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Abstract

Dissolved oxygen and pH are critical factors influencing cell growth and metabolism. In our previous work, we constructed
the recombinant strain Mortierella alpina CCFM698, which has the ability to produce EPA at room temperature. However,
our experiments showed that the dissolved oxygen produced by the aeration and agitation of the fermenter was insufficient
for cell growth and EPA synthesis by this recombinant strain. Moreover, the optimum pH for cell growth was incompatible
with that of EPA accumulation. This study introduced a combined strategy of two-stage pH control with oxygen-enriched
air in fed-batch fermentation to facilitate both cell growth and EPA production in M. alpina CCFM698. After 10 days of
fermentation in a 7.5 L tank, the biomass production reached 41.2 g/L., with a lipid content of 31.5%, and EPA accounting
for 26.7% of total lipids. The final EPA production reached 3.47 g/L, which is the highest yet achieved by M. alpina. This
study reveals the critical role of dissolved oxygen and pH control for EPA production of M. alpina, and provides an easy and

efficient strategy for industrial production of EPA.
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Introduction

Eicosapentaenoic acid (EPA, C20: 5) is a long-chain poly-
unsaturated fatty acid (PUFA) of the w-3 series, noted for
its physiological functions [1-4], and widely used in medi-
cine, health products, and the food and feed industries [5].
For decades, marine fish oils have served as the primary
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sources of EPA. However, the dwindling stocks of marine
fish, complexity of extraction, and increasing oceanic pol-
lution have become limiting factors [6]. Therefore, much
research has prioritised the exploitation of new sources of
®-3 PUFAs through production by microbial lipids [7]. Mor-
tierella alpina is a fungal species used in industrial produc-
tion of arachidonic acid (ARA, C20: 4) [8]. However, the
wildtype M. alpina produces only a small amount of EPA
under low temperature conditions, insufficient for industrial
production [9]. In our previous work, the recombinant strain
M. alpina CCFM698, capable of producing EPA at room
temperature, was obtained by overexpressing the w-3 fatty
acid desaturase derived from Phytophthora parasitica in
the M. alpina ATCC32222 [10]. The new strain Mortierella
alpina CCFM698 was able to convert ARA into EPA with a
conversion rate of 68.1% at 28 °C under shake-flask condi-
tions. Therefore, research into a suitable expansion culture
under fermentative conditions may provide the possibility
of industrially producing EPA using M. alpina CCFM698.
Dissolved oxygen (DO) is considered a key factor in the
EPA biosynthesis process. Crucially, insufficient DO inhibits
cell growth and product synthesis, as PUFAs, such as EPA,
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are formed via an enzymatic desaturation mechanism that
requires oxygen [11]. Cui et al. increased the percentage
of DO in the fermentation process from 5 to 330% [12].
Their results showed that the biomass yield increased as DO
increased, indicating that insufficient DO was a limiting fac-
tor for cell growth. Besides raising the speed of the agitator
and aeration, there are many other common ways to increase
the DO include increasing the tank pressure and adding an
oxygen-enriched medium or oxygen-enriched air. Peng et al.
increased the DO of their system by adding 4% n-hexane
combined with the regulation of the agitation speed, which
significantly increased the yield of ARA produced by M.
alpina ME-1 to a level 50.3% higher than that of the control
group [13]. Similarly, Jin et al. used a two-step strategy of
adjusting the agitation speed and adding 3% and 5% ethanol
at 5 d and 7 d, respectively, to promote the accumulation of
ARA; thereby, increasing the final ARA yield by 1.7 times
[14]. However, M. alpina is physically sensitive to the shear-
ing force induced by high agitation rates. The resulting dam-
age to the cells and inhibition of cellular self-repair is not
conducive to lipid synthesis, requiring the agitation speed
to be controlled within a suitable range [15]. Despite the
promise of earlier studies, our previous work showed that
under growth-promoting aeration and agitation conditions
in a 7.5 L fermenter, the DO was insufficient for cell growth
and EPA synthesis by M. alpina CCFM698 [16]. However,
until now, there has been little study of the strategy of using
oxygen-enriched air to enhance the DO for EPA produc-
tion in M. alpina. It is important to note that high DO is
not always beneficial for lipid accumulation. Oxygen uptake
is not a rate-limiting factor at high oxygen concentrations,
while the accumulation of reactive-oxygen species (ROS)
can be detrimental to microbial biomass and product yields
[17]. In addition, DNA, proteins, lipids, and other biomole-
cules are also susceptible to damage by ROS [18]. Therefore,
the application of oxygen-enriched air needs to be controlled
within a suitable range.

