significance.
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Results

Effects of six nitrogen sources on biomass concentration
of M. alpina

The nitrogen sources had significant effects on the biomass
concentration of M. alpina (Fig. 1). The highest biomass
concentration was 16.9 g L™ when urea was used as the
nitrogen source, followed by biomass concentration from
use of ammonium nitrate (14.6 g L™). However, when the
other four nitrogenous compounds were used as nitrogen
sources, the biomass concentrations were all below 5 g L™,
with sodium nitrate producing the lowest biomass
concentration (2.6 g L™). Therefore, urea was the best
nitrogen source for M. alpina, while sodium nitrate was the
worst nitrogen source.

Effect of nitrogen concentration on biomass of M. alpina

With sodium nitrate or urea as the nitrogen source, the
biomass concentration of M. alpina was gradually increased
time-dependently (Fig. 2). However, when sodium nitrate
was used as the nitrogen source, there were no significant
differences in fungal biomass under different nitrogen
concentrations on the third day of fermentation. As the
fermentation proceeded, M. alpina grew fastest under low
sodium nitrate concentration (Fig. 2A). Furthermore, the
highest biomass was 6.42 g L™, which was significantly
higher than those under medium and high sodium nitrate
concentrations. There was no statistical difference in
biomass concentration between the medium and high
concentrations at each time point of the fermentation, except
for the 12" day.

Using urea as nitrogen source, the biomass values
under the medium concentration condition on the 3", 6",
and 9™ days of fermentation were significantly higher than
those under the low and high concentrations (Fig. 2B).
However, on the 12" day of fermentation, biomass under
high urea concentration condition surpassed that under
medium concentration condition, and reached the highest
value of 18.19 g L™. Moreover, at the same fermentation
time, the biomass resulting from use of organic nitrogen
urea as the nitrogen source was significantly higher than that
resulting from the use of inorganic nitrogen sodium nitrate
as the nitrogen source (Fig. 2A, Fig. 2B). At the 12"day of
fermentation, biomass concentration with urea as the
nitrogen source was 2.83 times higher than that produced
with sodium nitrate as nitrogen source. Therefore, urea was
more suitable for the growth of M. alpina than sodium
nitrate (Fig. 2).

Residual nitrogen in fermentation media during the
growth of M. alpina

In this study, nitrogen consumption by M. alpina depended
on type of nitrogen source and nitrogen concentration in the
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Fig. 1: Biomass concentration of M. alpina cultivated with
different nitrogen sources. Data are expressed as mean + SE of four
replicates. Data with different letters differ significantly (P < 0.05)
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Fig. 2: Biomass concentration of M. alpina cultivated with
different nitrogen concentrations during fermentation. (A) Sodium
nitrate as nitrogen source; (B) urea as nitrogen source. Data are
expressed as mean = SE of four replicates. Data with different
letters differ significantly (P < 0.05)

media (Fig. 3). When sodium nitrate was the nitrogen
source, nitrogen was slowly consumed by M. alpina. At the
end of the fermentation, the nitrogen in the media with three
concentrations of sodium nitrate (0.05, 0.1 and 0.2 M) was
not depleted (Fig. 3A). Nitrogen consumption in the media
with the low concentration of sodium nitrate was 0.035 M,
which was 2.33 times higher than nitrogen consumption at
the high concentration of sodium nitrate.
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When urea was used as the nitrogen source to cultivate
M. alpina, nitrogen content in the media decreased sharply
with time (Fig. 3B). At the low urea concentration of 0.05 M,
nitrogen in the media was depleted on the 9" day. At the
medium urea concentration of 0.1 M, the nitrogen
consumption was 0.093 M at the end of fermentation,
whereas, at a high nitrogen concentration of 0.2 M, the
nitrogen consumption was 0.14 M at the end of the
fermentation. Correlation analyses showed that, irrespective
of whether sodium nitrate or urea was used as the nitrogen
source, the biomass concentration of M. alpine was
significantly positively correlated with nitrogen consumption
(Pearson correlation coefficient r = 0.816, n = 48, P < 0.001
for sodium nitrate; r = 0.903, n = 48, P <0.001 for urea).