Besides the DO, pH is another key factor in the EPA bio-
synthesis process. In general, pH can affect enzyme activity
and nutrient availability through altering the electrostatic
charge of the cell membrane [19]. A previous study con-
firmed that initial pH was a crucial factor for the PUFA yield
[20]. Moreover, because EPA is an intracellular metabolite,
both the cell biomass and the EPA conversion rate must be
concurrently promoted to produce a high final EPA yield.
Hwang et al., using 14% (v/v) NH,OH as a pH regulator
and as part of the N source, achieved a final dry cell weight
(DCW) of 72.5 g/L with a total lipid yield of 45.8 g/L and
ARA production of 18.8 g/L [21]. Considering that the use
of NH,OH to regulate pH is widespread in the industrial pro-
duction of amino acids, these results suggest that using 14%
(v/v) NH,OH as a pH regulator and partial N source may
also benefit the biomass and EPA production by M. alpina
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CCFM698. However, previous studies have usually found
that cell growth and metabolite production were optimised
at quite different pH values [22]. Li et al. established a pH-
shift strategy for efficient production of ARA by M. alpina
through fed-batch culture, which increased ARA produc-
tion by 40% [23].Therefore, a two-stage pH control strategy
in the fermentation process may be an effective tactic to
increase EPA production by M. alpina CCFM698.

In this study, we aimed to establish an efficient strat-
egy for high fermentative production of EPA by M. alpina
CCFM698. First, the effects of oxygen-enriched air on
EPA production by this strain in batch fermentation were
investigated in a 7.5 L fermenter. Subsequently, to obtain
higher biomass and EPA production, the use of 14% (v/v)
NH,OH as a pH regulator and partial N source with fed-
batch fermentation was investigated. Furthermore, a strategy
of two-stage pH control with fed-batch fermentation was
investigated to further increase EPA production. Finally, a
combined strategy of two-stage pH control with oxygen-
enriched air was developed to enhance the EPA production
in fermentative conditions. This study may provide guid-
ance for industrial-scale production of EPA by M. alpina
CCFM698.

Materials and methods
Strain and culture conditions

M. alpina CCFM698 was constructed in our laboratory and
preserved in the General Microbiology Center of the China
Microbial Culture Conservation Management Committee.
This strain can convert ARA into EPA at room temperature
[10]. The strain was maintained on GY agar slant medium
(30 g/L glucose; 2 g/L potassium nitrate; 5 g/L yeast extract;
3 g/l magnesium sulphate heptahydrate; 1 g/L sodium dihy-
drogen phosphate; 20 g/L agar) at 4 °C and transferred every
3 months. A single GY slant (1 X1 cm) covered with M.
alpina CCFM698 mycelium was transferred into a 250 mL
flask containing 100 mL of fresh seed medium (20 g/L glu-
cose; 10 g/L potassium nitrate; 5 g/L yeast extract; 0.25 g/L.
magnesium sulphate heptahydrate; 1 g/L sodium dihydro-
gen phosphate) and cultured at 28 °C, 200 rpm for 48 h.
When the cells grew into white spheroids, the mycelia pel-
lets were homogenised using a sterilised disperser (IKA
T10, Germany) and inoculation was carried out twice using
1% of the cells, which were cultured at 28 °C, 200 rpm for
36 h each time. After that, 10% (v/v) of the seed culture
was used to inoculate the fermentation broth. The basic
fermentation medium comprised 50 g/L glucose, 20 g/L
soybean meal, 0.25 g/L. magnesium sulphate heptahydrate,
and 2 g/L. sodium dihydrogen phosphate. For basic fermen-
tation conditions, M. alpina CCFM698 was grown in a
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7.5 L fermentation tank (New Brunswick Scientific, USA)
containing 4.0 L fermentation medium, rotational speed of
400 rpm at 28 °C, the pH was controlled at 6.0 using 1 M
sodium hydroxide and 1 M sulphuric acid. Fermentation was
carried out for 10 days. Sterile sampling using heat sterilisa-
tion was performed once every 24 h during the fermentation
for the determination of fermentation parameters, and the
adverse effects of foaming during fermentation were con-
trolled by adding polypropylene glycol 2000 as a defoamer.

The effects of oxygen supply strategy on cell growth
and EPA productivity

In this section, using the basic fermentation as control group,
oxygen-enriched air was provided through a strategy of
intermittent oxygen feeding to explore the effects of oxygen
supply level on cell growth and EPA productivity. For the
oxygen-enriched air fermentation strategy, the DO% values
were controlled in the range of 10-50% by adding oxygen
when DO% fell below 10% and withholding the oxygen feed
whenever the DO% rose above 50%. The total ventilation
was controlled within 0—1.0 vvm.

The effects of pH regulation buffer and fed batch
on cell growth and EPA productivity

In this section, three groups of fermentation experiments
were designed. The first group using batch fermentation with
the oxygen-enriched air strategy, pH was controlled at 6.0
using 1 M sodium hydroxide and 1 M sulphuric acid. The
second group underwent fed-batch fermentation (the initial
glucose concentration was 30 g/L and the residual glucose
concentration was maintained above 10 g/L by feeding),
the other fermentation conditions were the same as the first
group. The third group underwent fed-batch fermentation
with 14% (v/v) NH,OH as a nitrogen source and pH control-
ler, the other fermentation conditions were the same as the
second group.

The effects of two-stage pH control combined
with oxygen-enriched air on cell growth and EPA
productivity by M. alpina CCFM698 with fed-batch
fermentation

To investigate the effects of two-stage pH control on the
biomass and EPA production by M. alpina CCFM698, fer-
mentation experiments comparing three groups, all using
14% (v/v) NH,OH to regulate pH, were conducted. The pH
of the first group was controlled at 6.0 from 0 to 240 h; that
of the second group was controlled at 6.5 from 0 to 240 h;
A two-stage pH control was performed in third group as fol-
lows: at phase 1 (0-96 h), the pH was set to 6.0, at phase 2
(96-240 h), the pH was set to 6.5. The DO% was maintained

within 10% to 50% using oxygen-rich air during the fer-
mentation process, the residual glucose concentration was
maintained above 10 g/L by feeding 400 g/L glucose, and
the initial glucose concentration was 30 g/L.

Determination of dry cell weight and glucose
concentration

The determination of dry cell weight and glucose concentra-
tion were performed as previously described [24]. Briefly,
the mycelia and culture medium were harvested by filtration.
The fresh mycelia were washed with PBS buffer and stored
at — 80 °C for 24 h. After that, the wet mycelia were trans-
ferred into a vacuum freeze-drier (LABCONCO, US) for
lyophilisation, and the freeze-dried cells were weighed. The
residual glucose concentrations were measured by a glucose
assay kit (Nanjing Jiancheng Bioengineering Institute).

Fatty acid analysis

Lipids were extracted and methyl-esterified from approxi-
mately 50 mg of freeze-dried cells, as described previ-
ously [25]. The fatty acid methyl ester (FAME) profiles
were analysed using gas chromatography—mass spec-
trometry (QP2010, Shimadzu Co., Kyoto, Japan) with
a 30 mx0.25 mm Rtx-WAXetr column (film thickness:
0.25 pm, Agilent Technologies, Santa Clara, California) and
helium as the carrier gas. The following temperature pro-
gramme was set: 40 °C for 5 min, ramp to 120 °C at 20 °C
per min, ramp to 190 °C at 5 °C per min, hold for 5 min,
ramp to 220 °C at 5 °C per min, and hold for 17 min. Fatty
acids were quantified by integrating the peak-height areas
and pentadecanoic acid was used as the internal standard to
quantify the FAMEs.

Statistical analyses

GraphPad Prism version 6 (Graph Pad Software, San
Diego, CA, USA) was used for statistical analyses. All val-
ues were the average of three replicates and expressed as
mean + standard deviation.