Effect of nitrogen concentration on the proportion of
fatty acids in M. alpina

M. alpina D36 was cultured with different concentrations of
nitrate or urea for 12 days. The fatty acid profiles of M.
alpina cultured with different nitrogen concentrations are
shown in Table 1. At different concentrations of the same
nitrogen source, the fatty acid profiles did not differ much,
except for the lack of lignoceric acid (C24:0) in the
medium- and high-concentration sodium nitrate media.
Monounsaturated fatty acid C24:1 was increased in mycelia
when urea was used as the nitrogen source, when compared
with sodium nitrate. Arachidonic acid was the most typical
and the most abundant fatty acid in M. alpina.

With sodium nitrate as the nitrogen source, the level of
arachidonic acid in total fatty acids fluctuated between
19.13 and 33.77%. At low sodium nitrate concentration,
arachidonic acid level gradually decreased with
fermentation time, but it was highest (27.54%) on the third
day. Nevertheless, at the medium and high concentrations of
sodium nitrate, the level of arachidonic acid first increased,
and then decreased. Moreover, the arachidonic acid at the
middle concentration of sodium nitrate reached a maximum
level of 33.77% on the 6™ day of fermentation. At the high
concentration of sodium nitrate, the arachidonic acid level
was only 19.55% on the 12" day of fermentation (Table 1).

With urea as nitrogen source, arachidonic acid level
fluctuated between 22.02 and 34.32%. Unlike sodium
nitrate, the levels of arachidonic acid at the low, medium,
and high concentrations of urea slowly increased with
fermentation time. Moreover, arachidonic acid level was
higher at the low and medium concentrations of urea than at
the high concentration of urea (Table 1).

The levels of saturated fatty acids, monounsaturated
fatty acids and polyunsaturated fatty acids in total fatty acids
are shown in Fig. 4 (A-C). In most cases, polyunsaturated
fatty acids in M. alpina accounted for more than 50% of
total fatty acids, and even exceeded 60% at low urea
concentration. Overall, nitrogen source and nitrogen
concentration had no significant effects on the proportion of
polyunsaturated fatty acids (Fig. 4C).
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Fig. 3: Residual nitrogen in the fermentation media during the
growth of M. alpina. (A) Sodium nitrate as the nitrogen source;
(B) urea as the nitrogen source. Data with different letters differ
significantly (P < 0.05)

Effect of nitrogen concentration on the fatty acid
contents in M. alpina

Fatty acids contents in mycelia M. alpina cultivated under
different nitrogen concentrations for 12 days are shown in
Table 2. In most cases, the total fatty acid content (Fig. 5A)
and the content of each fatty acid component (Table 2)
increased gradually with increase in fermentation time.
When sodium nitrate was used as the nitrogen source,
nitrogen concentration had little effect on the levels of total
fatty acids, polyunsaturated fatty acids, arachidonic acid,
and eicosapentaenoic acid. However, when urea was used
as nitrogen source, the contents of fatty acids at the low and
medium nitrogen concentrations were significantly higher
than those at the high concentration (Fig. 5A-D).
Moreover, the fatty acid contents were significantly higher
when urea was used as nitrogen source than when sodium
nitrate was used as nitrogen source. Therefore, urea was
more suitable for fatty acid production by M. alpina than
sodium nitrate.

Effect of nitrogen concentration on the fatty acid yields
in M. alpina

The effects of nitrogen source and nitrogen concentration on

yields of fatty acids were significant (Fig. 6A-D). At the
same nitrogen concentration, the yields of total fatty acids,
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Fig. 4: Proportion of fatty acids in total fatty acids of M. alpina D36 cultivated at different nitrogen concentrations during fermentation.
(A) Proportion of saturated fatty acids in total fatty acids; (B) Proportion of monounsaturated fatty acids in total fatty acids; (C) Proportion
of polyunsaturated fatty acids in total fatty acids. Data with different letters differ significantly (P < 0.05)

polyunsaturated fatty acids, arachidonic acid, and
eicosapentaenoic  acid, increased gradually as the
fermentation continued. Compared with sodium nitrate, the
yield of fatty acids using urea as nitrogen source was
significantly higher, mainly due to the much higher biomass
concentration of M. alpina when urea was used as nitrogen
source. With sodium nitrate as nitrogen source, the yield of
fatty acids decreased with increasing nitrogen concentration,
which was consistent with the trend in biomass
concentration. The yield of arachidonic acid was 190.87 mg
L™ at low sodium nitrate concentration on the 12" day,
which was 1.78 times higher than the corresponding yield at
medium concentration, and 3.97 times higher than the yield
at high concentration.

With urea as the nitrogen source, the yield of fatty

acids was highest at the medium nitrogen concentration. On
the 12" day, the yields of polyunsaturated fatty acids and
arachidonic acid at the medium urea concentration were
1866.66 and 1090.97 mg L™, respectively, which were 1.53
and 1.66 times higher than the corresponding yields at low
urea concentration, respectively. Moreover, the low and
medium urea concentrations were conducive for the
accumulation of eicosapentaenoic, another essential
polyunsaturated fatty acid (Fig. 6D).

Discussion
Nitrogen sources are essential for microbial growth, but not

all nitrogen sources are suitable for the growth and oil
accumulation of M. alpina. This study compared the effects
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Table 1: Levels of fatty acids of M. alpina D36 grown under different nitrogen concentrations during fermentation

Nitroge Nitrogen Fermentation Saturated fatty acids (%) Monounsaturated fatty Polyunsaturated fatty acids (%)
n concentration time (days) acids (%)
source Ciao Ciso Cigo Cao  Cauo Cig1 Co1 Cauax LA Cao2 GLA DGLA ARA EPA
(Cig0) (Cisa)  (Ca03) (Caoa) (Caos)
Sodium Low 3 1.09+ 1583+ 874+ 081+ 0.63+ 1828+ 063 - 565+ 0.80+ 698+ 866+ 2754+ 437+
nitrate 0.05bcd 0.37bc  0.25de 0.27d 0.12c  0.3lbcd  0.21ab 0.080 033c 0.16b  0.03bc 0.52bc 0.22bc
6 1.00+ 16.24+ 1007+ 133+ 075+ 1552+  0.75+ - 495+ 114+ 579+ 828+ 2696+ 7.23+
0.08cde  0.19bc 0.14cde 0.05bc 0.07b  0.22cde  0.04ab 0.10cd 0.06bc  0.23bcd 0.26bc 0.48bc 0.65a
9 0.93+ 16.82+ 1079+ 151+ 079 17.04+ 073 - 435+ 109+ 513+ 795+ 2603t 684+
0.05de  0.73abc 0.25cd 0.05bc 0.04b  0.83cde  0.13ab 0.09%fg 0.12bc 0.12cdef 0.54c 157bed 0393
12 1.04+ 16.90+ 10.69+ 145+ 098+ 1824+ 058+ - 436 092+ 552+ 838+ 2375t 7.9+
0.02bcde 0.60abc 0.26bcd 0.04bc 0.06a  1.03bcd  0.05b +0.22efg 0.06c  0.37cde 0.45bc 1-82cde 062a
Medium 3 0.97+ 17.60+ 1041+ 142+ - 1572+ 053+ - 550+ 115+ 442+ 978+ 2940+ 3.20+
0.05cde  1.23abc 0.75bcd 0.11bc 0.72cde  0.02b 0.19bc 0.28bc  0.28def 0-5labc 126h 0.69c
6 0.80+ 16.18+ 10.05+ 150+ - 1239+  0.71% - 444+ 125+ 445+ 992+ 3377+ 452+
0.07e 1.00bc  0.82cde 0.12bc 0.75f 0.07ab 0.14def 0.1labc 0.19def 0.38ab 1.72a 0.53bc
9 1.06+ 1871+ 1219+ 211+ - 1481+ 082+ - 390+ 140+ 415+ 880+ 27.80+ 4.25¢
0.07bcd  1.24ab 0.84ab 0.19a 0.86ef  0.05ab 0.22fgh 0.15abc 0.44ef  0.89bc 1.86bc 1.26hc
12 118+ 1948+ 1219+ 219+ - 1869+ 094+ - 369+ 180+ 404+ 877+ 2172+ 528+
007bc  10la 1.07ab 0.la 1.07bc  0.06a 0.13h 0232 0.39f  0.62bc 1.74def 0.63abc
High 3 1.93+ 1889+ 832+ 0.32+ - 2549+  0.09 - 6.80+ 0.3+ 946+ 614+ 19.13+ 3.30+