Results and discussion

The effects of oxygen-enriched air strategy
on cell growth and EPA productivity in the batch
fermentation

As mentioned, the aim of the oxygen-enriched air strategy
was to overcome the inability of the standard aeration and
agitation conditions of the fermenter to produce sufficient
DO for cell growth and the accumulation of EPA by M.
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alpina CCFM698. The effects of the oxygen-enriched air  inoculation of fermentation, falling to O at 48 h and then
strategy on DO%, DCW, total fatty acids (TFA), EPA pro-  remaining at O until 192 h, which indicated the huge demand
duction, and residual glucose concentration were investi-  of DO for cell growth and the synthesis of EPA by M. alpina
gated in batch fermentation (Fig. 1). In the control group, = CCFMG698 during the fermentation process. Furthermore, in
it can be seen that the DO% decreased rapidly after the  the control group, the glucose was not fully consumed, and
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Fig. 1 Effects of oxygen-enriched air strategy on DO%. a Residual glucose concentration (b), DCW (c¢), TFA (d), EPA production (e) and EPA
percentage (f) of M. alpina CCFM698 in batch fermentation
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20 g/L of glucose remained at the end of fermentation, the
starting concentration having been 50 g/L. This showed that
insufficient DO impeded the consumption of glucose, which
hindered the growth of mycelia and the accumulation of
lipids. This is consistent with Nie et al. [11], who designed
a novel microporous ceramic membrane gas distributor
to improve oxygen supply, which promote the increase of
DCW, TFA, and ARA content in TFA.

With the oxygen-enriched air strategy, by the end of fer-
mentation the DCW reached 24.5 g/L, the TFA production
was 4.43 g/L.. Oxygen-enriched air strategy significantly
increased the EPA percentage (%TFA), and the EPA yield
increased 1.82 times to reach 1.01 g/L, suggesting that the
oxygen-enriched air greatly increased the DO of the sys-
tem and in turn the EPA production. An adequate supply
of oxygen has been demonstrated to be important for acti-
vating fatty acid elongase and desaturases, and enhancing
the desaturation—elongation of long-chain polyunsaturated
fatty acids [26]. Moreover, the glucose consumption rate
of the cells was also accelerated through this strategy. As
mentioned, the residual glucose concentration of the control
group was about 20 g/L at the end of fermentation (from an
initial value of 50 g/L). However, in the oxygen-enriched
air group, the glucose was exhausted at 144 h, showing that
the glucose level in this group was insufficient at the late
stage of fermentation, which hindered the accumulation of
lipids. Furthermore, the high initial glucose concentration
of 50 g/L in the batch fermentation may have prolonged
the lag phase of cell growth. To improve the biomass and
EPA production, we designed a follow-up experiment with
the fermentation methodology switched from batch to fed
batch. Here, it is important to note that M. alpina is report-
edly unable to maintain general metabolic activity in high
oxygen conditions, and resorts to consuming fatty acids as
an energy source to adapt to such circumstances [27]. This
implies that the application of oxygen-enriched air needs to
be controlled within a suitable range. Here, we controlled
the DO% within the range 10-50%.

The effects of using NH,OH to regulate pH combined
with oxygen-enriched air strategy on cell growth
and EPA productivity with fed-batch fermentation

Excessive initial concentration of glucose in batch fermenta-
tion prolongs the lag phase of cell growth, while low con-
centrations of glucose are unable to meet the demand for
cell growth and lipid accumulation. To escape this trade-
off, fed-batch fermentation is necessary for increasing EPA
production [28, 29]. In an attempt to increase the biomass
and EPA productivity by M. alpina CCFM698, the effects
of using 14% (v/v) NH,OH as a pH regulator and partial N
source were investigated in a 7.5 L fermenter under a strat-
egy of controlled addition of oxygen-enriched air (Fig. 2).

The results showed that the DO% of the three groups
was maintained at 10-50% under this strategy, and the aver-
age consumption rate of glucose in the batch fermentation
and fed-batch fermentation groups was about 8 g/(L-d),
while it was slightly higher in the group using NH,OH to
regulate pH. In other words, the use of NH,OH to regulate
pH increased the rate of glucose utilisation. Furthermore,
the experimental results showed that the DCW, TFA, and
EPA percentage and production under fed-batch fermen-
tation were significantly improved when compared with
batch fermentation, with the DCW increased by 16.7%, the
TFA increased by 84.1%, and the EPA increased by 79.1%
(Fig. 2). These results suggested that insufficient glucose in
batch fermentation was a limiting factor for the accumula-
tion of lipids, while fed-batch fermentation was beneficial
to cell growth and EPA production by M. alpina CCFM69S.
Moreover, when compared with the fed-batch fermenta-
tion group, the use of NH,OH to regulate pH significantly
increased DCW (from 28.6 to 37.2 g/L), TFA (from 8.1 to
12.5 g/L), EPA production (from 1.8 to 2.9 g/L), and total
glucose consumption (from 60 to 70 g/L) (Fig. 2). Together,
these results show that using 14% (v/v) NH,OH as a pH
regulator and partial N source with fed-batch fermentation
coupled with an oxygen-enriched air strategy can effectively
increase the biomass and EPA production by M. alpina
CCFM698.