0.08a 0.60ab 0.46e  0.07e 0.50a 0.01c 0.28a 0.02d 1.18a  0.48d 0.24f 092
6 116+ 16,31+ 954+ 104+ - 17.99+  0.71% - 586+ 139+ 641+ 900+ 2537+ 524+
0.01bcd 0.61bc 0.62cde 0.14cd 1.07bcde  0.18ab 0373b  0.29abc 0.46bc  0.55bc 1-2lbed Q.63abc
9 121+ 1532+ 1159+ 145+ - 1461 079+ - 496+ 129+ 447+ 1139+ 2598+ 7,09+
0.11bc  094c  0.83ab 0.16hc 0.91def  0.13ab 0.10de 0.05abc 0.03def 0.45a 2:08bcd 0263
12 1.26+ 1842+ 1311+ 176+ - 2100+ 071 - 386+ 154+ 395+ 912+ 1955+ 572+
0.09b 1.04abc 0.41a  0.13ab 2.63b 0.04ab 0.16gh 0.18abc 0.73f  1.04bc 2.28ef 0.50ab
Urea Low 3 1.58+ 1524+ 838+ 111+ 1.89+ 17.56+ 040+ 146+ 531+ 055+ 7.85+ 877+ 2202+ 7.88+
0.09 0.21a 0.25b 0.04f 019 0.22a 0.05e 0.02a 036ab 005e 0.24b  0.24bc 0.52c 0.68c
6 0.92+ 1235+ 804+ 130+ 258+ 1524+ 066+ 164+ 638+ 087+ 631+ 960+ 27.74+ 9.66+
0.03c 0.17cd 0.1bc 003de 0.11d 0.27c 0.22a 032a 09la 014d 013cd 0.14a 0.36b 0.40b
9 0.66+ 1164+ 637+ 135+ 337+ 1210+ 049 146+ 311+ 127+ 478+ 887+ 3255+ 11.98+
0.01e 0.21d  0.17fg 0.0lcd 0.07c  0.64e 001bed 0032 0.03d 0.04bc 0.07g  0.10bc 1.13a 0.3la
12 0.49+ 13.66+ 6.16+ 145+ 404+ 1225+ 049+ 134+ 356+ 138+ 427+  7.82+ 3246+ 10.64+
0.02f 0.14b  0.16gh 0.04c 0.13b 0.33de  00bcd 006abc 0 13cd 0.08bc 0.03h  0.17d 0.96a 0.39ab
Medium 3 1.55+ 16.19+ 921+ 126+ 1.99+ 20.39+ 056+ 084+ 500+ 100+ 818+ 9.09+ 20.83% 3.90+
0.07b 0.20a 0.19a 006de 0.1le  0.56a 0.0la 008 019b 007d 0.23ab 0.13bc 1.40c 0.42ef
6 0.88+ 13.60+ 7.77+ 158+ 403+ 1592+ 058+ 073+ 3.90+ 122+ 594+ 922+ 3117+ 3.84+
0.04c 0.380 0.16cd 001b 016b 058bc  00la 006e 008 003c 0.13de 0.03ab 0.8%ab 0.36f
9 0.83+ 1295+ 6.94+ 161+ 444+ 1429+ 054+ 089+ 372+ 133+ 534+ 887+ 3275+ 553+
0.02cd  0.40bc 0.03e 003 0.4ab 0.3lcde 002bC gp5e 007c  0.10bc 0.06f  0.08bc 1.12a 0.44de
12 0.69+ 1340+ 585+ 141+ 340+ 1442+ 047+ 120+ 352+ 145+ 465+ 7.89+ 3432+ 651+
0.06de  037b 013h 002 077c 020cd  00lcde 007de 0.14de 0.06ab 0.10gh 0.03d 0.52a 0.84cd
High 3 172+ 1583+ 852+ 121+ 173+ 19.84+ 040+ 141+ 552+ 061+ 846+ 7.77+ 20.67+ 6.29+
0.06a 0.28a 0.22b  0.02¢f 0.06e 058a 003t 006ab 0.10a 013 026a  0.33d 0.68c 0.90cd
6 0.93+ 1262+ 833+ 142+ 259+ 17.55+ 056+ 123+ 364+ 123+ 656+ 970+ 28.37+ 526+
0.06c 0.25bcd 0.09b  0.04c 0.12d  0.70b 0.03ab 0.03bcd 011d  0.07bc 0.16c  0.15a 0.97b 0.76def
0.92+ 1267+ 744+ 159+ 351+ 2041+ 057+ 111+ 356+ 158+ 574+ 886+ 2840+ 3.47+
0.04c 0.29bcd 0.12d  0.03b 0.06c  0.56a 0.02a 0.04d 0.05cd 0.02a 0.07ef 0.12bc 0.83b 0.28f
12 0.65+ 1183+ 671 172+ 482+ 2022+ 061+ 082+ 397+ 165+ 600+ 857+ 2833+ 410+
0.02e 0.65d  0.24ef 0.07a 0.23a 2.02a 0.0la 0.10e 0.15c 0.02a 0.25de 0.19c 2.49b 0.73¢f

“-” Indicates ‘not detected’. Data are expressed as mean + SE of four replicates. Values with different letters differ significantly (P < 0.05)

of six nitrogen sources on the growth of M. alpina D36, and
found that the organic nitrogen urea was the most beneficial
for the growth of mycelia, followed by an inorganic
nitrogen i.e. ammonium nitrate, while the most unfavorable
nitrogen source was sodium nitrate. Moreover, urea was
more conducive to accumulation of fatty acids in M. alpina
than sodium nitrate. These results are consistent with the
findings of other researchers who reported that organic
nitrogen sources were more conducive for M. alpina growth
and oil accumulation than inorganic nitrogen sources (Lu et
al. 2011; Nisha and Venkateswaran 2011). Singh and Ward
(1997) used 1% (wi/v) corn steep instead of sodium nitrate,
for cultivation of M. alpine, and found that the production of
arachidonic acid improved significantly. Similar results
were found in other organisms. Certik et al. (1999)

compared lipogenesis and activities of lipogenic enzymes in
the fungus Cunninghamella echinulata as a function of
different inorganic and organic nitrogen sources, and found
that organic nitrogen enhanced lipid accumulation. A study
on the effects of sodium nitrite, sodium nitrate, urea, and
ammonium chloride on the growth and lipid accumulation
of marine algae Desmodesmus spp. WCO08 showed that the
use of urea produced the best growth and lipid accumulation
of Desmodesmus spp. WCO8 (Luo et al. 2016).

In the present study, nitrogen concentration had little
effect on the proportions of fatty acids in M. alpina.
However, it significantly affected the contents and yields of
total fatty acids, polyunsaturated fatty acids, arachidonic
acid, and eicosapentaenoic acid. When urea was used as
nitrogen source, the contents and yields of total fatty acids,

843



Li et al. / Intl J Agric Biol, Vol 24, No 4, 2020

Table 2: Contents of fatty acids in M. alpina D36 grown at different nitrogen concentrations during fermentation