Effects of two-stage pH control combined
with oxygen-enriched air strategies on EPA
production with fed-batch fermentation

To further increase EPA production by M. alpina CCFM698,
the effects of a combined strategy of two-stage pH control
with oxygen-enriched air on EPA production with fed-batch
fermentation were investigated (Fig. 3 and Table 1). As can
be seen, pH 6.0 was more conducive to cell growth while
pH 6.5 was more beneficial to lipid synthesis and EPA pro-
duction. When compared with the control group kept at a
constant pH of 6.0, the DCW of the two-stage pH control
group remained basically unchanged; however, the TFA
increased by 10.7%, and the EPA production increased by
26.6%. At the end of fermentation, two-stage pH control
strategy significantly increased the DCW, TFA percentages
and EPA yields of M. alpina CCFM698. These results indi-
cated that the optimal pH of cell growth was different from
that of metabolite production. Similarly, Li et al., using a
two-stage pH control strategy for ARA production by M.
alpina, successfully increased the maximum ARA produc-
tion to 8.12 g/L [23]. These experimental results vindicate
the combined strategy of two-stage pH control with oxygen-
enriched air in fed-batch fermentation to efficiently promote
the biomass and the yield of EPA produced by M. alpina
CCFM698.
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Fig.2 Effects of using NH,OH to regulate pH combined with oxygen-enriched air strategy on DO%. a Residual glucose concentration (b),
DCW (c), TFA (d), EPA production (e) and EPA percentage (f) in fed-batch fermentation

These results are consistent with a previous study,
which found that the fermentation steps of cell growth
and metabolite production were optimised at quite differ-
ent pH values [30]. Furthermore, Deng et al., who stud-
ied the effect of pH on ARA production by M. alpina,
found that the cell biomass was the highest at pH 6.0,
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the total lipid yield was the highest at pH 6.5, and the
total lipid yield was the lowest at pH 7.5 [31]. Yin et al.
established a two-phase pH control strategy using ammo-
nia and citric acid as pH regulators for the synthesis of
docosahexaenoic acid (DHA) in Schizochytrium. By con-
trolling pH at 7.0 for biomass accumulation and at 5.0
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Fig. 3 Effects of combined strategy of two-stage pH control with oxygen-enriched air on DO%. a Residual glucose concentration (b), DCW (c),
TFA (d), EPA production (e) and EPA percentage (f) in fed-batch fermentation

for DHA synthesis, the final cell dry weight (CDW) and
DHA content reached 98.07 and 25.85 g/L, respectively,
representing a significant enhancement of DHA produc-
tion [32]. That recent study dovetails with our effective

use of a combined strategy of two-stage pH control with
oxygen-enriched air in fed-batch fermentation to increase
the EPA production by M. alpina CCFM698.
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Table 1 Effects of different pH control programmes on the fermenta-
tion parameters DCW, TFA, and EPA production at 240 h

pH=6.0 pH=6.5 pH=6.0

(0-96 h) — 6.5

(96-240 h)
DCW (g/L) 39.6+0.5 30.1+0.5 412+0.5
TFA (%) 29.63+2.61  33.67+1.95 31.5+2.43
EPA (%) 23334273 2825+2.14  26.70+2.65
EPA (g/L) 2.74+0.26 2.86+0.19 3474031
Conclusions

In this work, we developed a combined strategy of two-
stage pH control with oxygen-enriched air for highly effi-
cient production of EPA by M. alpina CCFM698 with
fed-batch fermentation. First, the oxygen-enriched air
strategy was optimized, which greatly increased the DO%
of the system and in turn the EPA production by M. alpina
CCFM698. Subsequently, the use of 14% (v/v) NH,OH
as a pH regulator and partial N source with fed-batch fer-
mentation was investigated to further improve biomass and
EPA production. Next, a two-stage pH control strategy for
fed-batch fermentation was designed to further increase
EPA production. Finally, EPA production was maximized
at 3.47 g/L, which may provide a route to industrial pro-
duction of EPA using M. alpina CCFM698.
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