Nitrogen  Nitrogen Fermentation Saturated fatty acids (mg g™ Monounsaturated fatty acids Polyunsaturated fatty acids (mg g?%)
source concentration  time (mgg?)
C14:0 C16:0 C18:0 C22:0 C24:0 C18:1 C20:1 c24:1 LA CZO:Z GLA DGLA ARA EPA
(C18:2) (018:3) (CZO:S) (C20:4) (CZO:S)
Sodium  Low 3 0.81+ 12.05+ 6.54+ 061+ 026+ 1317+ 047+ - 423+ 062+ 524+ 651+ 20.78+ 331t
nitrate 0.04c 0.79cd 0.44d 0.21c 0.02c 0.99bc 0.16def 0.31b  0.29e 0.42bcd 0.53c  2.04bc 0.38efg
6 111+ 1820+ 11.29+ 149+ 0.85+ 17.39+ 0.84% - 555+ 127+ 650+ 927+ 3021+ 8.12+
0.07bc  0.25abcd 0.18abc 0.06b 0.09b  0.28abc 0.06bc 0.05a  0.06bc 0.33bc 0.27abc 0.43ab 0.80ab
9 110+ 1956+ 12.65+ 1.77+ 0.92+ 19.78+ 0.82+ - 515+ 131+ 6.06+ 9.55+ 3123+ 8.01+
0.14bc 1.33abcd 1.15abc 0.15b 0.07b  1.24abc 0.05bcd 0.58ab  0.22bc 0.68bcd 1.47abc 4.83ab 0.86ab
12 132+ 2147+ 1361+ 1.83+ 125+ 2330+ 0.73% - 550+ 117+ 7.00+ 10.65+ 30.30+ 9.18+
0.10abc 1.50abc 1.0l1ab 0.07b 0.07a 2.48ab 0.06bcde 0.18a  0.09bcd 0.37ab 0.80ab 2.46ab 1.08a
Medium 3 0.58+ 10.34+ 6.11+ 0.83% - 9.77+ 033+ - 352+ 0.78+ 295+ 6.52+ 19.09+ 246+
0.03c 0.70d 0.41d 0.08c 0.71c  0.01f 0.37b  0.14de 0.36d 0.64c  2.08bc 0.369
6 1.04+ 2044+ 1273+ 170+ - 1558+ 0.85+ - 556+ 140+ 531+ 11.75+ 41.08+ 5.06+
0.10bc 1.60abc 1.36abc 0.07b 1.25bc  0.12bc 0.13a  0.05bc 0.23bcd 0.30a  2.82a  0.62cdef
9 136+ 2440+ 1575+ 273+ - 19.17+ 1.06x - 506+ 183+ 541+ 1149+ 36.30+ 5.61+
0.04abc 1.24ab 0.74a 0.22a 0.92abc 0.09a 0.33ab  0.19b 0.63bcd 1.35a  3.52a  1.69bcde
12 163+ 27.02+ 14.24+ 3.03t - 26.16x 1.30% - 517+ 254+ 575+ 1239+ 3042+ 7.51*
0.04a 1.70a  1.83ab 0.lla 247a  0.07a 0.48ab 0.39a 0.93bcd 1.67a  3.66ab 1.35abc
High 3 133+ 1264+ 588+ 043+ - 17.43+ 0.45+ - 401+ 091+ 7.18+ 452+ 1376+ 286+
0.10abc 1.07cd 0.81d 0.05c 1.82abc 0.10def 0.55b  0.22cde 1.07a 1.07c  1.39c 0.29g
6 114+ 16.03+ 9.38+ 1.02+ - 17.69+ 0.69+ - 577+ 135+ 6.34+ 886+ 25.09+ 520+
0.04bc 0.46bcd 0.49bcd 0.11bc 0.91abc 0.13cde 0.31a 0.21bc 0.56bc 0.57abc 1.81bc 0.71cdef
9 138+ 17.61+ 13.69+ 1.72+ - 17.18+ 0.92+ - 539+ 149+ 518+ 1229+ 27.62+ 7.34%
0.27abc 1.61bcd 1.60ab 0.23b 1.85abc 0.12bc 0.23ab  0.16bc 0.49bcd 0.93a  2.51bc  0.38abcd
12 114+ 16.63+ 1191+ 158+ - 18.69+ 0.66x - 355+ 140+ 371+ 852+ 1829+ 520+
0.09bc  1.29bcd 1.05abc 0.12b 1.36abc 0.09cde 043b  0.20bc 0.80d 1.48abc 3.39c  0.59cdef
Urea Low 3 121+ 11.86+ 653+ 087+ 151+ 13.62+ 0.31% 114+ 4.08+ 043+ 6.06+ 6.84+ 17.12+ 6.24%
0.07cd 1.18de 0.69f 0.12g 0.32de 1.22gh 0.05cd  0.13def 0.28bcd 0.28e 0.45fg 0.24e  1.75f  1.15de
6 112+ 1508+ 9.82+ 160+ 3.17+ 1641+ 0.84% 161+ 775+ 105+ 7.69+ 1172+ 3392+ 11.87%
0.04cde 0.64cd 0.40de 0.10ef 0.24d 2.35fg 0.32ab ~ 0.50cd 0.49a  0.15cd 0.21cde 0.45cd 1.76de 1.01lbc
9 121+ 2154+ 1177+ 248+ 6.22+ 2236+ 0.90% 271+ 575+ 235+ 882+ 1636+ 60.01x 22.19+
0.03cd 1.16b  0.63ab 0.10bc 0.21bc 1.56cde 0.04a 0.15a 0.28abcd 0.14b 0.3labc 0.10a 2.51b 14la
12 1.04+ 29.06+ 1310+ 3.08+ 857+ 26.05+ 1.04% 284+ 706+ 291+ 910+ 16.64+ 69.15+ 22.66+
0.03efg 1.28a  0.69a 0.17a 0.39a 1.28bc 0.07a 0.08a 05lab 0.10a 042ab 0.77a 4.10a 1.42a
Medium 3 093+ 982+ 559+ 0.77+ 121+ 1239+ 0.34% 051+ 302+ 061+ 495+ 552+ 12.66x 2.36x
0.02fgh 0.48¢f 0.29fy 0.07g 0.10e 0.83gh 0.02cd 0.05g 0.12cd 0.07de 0.17gh 0.29¢f 1.15f  0.27f
6 110+ 17.03+ 9.73+ 198+ 508+ 19.92+ 0.71% 0.92+ 488+ 153+ 744+ 1157+ 39.22+ 4.38%
0.05def 0.52c  0.30de 0.09de 0.39c  0.60def 0.02ab ~ 0.09efg 0.16abcd 0.09c  0.20de 0.51cd 2.49cd 0.53ef
9 144+ 2252+ 1201+ 278+ 7.69+ 24.80+ 0.93% 153+ 645+ 233+ 925+ 1536+ 56.29+ 9.65+
0.10a 2.07b  0.83ab 0.21ab 0.55ab 2.06bcd 0.10a 0.12cd 0.52abc 0.34b 0.69a 1.05ab 1.71b  1.21cd
12 142+ 2811+ 1217+ 295+ 7.08+ 30.13+ 0.98+ 249+ 730+ 3.03+ 9.68+ 1649+ 7152+ 13.89+
0.04ab 2.65a  0.72ab 0.20a 1.65ab 2.33ab 0.09a 0.19ab 0.36ab 0.31a 058a 1252 4.84a 251b
High 3 0.86+ 797+ 427+ 061+ 0.88+ 9.93+ 0.20 072+ 277+ 032+ 423+ 393+ 1043+ 3.22+
0.04h 053f 0229 0.05g 0.08e 0.40h  0.03d 0.07fg 0.13d 0.08e 0.18g 037f 0.88f  0.60ef
6 0.92+ 1258+ 832+ 143+ 261+ 17.40+ 0.55+ 126+ 3.63+ 122+ 655+ 971+ 2846+ 530+
0.04gh 0.65de 0.53e 0.13f 0.28de 0.42efg 0.02bc  0.06def 0.22cd 0.05c 0.45ef 0.72d 2.54e  0.99f
9 127+ 1749+ 10.28+ 220+ 485+ 2822+ 0.79% 153+ 492+ 218+ 794+ 1224+ 39.15+ 481+
0.05bc 0.56c  0.37cd 0.10cd 0.18c 1.35ab 0.04ab  0.04cd 0.12abcd 0.08b 0.31bcd 0.36c  0.68cd 0.51ef
12 1.04+ 1895+ 10.74+ 275+ 7.70+ 3245+ 0.97+ 131+ 6.35+ 264+ 961+ 13.74+ 4517+ 6.49+
0.06efg 1.43bc  0.6labc 0.18ab 0.4lab 3.70a  0.05a 0.14de 0.3labc 0.13ab 0.62a 0.8lbc 3.67c  1.04de

“-” Indicates ‘not detected’. Data are expressed as mean + SE of four replicates. Values with different letters differ significantly (P < 0.05)

polyunsaturated fatty acids, and arachidonic acid at the low
and medium nitrogen concentrations were higher than those
at the high nitrogen concentration. These findings are
consistent with the results obtained in a previous study in
which the effects of low and high nitrogen concentrations on
the growth and lipid accumulation of two oleaginous micro
algae were investigated (Wu et al. 2015). The results
showed that the levels of total lipids, neutral lipids, and total
fatty acids produced by these two microalgae at low
nitrogen concentration were significantly higher than those
produced at the high nitrogen concentration. In the present
study, using sodium nitrate as the sole nitrogen source,
fungal biomass and total fatty acids, polyunsaturated fatty
acids, and arachidonic acid yields decreased with increasing
nitrogen concentration, indicating that a high concentration

of nitrate could inhibit the growth and fatty acid
accumulation of M. alpina. Using urea as nitrogen source,
the nitrogen was completely consumed or nearly consumed
at the low and medium nitrogen concentrations on the 9"
and 12" days, at which time the mycelia of M. alpina grew
slowly. However, the fungal biomass increased rapidly at
the high nitrogen concentration on the 9" and 12" days, due
to sufficient nitrogen content in the media. In other words,
the low and medium urea concentrations were not
conducive for the growth of M. alpina at the later stages of
fermentation. It is likely that under nitrogen-restricted
conditions, M. alpina initiated a stress-resistant
physiological response which resulted in inhibition of
mycelial protein synthesis, thereby decreasing the levels of
enzymes required for mycelial growth and metabolism.
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Fig. 5: Fatty acid contents of cell dry weight (mg g™) in M. alpina D36 cultivated with different nitrogen concentrations during
fermentation. (A) Total fatty acid contents of cell dry weight; (B) polyunsaturated fatty acid contents of cell dry weight; (C) arachidonic
acid contents of cell dry weight; (D) eicosapentaenoic acid contents of cell dry weight. Data with different letters differ significantly (P

< 0.05)

It is noteworthy that the biomass of M. alpine reached
its maximum on the 12" day of fermentation at the high
urea concentration, but the contents of total fatty acids,
polyunsaturated fatty acids, and arachidonic acid were
significantly lower than the corresponding contents at the

low and medium urea concentrations. These results are
consistent with the findings in some studies which showed
that oleaginous yeasts and molds accumulated high levels of
lipids in nitrogen-restricted media (Arous et al. 2016;
Janssen et al. 2019; Tossavainen et al. 2019). The primary
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function of a nitrogen source is to enhance the synthesis of
proteins and nucleic acids. When the nitrogen source is
limited, the synthesis of intracellular proteins and nucleic
acids is blocked, and the tricarboxylic acid cycle is impeded,

thereby suppressing cell proliferation and causing changes
in metabolic pathways. Thus, the carbon flow in the media
is channeled in the direction of lipid synthesis. A previous
study showed that when a bioengineered strain of
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Saccharomyces cerevisiae was cultivated under nitrogen-
limited conditions, the yields of monounsaturated fatty acids
were higher than the corresponding yields under sufficient
nitrogen conditions (Tang and Chen 2014). Moreover,
citrate level in the S. cerevisiae under limited nitrogen
condition was much higher than that under ample nitrogen
limited condition. The accumulated citrate in cells is cleaved
by ATP-citrate lyase (ACL) to acetyl-CoA, thereby
providing a key substrate for fatty acid synthesis.

The oil-producing performance of M. alpinais closely
related not only to the fatty acid content of the fungal
mycelia, but also to the biomass concentration. Low
biomass reduces the yield of fatty acids. Therefore, this
study also used the volumetric productivity of each fatty
acid component to evaluate the fatty acid production
performance of M. alpina. The results showed that with
sodium nitrate as the nitrogen source, there was little change
in the fatty acid content of M. alpina, but its biomass
concentration was significantly lower, when compared with
biomass with urea as the nitrogen source. As a result, the
volumetric  productivities of total fatty acids,
polyunsaturated fatty acids, and arachidonic acid were very
low when sodium nitrate was used as the nitrogen source.
Therefore, urea is more suitable for the growth and
accumulation of fatty acids in M. alpina than sodium nitrate.
In this study, with urea as nitrogen source, low nitrogen
concentration (0.05 M) was beneficial to the accumulation
of fatty acids, but it was not conducive for the growth of M.
alpina. Sufficient nitrogen at high concentration (0.2 M)
promoted the growth of M. alpina, but inhibited the
accumulation of fatty acids in mycelia. However, biomass
concentration and fatty acid production of M. alpina were
higher under medium concentration of urea (0.1 M).
Generally, the inverse relationship between biomass
concentration and lipid accumulation is the most significant
technical bottleneck faced when using M. alpina to produce
lipids. If the nitrogen demand can be accurately controlled,
the biomass concentration and lipid content of M. alpina can
be increased, so that the yields of polyunsaturated fatty
acids, especially arachidonic acid, can be maximized.

Conclusion

The effects of nitrogen sources and nitrogen concentrations
on the mycelial growth and fatty acid accumulation of M.
alpina were determined in this study. The results suggest that
the biomass concentration, and contents and yields of total
fatty acids, polyunsaturated fatty acids, and arachidonic acid
are regulated when M. alpine is grown under different
nitrogen sources and concentrations. In this study, urea was
more beneficial to the growth and fatty acid accumulation of
M. alpine than sodium nitrate, and the biomass and fatty acid
yields at the medium urea concentration were relatively high.
However, the mechanism underlying the effect of nitrogen
source and its concentration on the growth and fatty acid
synthesis of M. alpine is unclear. This needs further research.
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